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AN EVALUATION PROCEDURE FOR
RADIOACTIVE WASTE TREATMENT PROCESSES
by
William J.Whitty
ABSTRACT
An aspect of the Los Alamos Scientific Laboratory's nuclear waste
management R&D programs has been to develop an evaluation procedure
for radioactive waste treatment processes. This report describes our process
evaluation method. Process worth is expressed as a numerical index called
the Figure-of-Merit (FOM), which is computed using a hierarchical, linear,
additive, scoring model with constant criteria weights and nonlinear value
functions. A numerical example is used to demonstrate the procedure and to
point out some of its strengths and weaknesses. Potential modifications and
extensions are discussed, and an extensive reference list is included.

I. INTRODUCTION
The radioactively contaminated wastes generated
by nuclear operations require special handling and
storage or disposal to minimize the hazard potential
in the environment. Department of Energy (DOE)
waste management goals specify that the maximum
volume reduction of solid wastes be made that is
feasible in terms of existing technical, environmental, and economic considerations.
There is a wide variety of potential1"* waste treatment processes; a mixed blessing when one is faced
with selecting a process to solve a particular waste
handling problem. A number of treatment options
may be feasible, but they may differ in ways that
make a clear-cut selection difficult. Process selection
is better understood and simplified when a formal
procedure using well-defined criteria is applied.
Toward this end, systems evaluation methods
were investigated as a part of the effort at the Los

Alamos Scientific Laboratory (LASL) to evaluate
alternative nuclear waste treatment processes. The
evaluation procedure selected provides the means
for structuring complex problems so that each important factor can be evaluated separately. The
relative worths of each factor are then combined into
a single number that represents the worth of the
total system. Finally, the evaluator may find that
by considering the problem a step at a time, as is required in following this procedure, he has a better
understanding of the overall problem.
The evaluation procedure aids waste management personnel in the ranking and selection of treatment processes. It also provides a decision-making
tool applicable at most levels of R&D management.
The evaluation concepts presented here may have a
wider range of application; when tailored to a
specific need, the evaluation procedure can be applied to many situations involving the comparison
and evaluation of complex alternatives.

II. METHOD OF EVALUATION
For an evaluation to be valid, every process in a
particular evaluation must be one designed to treat
waste of a known compositional range. The
handling of the treated waste will be similarly
prescribed.
After the problem has been identified, detailed
evaluation criteria are defined which reflect the major areas of importance for this application. Next,
the properties of the alternative processes are linked
to the evaluation criteria by performance measures.
These measures are expressed as numbers and are
called levels of performance.
For example, if the main objective of a treatment
process is volume reduction, then the effectiveness
of the process in reducing the volume of waste would
be a valid criterion. The performance measure
selected could be the volume reduction factor, or the
ratio of the original waste volume to the final
volume. Thus a particular process under evaluation
might have a volume reduction factor of 25 to 1, and
this would be the level of performance.
For multiple-criteria decision problems, the performance measures frequently have dissimilar units
and a problem arises in finding some means of
relating the various levels of performance to a common unit of measure. In many cases, the actual
worth of a particular level of performance is not the
number itself, but a subjective value judgment
made by the evaluator. Thus for different people the
perceived value of a level of performance, called
worth, may differ, and in addition the worth may
vary depending on the specific application.
The relationships between levels of performance
and performance worth are called value functions in
decision problems where uncertainty is not taken
into account. (They are called utility functions in
decision problems under uncertainty.) The transformation of levels of performance by value functions to
worth places all performance measures on a common
unit of measure. Finally, the value functions are
combined to produce a single scalar of overall
process worth.
Process worth is called the Figure-of-Merit
(FOM). The FOM is a function of the performance
measures and is represented by
FOM

U(X

j

j = 1,
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(1)

where U is some function of the m performance
measures, Xj. The^ numerical values of the
performance measures, or levels of performance, can
be displayed in vector form as
x =

(x

1'
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The basic assumption is made that, for all practical purposes, the set of performance measures adequately satisfies the set of evaluation criteria and
the vector x can be specified.
The procedure used to compute the FOM is to
partition the m-component problem into m singlecomponent problems, with each being easier to solve
than the original. The solutions are then combined.
The foundation of this procedure is a linear additive
model of the form
FOM = u ( x ,. ,, xx
1 2

,

x )
m
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where UJ(XJ) is the one-dimensional worth of a
particular level of performance, Xj, and Wj is a
positive scaling constant. The Wj's, called criteria
weights, express the relative importance of the
criteria to the overall FOM. The Xj's,
j
j p and
Wj's are numbers. The choice of the range of the Wj's
and Uj (Xj) 's is arbitrary, but it is convenient for them
to be
0 < u.(x.)

(4)
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The Constant-sum Method7 was selected for
calculating criteria weights. One hundred points are
distributed between every pair of criteria and a set of
weights is produced by appropriate arithmetic
operations. The Churchman-Ackoff Method was
used to check for consistency.' This method has the
evaluator make comparisons between one criterion

and several combined criteria. The comparisons are
then used to adjust the weights, if necessary. This
procedure is detailed in Appendix A.
The evaluation procedure is completed by determining the worth of specific levels of performance for
each performance measure. These value functions
are constructed by having each evaluator sketch a
curve (on graph paper) that represents his adjudged
performance worth for each of various levels of performance. (See Appendix B for details.) Then Eq.
(3) is used to combine the weights and value functions to produce the FOM.

HI. IMPLEMENTATION EXAMPLE
To test the method and to determine if LASL
waste management personnel could effectively apply the concepts, a fictitious problem, based on the
LASL waste management system, was defined. A
group of waste management personnel developed a
set of criteria and performance measures for the
sample problem. Weights were assigned to the
criteria and value functions determined for each performance measure. Finally, two processes were compared using the procedures and numerical values
developed in the previous steps.
The sample problem consisted of selecting
production-scale volume reduction processes for
combustible, low-level radioactive waste generated
at LASL. The waste considered for treatment
arrives at an imaginary input boundary; at LASL,
this is the process receiving point. Output is the
primary waste product of the volume reduction
process plus secondary waste generated by the
process. Combustible secondary waste is returned to
the process for reduction. Liquid components of the
secondary waste stream are treated separately and
the treatment residue is added to the volume of solid
secondary waste to make up the total volume of
treated waste. All other post-volume reduction
processes, such as waste stabilization, are not included in this evaluation because the needed waste
form criteria presently do not exist. Secondary components released to the environment are assumed to
be held to within regulated limits.
The evaluation procedure is for production-scale
processes and a base requirement is that a process
must meet all applicable health and safety regulations before an evaluation is conducted. Process

residue characteristics were not included in this
evaluation exercise because of uncertainties in
potential stabilization processes; and because only
combustible, low-level, and transuranic wastes were
considered, recovery of radionuclides was neglected.
However, the scope of the evaluation can be expanded to include the form and composition of the
process residue by the addition of appropriate
criteria as this information becomes available.
For this application, the treatment process is
defined to include the following subsystems.
1. On-site feed preparation (sorting, shredding,
etc.).
2. Feed introduction (pneumatic conveyor,
auger, ram feeder, etc.).
3. Waste reactor (oxidizer, etc.).
4. Product removal and packaging.
5. Effluent cleanup (liquid and off-gas cleaning
trains used before release of effluents).

A. Criteria Selection and Performance Measures
The relationships among the criteria selected for
this particular application are shown in Fig. 1. The
definitions of the criteria and performance measures
follow.
1. Effectiveness is the ability of the process to
meet the volume reduction objective for the test
waste matrix (see Appendix C). The performance
measure for effectiveness is the Volume Reduction
Factor, or the ratio of the original waste volume to
the volume of treated waste.
2. Flexibility is the ability of the process to accept a wide range of waste compositions at different
processing rates. The main criterion AS composed of
four subcriteria: Handling Normal Components,
Solids Throughput, Handling Noncombustibles,
and Liquid Throughput. Normal Components include poly vinyl chloride (PVC), paper and rags,
polyethylene, rubber, and dense cellulosics. A composite formula relating percent of feed and feed rate
is used as a performance measure (see Appendix D).
The performance measure for Solids Throughput is
the Rated Capacity (kg/h) of the unit. Noncombustible waste is included because a process should
be able to cope with the inadvertent introduction of
small amounts without serious problems; the performance measure is the Maximum Percentage of Noncombustibles permitted in the feed. Although this

evaluation is for solid waste treatment process, consideration has also been given to handling liquids.
The performance measure for Liquid Throughput is
the Maximum Injection Rate for organic liquids (see
Appendix D).
3. Availability is the frequency with which the
process operates satisfactorily. Inclusive in this consideration are the systems' maintainability and
reliability. The direct measure is the percentage of
uptime; however, it is expressed as the percentage
of downtime as this is a more familiar measure.
Downtime includes all time during which the equipment is not available for use.
4. Operability is the level of operational complexity in terms of equipment, controls, and manpower. The performance measure is the Minimum
Number of Parameters that must be controlled for
the process to operate and meet process and health
and safety requirements. Controlled ancillary or extra variables, not necessary for process operation,
are not included.
5. Resource Use involves energy, operational
consumption of scarce strategic materials, water,
and land requirements. Performance measures for
these subcriteria are Categories of Use—extensive,
very high, high, moderate, low, very low, none.
B. Criteria Weights
Ten LASL waste management personnel applied
the Constant-sum Method to assign weights to the
five main criteria. This was followed by the
Churchman-Ackoff consistency check. Where the
consistency check produced results that were incompatible with the weights, the weights were adjusted
slightly until there was agreement. When both sets
of results were in agreement, the evaluator was
finished with that set of criteria. If his results did not
agree, the weights and consistency check were reexamined until there was agreement.
These steps were applied to all sets of subcriteria.
The weights for each criterion were then averaged to
produce group weights. Group consensus and transitivity of group orderings were confirmed before the
weights were averaged (see Appendix E). The final
set of weights for the main criteria is presented in
Table I. (All other weights are given in Appendix F.)

TABLE I
MAIN CRITERIA WEIGHTS
Criterion

0.35
0.22
0.20
0.13
0.10

Effectiveness
Flexibility
Availability
Operability
Resource Use

Total

1

C. Value Functions
Each evaluator was asked a series of questions
designed to determine the shapes of the value functions. Then he was asked to sketch a curve that
represented his value functions for each performance
measure. Next, the individual value functions were
averaged to produce group value functions for each
performance measure. The evaluators were assembled and discussions were held about the coordinate pairs. Modifications were made when the majority felt they were necessary. The group value
function for the Volume Reduction Factor is shown
in Fig. 2. (AH other value functions are given in Appendix G.) The value functions under Resource Use
exhibited as much variation within themselves as
among the other value functions under the same
main criterion. Therefore, one value function was
prepared by averaging the group value functions for
Energy, Scarce Strategic Materials, Water, and
Land.
D. Evaluating Two Hypothetical Alternatives
Incineration and mechanical compaction are two
volume reduction alternatives. Two hypothetical
systems are used here to exemplify the evaluation
procedure.
A hypothetical example of each processes' performance level estimates is shown in Table II. Table III
shows the worth of each separate performance level.
Table IV gives a scale factor for each performance
measure, which is determined by multiplying all
weights down a path in the criteria tree (Fig. 1). For
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TABLE II
PERFORMANCE MEASURE ESTIMATES FOR TWO HYPOTHETICAL SYSTEMS

Volume reduction factor

Incinerator
2551

Compactor

5:1

30
20

10
6

PVC

1

1

Paper & rags

2

1

Rubber

1

Polyethylene

1
1

Dense cellulosics

0.8

Percent downtime
Minimum number of parameters
Normal components (R.F.)
(see Appendix D)

i-i

50

1

Maximum percent of noncombustibles

5

200
10

Liquid injection rate

0

0

moderate

very low

Use of scarce strategic materials

none

none

Water use

low

very low

Land use

very low

very low

Rated capacity (kg/h)

Energy use

TABLE III

WORTH OF PERFORMANCE FOR TWO HYPOTHETICAL SYSTEMS

Volume reduction factor
Percent downtime
Minimum number of parameters

Incinerator
0.74
0.80
0.84

Compactor
0.08
0.95
0.99

Normal components (R F.)
(see Appendix D)
PVC

0.60

Paper & rags

1

Rubber

Maximum percent of noncombustibles

0.60
0.60
0.50
0.95
0.46

0.60
0.60
0.60
0.60
0.60
0.99
0.90

Liquid injection rate

0

0

Energy use

0.67

0.92

Use of scarce strategic materials

1

1

Water use

0.82
0.92

0.92
0.92

Polyethylene
Dense cellulosics
Rated capacity (kg/h)

Land use

example, the path from Flexibility to Handling Normal Components has weights of 0.22 (Table I) and
0.46 (Table F-I), respectively, and the scale factor,
or final weight, for Handling Normal Components is
0.10 (Table IV).
Table V shows the worth of performance (Table
III) multipled by the corresponding scale factor
(Table IV). The final line of Table V shows the
FOMs for the hypothetical incinerator and compactor. Thus the significant difference between these
two systems is the amount of volume reduction.
IV. DISCUSSION
LASL waste management personnel found this
evaluation procedure to be a useful way to quantify
subjective evaluations. They felt that the method for
computing the FOM was reasonable and straightforward. Selecting and defining criteria and specifying performance measures required the most time.
All members of the evaluation group were satisfied
with the final definitions and found no difficulty in
producing the weights and value functions. Most felt
that a primary benefit of the procedure was that it
helped them structure the complex evaluation in a
systematic way.
Before selecting any procedure for evaluating
system worth, it is necessary to specify the reason for
the evaluation, the relationships among criteria, and
the availability of related data.9 For this application, operational considerations dictated that the
evaluation procedure be relatively easy to understand and explain, easy to implement, economical,
reasonably stable against small errors :n estimates,
and easy to modify for slightly different conditions
or applications. The procedure also had to be independent of the number of alternatives.
A linear additive model of the type described in
Section II satisfies these requirements. A more
sophisticated model probably would not significantly increase the accuracy of the FOM,10 and would be
more difficult to apply. User acceptability was also
a consideration in selecting the methods for determining weights and value functions.
The most important assumption related to Eq. (3)
was that the performance measures be value independent, so that addition could be used for combining the worth of separate performance levels.11'21
Value independence means that an evaluator's
preferences for a specific level of one performance
8

measure do not influence his preferences for levels of
any other measure. However, value independence is
difficult to maintain in actual situations. Yntema
and Torgerson" found that whereas dependencies
may not significantly affect the ordering of alternatives, they may distort the resulting FOMs. In
some cases measures can be dependent, but by
carefully combining some and/or eliminating others,
a minimum distortion can be maintained. Miller40
and Gustafson et al. 1 ' advocate eliminating performance measures where substantial interactions occur. Care in defining criteria and performance
measures can eliminate many problems (see, for example, Fishburn22). Precautions taken when the
value functions are being drawn can also do much to
minimize the effects of interactions (see Appendix
B). (See also Fishburn, "•"•" and Keeney."-1")
Additive models are not as sensitive to errors in
component estimates as multiplicative ones; the
former tend to smooth out errors whereas the latter
tend to magnify them. This study used
a
hierarchical additive model where weights were multiplied at each level of the hierarchy (see Fig. 1 and
Table IV). The resulting error in weights increases as
the number of levels in the hierarchy increases.16
For small weights, errors are not significant. (Extremely small weights may even restrict the contribution of the associated performance measures,
and the argument has been made that they should
be eliminated. For example, Tables IV and V suggest that Land Use might be excluded.)
The major areas for sensitivity analysis are related
to highly weighted performance measures and the
effects of errors in the construction of value functions. The FOM can be significantly affected when
the performance levels occur at, or close to, large
slopes or slope changes (see Appendix H).

V. EXTENSIONS AND REVISIONS
For any particular form of Eq. (3), all alternatives
that have identical FOMs are considered equal.
Final selection of a process can be made by considering the FOMs together with total process costs and
intangible or political considerations. In the
presence of costs and FOMs alone, the choice might
be made by forming FOM-to-cost ratios and
selecting the process with the largest ratio.16'20-211*4-25
This is the familiar cost-effectiveness formulation

TABLE IV
SCALE FACTORS (WEIGHTS) FOR PERFORMANCE MEASURES
Volume reduction factor

0.35

Percent downtime

0,20

Minimum number of parameters

0.13

Normal components (see Appendix D)

0.10

Rated capacity (kg/h)

0.06

Maximum percent of noncorabustibles

0.03

Liquid injection rate

0.03

Energy use

0.04

Use of scarce strategic materials

0.03

Water use

0.02

Land use

0.01
Total

1

TABLE V
WEIGHTED WORTH OF PERFORMANCE FOR TWO HYPOTHETICAL SYSTEMS
Incinerator

Compactor

Volume reduction factor

0.26

0.03

Percent downtime

0.16

0.19

Minimum number of parameters

0.11

0.13

Normal components (see Appendix D)

0.07

0.06

Rated capacity (kg/h)

0.06

0.06

Maximum percent of noncombustibles

0.01

0.03

Energy use

0.03

0.04

Use of scarce strategic materials

0.03

0.03

Water use

0.02

0.02

Land use

0.01
0.76

0.01
0.60

Figure-of-Merit

where the FOM is the index of overall process effectiveness. (This is distinct from the criterion effectiveness.) This formulation assumes that the FOM
is measured on a ratio scale and the relationship
between the FOMs and costs is linear.
The sample analysis assumed that the performance levels were known and that the only errors
were in the measurement of the levels, the estimates
of the weights, and the estimates of the value functions. Disregarding all other factors, if costs were
deterministic, then processes with equal costeffectiveness ratios would be equivalent alternatives. At this stage, distortion of the FOMs due to
dependencies can be serious because it can change
the alternative selected. More on cost-effectiveness
can be found in articles by Fishburn,21 Dean and
Roepcke,84 and Seiler.3*
At very early stages of an R&D selection effort,
cost could be included in the set of evaluation
criteria"'"' 27 '' 0 to give a preliminary evaluation. As
more reliable performance and cost estimates are
obtained, cost should be removed from the criteria
set and used as a resource constraint. As the R&D effort evolves, the evaluation model should become
more sophisticated, commensurate with reliability
of the data. Remember that the selection model will
not only change from application to application, but
will also evolve for a specific application as the R&D
effort progresses.
The degree of refinement of the evaluation
procedure will depend on the particular objective.
For example, if the FOMs were average values, then
the next step might be to retain the individual
weights and value functions and use simulation to
construct FOM distributions." Averaging weights
and value functions is valid only when the interests
and backgrounds of the evaluators are similar. Even
then, individual differences are masked.27'ai-8k
Sometimes two distinct groups will be involved in
the selection of an alternative. For example, a set of
alternative projects is evaluated by R&D engineers,
but the final choice for a full scale R&D effort is
made by a management team. This situation can be

10

handled in several ways. All individuals could take
part in the exercise, and form FOM distributions
rather than averages. Another prospect would be for
the management personnel to provide the criteria
weights and the R&D staff to specify the value functions." As with all other aspects of the evaluation
method, the path followed depends on the application.
The next step to be taken to extend the evaluation
method would be to include the uncertainty of the
performance level estimates. These variations, as
well as the variations in weights and value functions,
could be used to compute expected values and standard deviations for the FOMs.34 Alternatively, the
individual estimates could be preserved and used by
themselves or with probability figures to construct
FOM distributions.

VI. CONCLUSIONS
The emphasis of this document is to outline the
procedure developed and used for evaluating
radioactive waste treatment processes at LASL. The
use of the procedure, as well as the degree of refinement or extension; depends on the particular objective. Essentially, the concepts described here have a
much wider sphere of application than the example
presented. Keeney,38 states, "One could speculate ... that open-mindedness and willingness to
think hard about consequences are more important
for correctly assessing preferences than any formal
quantitative education."
The evaluation procedure, if not completely
satisfactory, at least forces the evaluator to clarify
and quantify factors important to the overall objective. One of the primary benefits of the procedure is
that a systematic approach was taken to quantify
the problem, which in turn allowed the evaluators to
communicate the rationale used. This may be the
first step in a series of discussions regarding the
evaluation procedure and disagreements pertaining
to it.

APPENDIX A
CALCULATING CRITERIA WEIGHTS
There are several methods for transforming experts' judgments into relative weights. Eckenrode"
and Bartlett et al." found no significant differences
among the techniques they investigated. Since no
method is clearly superior, the preferred method in
any application depends on the intended use of the
scale (ordinal, interval, or ratio level of measurement"), the time required to use it, the subjects'
mental attitudes, their understanding of the overall
problem, their perception of the instructions for
weighting the criteria, and their understanding of
the criteria definitions.
Five methods for producing an interval scale were
presented to LASL waste management personnel to
select one or two for further investigation. Only one
method could be eliminated. Therefore, a small experiment was conducted to see if one method would
emerge with a broad user appeal. Three methods
and modifications are described here along with an
experiment to select the most acceptable of these for
use by LASL waste management personnel. The
weights for the example implementation are also
presented.
I. WEIGHTING METHODS
The Churchman-Ackoff Method* of successive
comparisons and the modifications to this method
are common techniques for determining weights.
The criteria are ordered and the most important
criterion is arbitrarily assigned the number one. All
other criteria are compared to the most important
criterion and assigned numbers relative to it. For example, there are four criteria, C», Ca, Ci, Ct, listed in
order of importance. A hypothetical evaluator assigns tentative importance numbers, s, to the
criteria as follows:
Criterion

Relative
Importance(s)

1
0.7
0.4
0.2

Next, successive comparisons are made with a
criterion and combined criteria to readjust the
relative importance numbers. Our fictitious
evaluator feels that Ci is less important than all
other criteria combined; therefore, no modification
need be made (si<sa+Sj+S4). Then he compares Ci
with the combination Cj and Ct and feels that Ci is
of equal importance to the pair, so Si is changed to
1.1. The first comparison is reexamined and is found
to still hold (1.K1.3). On the next comparison, Cjis
felt to be less important than C8 and C«, so sj is
changed to 0.5. On examination of the previous comparisons, it can be seen that Si needs to be changed
to 0.9. The new set of importance numbers are 0.9,
0.5, 0.4, 0.2. All importance numbers are normalized
by their sum to produce the final weights 0.45, 0.25,
0.20, 0.10. Turban and Metersky" modified this
procedure by asking judges to allocate 100 points
among all criteria.
Klee17 assigns a ratio of importance to pairs of
overlapping criteria. The ratio assigned to a pair
represents the importance of the first criterion in the
pair to the importance of the second criterion (also
see Dooley"). This procedure is followed until each
criterion has been compared to the criterion immediately below it on the list. For example, Ci is
considered 1.8 times as important as Ct, Cj is
thought to be 1.3 times as important as C«, and C,,
2.0 times as important as C4. This gives the weights
0.46, 0.25, 0.19, and 0.10. Litchfield et al." modified
this procedure by having subjects assign a number
to the first criterion in a pair and then assign a
number to the second criterion that represents its
relative importance to the first criterion. The two
numbers for each overlapping pair are used to form
the ratios that Klee assigns directly. For example, Ci
is assigned 100 points and d is assigned 55 points.
Next, C2 is assigned 100 points and the evaluator assigns 80 points to Ci. Finally, 100 points are assigned
to Cs and C« is thought to be worth 50 points in relation to it. The final weights are the same as before.
Weights are calculated by the Constant-sum
Method7 in which an evaluator distributes 100
points between every pair of criteria. For example,
our fictitious evaluator assigns 60 points to Ci and 40

il

to C2. Then 70 to C, and 30 to C3, 85 to C, and 15 to
C«. Likewise, 55 to C2 and 45 to C3, 70 to C* and 30 to
C Finally, he allocates 70 points to C3 and 30 to Ct.
The final weights are as before.
The Constant-sum Method requires m(m-l)/2
evaluations, whereas the other procedures mentioned above require one fewer evaluations (m-1)
than criteria (m). This procedure produces more estimates than necessary since only m-1 are needed to
construct the weights. However, all estimates are
used to calculate composite scale values.
With the exception of the Constant-sum Method,
each of the weighting techniques can be summarized
as follows.
1. If a number is assigned to each criterion in a
paired comparison evaluation, form a ratio," Tj+1j,
from the numbers, which represents the relative importance of C-+1 toCj, forj = 1,.... m-1.
2. If the ratios are assigned directly, r J + u is
as defined in item 1 above.
3. Define a set of numbers { sjj = 1, ..., m|, then
obtain their values from the recursion relationship

= 1 , j = 1,

m - 1.

(A-l)

The Churchnian-Ackoff Method sets Si equal to one
and has the evaluator specify the other s^s directly.
Equation (A-2) is used to normalize the weights.
w. =

j,

k = 1,

m.

(A-2)

The Constant-sum Method uses m(m-l)/2 ratios.
If Pjk is the number of points awarded to Cj when
compared to C k , the ratio of importance of Cj to C k is
given by
= 1 , •••, m,
(A-3)
By not requiring the criteria to be ordered, Eq. (A-l)
shows that Tjk is an estimate of the ratio Sj/sk. In
addition to the direct estimate of rjk, there are m-2
indirect estimates of Sj/sk. The final step involves
calculating some composite estimate of rjk.
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Torgerson' suggests using the geometric mean of the
estimates. The geometric mean possesses the
property rjk = l/r k j, which is consistent with Eq. (A1) and Eq. (A-3).
Torgerson's least squares formulation for estimating the scale is given by
s . = an
]

k t j
j = 1, . . . , m

(A-4)

where Zjk is the log of rj k . The Sj's have a geometric
mean of one and are converted to the normalized
form by Eq. (A-2).
All of the above methods assume a constant
weight over all performance levels. This should not
be a problem if the performance measure ranges are
small. In addition, these methods force transitive
orderings. However, since the Constant-sum
Method uses comparisons of all pairs, it can be used
as a check on transitivity before computing the
weights. The extra information on transitivity and
the additional criteria estimates are at the expense
of increased administration time.

II. SELECTION OF A WEIGHTING
PROCEDURE
Turban and Metersky's constant-sum modification of the Churchman-Ackoff procedure was considered for this application, but it was, in practice,
confusing to users and was dropped. Other methods
considered were the ratio technique used by Klee,
the Constant-sum Method, and the ChurchmanAckoff Method. Some inconsistencies appear in the
literature regarding the administration time and
simplicity of the Churchman-Ackoff Method, "•"•••
especially regarding the consistency checking
procedure. However, no matter which method is
used, some type of consistency check should be
made. Therefore, it was decided to investigate the
Churchman-Ackoff Method temporarily ignoring
the consistency checking aspect. After some discussion, several engineers favored Litchfield's 27
modification of Klee's method. Further, they suggested that one of the ratings in each pair be set at
100.

Because there was some difference of opinion on
which method to use, it was decided to conduct a
small experiment to see if one method would emerge
with a broad user appeal. Initially, four process
engineers ranked the five main criteria from randomized lists. Group consensus was obtained by
defining the ranking for the group to be the ordering
given by the sum of the ranks for each criterion, after
Kendall.40 There was general agreement that the
ranking was realistic, and the Kendall Coefficient of
Concordance was significant at the 0.01 level."'40
This means that the probability of stating that the
coefficient is not due to chance, when in fact it is, is
0.01.
Because there was group agreement, the next step
was to have each participant use each method once.
The weighting sequences were randomized in a
Latin Square design format*1 to separate possible
differences in attitudes toward the different weighting methods as a function of the time of use and the
order of use by subjects. The primary aim of the experiment was to determine the subjects' attitudes
toward the weighting- methods; a secondary aim was
to see if the weights were similar from method to
method.
As the experiment progressed over a 6-week
period, the subjects tended to vary about the order
of the criteria. While the experiment was being conducted, criteria definitions and performance
measures were revised, although principally in wording rather than substance. It was clear that the subjects were changing their minds because of increased
exposure to the overall project as a result of the
group discussions. After completing the original
ranking and using two methods, each subject appeared to have selected an ordering. The Constantsum Method was used to verify that subjects were
behaving transitively, and the Kendall Coefficient of
Concordance was used to determine the degree of
agreement among the subjects' rankings. There was
good agreement, and all coefficients were significant
at the 0.01 level except one that was significant at
the 0.05 level. Average weights were similar among
methods.
Comments were solicited from each subject after
his use of each weighting method. All subjects liked
the Constant-sum and Churchman-Ackoff Methods;
the ratio (Klee) and rating (Litchfield) schemes met
with equal favor and disfavor. The Constant-sum
Method required more time (9 min) than the

Churchman-Ackoff Method (3 min), but the difference would not be a hindrance in an operational
situation. The short time required for all methods
seemed to indicate that not enough attention was
being paid to the task; however, this premise went
unsubstantiated because subjects indicated, at each
stage, that they were satisfied with the ranks and
weights. Several weeks later the subjects completed
the Churchman-Ackoff consistency checking
procedure. All found the procedure easy to follow
and were able to complete it within 15 min.
The Constant-sum Method seemed to produce
higher weights for the most important criterion. If
Gustafson et al." are correct in assuming that people
are conservative in assigning weights, then the most
important criterion would receive less weight and
the Constant-sum Method might have correctly estimated the true weights. Although the ChurchmanAckoff estimated weights (without the consistency
checking procedure) were only first approximations
to the true weights, it was not thought that the consistency check would significantly change the
weights. (The consistency check applied at the end
of the experiment was not applicable because of the
change in orderings that occurred.) Three of the
original subjects, and another individual who was
not previously involved with the project, completed
both methods and the consistency check in an attempt to resolve this discrepancy. In all four cases
the Constant-sum Method produced closer estimates to the final weights. The final weights were
calculated by applying the consistency checking
procedure to both methods and were identical or
nearly identical for all four individuals. The
modifications to the original weights were as small
as possible within the constraints set by the consistency check. When several sets of weights were
possible, the one selected was the set where the sums
of squares of the differences of the original and
modified weights were minimal.
Although both methods seemed to produce the
same weights when used with the consistency checking procedure, it was decided to use the Constantsum Method because of its ability to produce multiple estimates, to check for transitivity, and produce
a ratio scale.7 The Churchman-Ackoff Method was
applied later mainly to check for consistency.
However, both sets of weights were used to resolve
differences when they occurred.
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III. DETERMINATION
WEIGHTS

OF EXAMPLE

Before the weights could be calculated, it was
necessary to expose the individuals who had not yet
been involved in the project to the Constant-sum
and Churchman-Ackoff Methods so that they all
would be at approximately the same place on a
learning curve. After they were well acquainted with
the techniques to be employed, they ranked the
main criteria. Shortly thereafter, they used the
Constant-sum Method to assign weights. At this
stage, the ranking provided by the weights was compared to the original ranking. Each evaluator was
checked for transitive ordering by examining the
constant-sum pairs. Both rankings were in agreement, and there were no intransitivities.
A few days later, the Churchman-Ackoff Method
was used to calculate the weights. After another few
days the consistency check was used. When the consistency checking procedure produced results that
were not compatible with the weights, the weights
were adjusted slightly until there was agreement.
Each individual was presented with his modified
weights and the outcome of the consistency check. If
he agreed with these results, then he was finished

with that set of criteria. If he did not agree, the
weights and the consistency check were reexamined
until there was agreement.
Each of these steps was carried out for all sets of
criteria. At no time did any individual know the
results produced by any other individual. Before the
weights could be averaged to produce a set of group
weights for each set of criteria, it was necessary to
check for group consistency in rankings and for
group intransitivity. There were no intransitivities
and there was group agreement on the orderings of
all four sets. Group consensus was checked by the
Kendall Coefficient of Concordance. All coefficients
were significant at the 0.05 level or better (see Appendix E). Remember, the significance level is a
probability and not the value of the coefficient.
When the average weights were calculated, one set
of criteria had a slightly different ordering than the
group ordering by ranks. The group discussed this
difference, and two individuals claimed that they
misunderstood the criteria in question. They agreed
with their original ranking but changed their
weights. This produced an average set of weights
which had the same rank order as the group ordering
by ranks.

APPENDIX B
PERFORMANCE WORTH-VALUE FUNCTIONS

In deterministic situations, performance measures
are related to a common unit of measure by value
functions. The actual transformation is accomplished by questioning individuals concerned
with the specific application. Miller20 calls this transformation a scoring function and defines it as, "a
mathematical rule which assigns a unique worth
score, in points, to every possible value of some
physical performance measure."
Value functions are unique up to a monotonic
linear transformation. If VJ(XJ) is a value function
for the performance measure Xj, then so is UJ(XJ), if
for any positive constant, a
) =

14

+ b ..

(B-l)

This means that value functions can be represented
on an interval scale. An interval scale has the
properties that adjacent numbers are separated by a
constant arbitrary unit of measurement and the
ratio of any two intervals is independent of the unit
of measurement and an arbitrary zero point. A
preliminary condition is that objects measured on
the scale can be ordered. Because there is no natural
origin, the origin may be chosen in any convenient
manner. If the origin is set to zero, the least preferred or worst level of Xj is set to zero, and the best
level is set to one, then
0 _< u . ( X . ) £
J

J

1.

(B-2)

The next step requires that, given the end points or
range of Xj, enough coordinates be estimated so that
a graph can be constructed. If there is a natural zero
a ratio scale may be formed, i.e., all bj's equal zero.
This can be justified if worth is considered to be the
fractional attainment of an objective.
Fishburn" presents some methods for estimating
the functions, as well as methods for estimating
weights. One of these has the subject estimate the
worth of the level of performance midway between
the best and worst levels. This point now separates
two intervals and midpoints are estimated for these
in a similar manner. This continues until there are
enough points to plot a graph. Huber 4 ' and Dee et
al.44 outline approaches for constructing value functions, and detailed step-by-step instructions are
presented by Miller.20 Miller suggests that a rough
sketch of the function be drawn, based on questions
posed to evaluators, and then estimates of performance levels be solicited for 10% intervals on the
worth scale. Litchfisld et al.*7 have subjects estimate
the worth of four levels of performance.
Trial value functions were constructed for three
performance measures following the general outline
of Miller's procedure. The best level of performance
was assigned a worth of one and the worst level was
assigned zero. If a performance measure has no
natural or logical upper or lower bound, then a practical operations bound must be specified. Miller suggests using 50% or more in excess of the anticipated
maximum performance level as an operational upper bound. Huber suggests using the practical
bound, or a number just beyond it, as the natural
bound. Two of the three performance measures in
this trial possessed no logical bound. When the
bounds were set at about 50% more than the anticipated maximum, the size of the graph became
very large along the abscissa and the form of the
curves and inflection points became distorted. This
bothered four individuals who were trying to estimate interior points. Miller's suggestion of estimating performance for every 10% change in
worth, estimating midpoints as Fishburn suggests,
and Litchfield's fixed levels were also unworkable in
this context. What seemed to be happening was that
subjects had a rough idea of what the shape of a
curve should look like, picked some reference point
that had some individual intuitive appeal, and then
used this point and the end points to complete the
graph. When the operational upper bound was

placed at 50% or so greater than the anticipated
maximum, they had trouble estimating points in
between because of the scale extension. When points
were estimated, they were so far from the bound
selected it was almost impossible to sketch a curve
that had meaning beyond the last point estimated.
Therefore, the upper bounds were set much closer to
the practical upper bound, as Huber recommends.
The subjects generally completed the portions of the
curves near the boundaries first, then they picked
interior points with no discernible pattern.
The results of this exercise at constructing value
functions were very similar for all four individuals.
Each subject was satisfied that his curve was
realistic and that those of the others were only
slightly different from his own. Consistency was
evaluated by asking questions similar to, "How
much better is level i than level j"? Only slight
modifications of the graphs were necessary.
When a subject is completing a graph it is important that he consider only the performance measure
at hand. The most desirable level for the other
measures is commonly used.*7 Miller recommends
that the value functions be constructed as if there
were no other performance measures. If two or more
performance measures are varied at the same time,
the independence of the value functions will be
suspect. Therefore, subjects were instructed to consider all other performance measures to be at their
best possible levels. After each graph was completed, and before checking consistency, the subject
was asked if he had considered the level of any other
measure while he was estimating the value function.
All subjects said that they had not.
The test for scoring performance resulted in the
following prescription for constructing value functions in the local situation.
1. Present each performance measure to the
evaluator individually, without him knowing the
results of any other evaluator.
2. Advise him to consider only the performance
measure under investigation and assume that all
other performance measures are at their best attainable levels.
3. Follow the first stage of Miller's procedure to
determine the general shape of the curve.

4. If the evaluators disagree on the boundaries or
shape of the curve call them together and resolve the
problem.
5. PJot the level of performance on the horizontal
axis and the worth of performance on the vertical axis. Mark the upper and lower bounds and their appropriate worths. If there is no natural upper bound,
indicate some practical upper bound and assign a
number just beyond ii as a practical operational
natural bound. Subdivide the vertical axis in tenths
and the horizontal axis in some convenient equally
spaced unit,
6. Have the user fill in the interior of the graph by
whatever means that allows him to feel comfortable.
7. When the graph is completed, get the user's assurance that no other performance measures were
considered. If they were, the graph should be
redrawn.
8. Present the subject with ratios of worth from

the graph and ask him if these ratios reflect his judgment. For example, if Percent Downtime is the performance measure, if 30% downtime is worth 0.6 and
60% is worth 0.2, then 30% should be 3 times as
satisfactory as 60%. Alternatively, select several
levels of performance and ask the evaluator to
specify the ratios. (This procedure is valid for a ratio
scale. If the evaluator is willing to assume only an interval scale, then differences should be used, i.e., 0.4
related to 30%.)
9. If the results of step 8 are not consistent with
the graph, modify the graph until the evaluator and
investigator are satisfied that a valid value function
has been constructed.
10. Prepare a composite value function by averaging the points for all evaluators.
11. Present the composite value function to the
assembled evaluators. If the group does not agree
that the value function is realistic, make modifications until it is acceptable.

APPENDIX C
WASTE COMPOSITION

Wastes vary widely among facilities but may be
categorized on the basis of origin, i.e. laboratory,
line or process, and construction. Table C-I indicates the range of waste compositions expected in
these categories, based on a 1973 LASL survey.4*
Laboratory wastes include wastes from support
areas in the immediate vicinity of, as well as,
specific-laboratory refuse. Process wastes typically
result from glovebox production operations; construction wastes originate with the disassembly of
decommissioned facilities. The bulk of routine, low
alpha-activity waste is expected to originate in the
laboratory areas.
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TABLE C-1
TYPICAL WASTE COMPOSITION

Lab
Material

(wt%)

Paper & rags 10-60
Plastics
5-60
Rubber
5-30
Lumber
Dirt &
concrete
Metallics &
glass
5-50

Process
(wt%)
10-40
30-40
10-45

Constr.
(wt%)

-

5-20
5-30
5-20
5-30

-

5-60

30-40

10-50

APPENDIX D
PERFORMANCE MEASURES FOR NORMAL COMPONENTS AND LIQUID THROUGHPUT
I. NORMAL COMPONENTS
A design basis feed is associated with each
process. Components normally include polyvinyl
chloride (PVC), paper and rags, rubber,
polyethylene, and dense cellulosics (lumber, computer paper, etc
The performance measure for
each component *s the effective feed rate for the
component as a fraction of the rated capacity (Ri)
multiplied by the maximum fraction of the component (Fi) permitted in the feed. A linear relationship
is assumed between performance level (R1F1) and
worth from 0 to 1.5 on the R1F1 scale (see Fig. D-l).
To compute the combined worth for normal components the worth of each component is multiplied by
a weight, then all are added.
For example, a process may be designed to handle
100% PVC at the rated capacity, 100% paper and
rags at 200% of the rated capacity, 100% rubber at
the rated capacity, 100% polyethylene at the rated
capacity, and 100% dense cellulosics at 80% of the
rated capacity. Details are shown below, where Ui is
the worth of Ri Fi from Fig. D-l for component i, and
Wi is its weighting factor.
Component

R.

F

PVC

1
2
1
1
0.8

Paper & rags
Rubber
Polyethylene
Dense
cellulosics

R F

U

1
1
1
1

1
2
1
1

0.6
1
0.6
0.6

1

0.8

0.5 0.10

i

i i

i

W

i

0.29
0.23
0.21
0.17

Then the total worth for normal components is 0.68

Fig. D-l.
Group Value Function for all performance measures
under the subcriterion Handling Normal Components.
II. LIQUID THROUGHPUT
The calculations for determining a high volume of
liquid, which would be worth a score of approximately 0.75, are based on a controlled-air incinerator. The limiting factor for combustion of solid
waste is the off-gas cleanup system. Of the major
components, polyethylene will produce the
maximum volume of off-gas. If it is assumed that 45
kg/h of polyethylene can be oxidized, then, with
other assumptions not covered here, the off-gas
system, when liquid alone is treated, can handle a
calculable amount of liquid. Calculating the volume
of n-hexane that generates the predetermined offgas volume results in approximately 1.5 l/min of nhexane.

17

APPENDIX E
GROUP CONSENSUS

Majority rule is a common method of reaching a
consensus. However, it is possible for individuals to
behave transitively, but under majority rule the
group ranking may be intransitive. For example, if a
person prefers a to b, b to c, and a to c, the comparisons are transitive. If he prefers a to b, b to c,
and c to a then the comparisons are intransitive, and
a valid ranking is not possible. Fortunately, in this
study there were no cases of intransitivity either for
individuals or for the group. After a set of criteria
weights was determined for all individuals, the
weights were replaced by ranks and the degree of
group consensus was determined by the Kendall
Coefficient of Concordance. The ranking convention
followed was to replace the largest weight by one and
the smallest weight by m(the number of criteria),
etc.
The coefficient of concordance is a measure of the
overall agreement among k judges in ranking m
items (criteria) and is given by
(E-l)

W =

max

where S is the sum of the squares of the deviations of
the actual rank totals from the average rank sum
and Smax is the maximum possible value of S.
The value of S is computed by

-i

\

-

(E-2)

where tj is the sum of the ranks for criterion j and the
average rank sum is k(m+l)/2. The maximum value
of S is attained when judges are in perfect agreement. When this occurs the sum of the ranks for any
criterion j is
t

= kj,

(E-3)

Substituting Eq. (E-3) in Eq. (E-2) gives the maximum value of S
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max

=

k (m

12

- m)

(E-4)

For any other rankings S will be less than Smax. If
there is complete disagreement, all tj's will be equal
to the average rank total and, therefore, S and W
equal zero. With perfect agreement W equals one.
If some group ranks are tied, a correction can be
made for Smax. In addition, a correction for
continuity can be made if considered necessary. The
significance of W can be tested by using tables of
critical values of S or the Chi-square distribution,
depending on the number of items. For further information on corrections for ties and continuity, and on
tests of significance, see Kendall40 or Siegel."
A significant value for W suggests that there is
agreement among the judges. Then the best estimate of the correct group ranking is given by the
order of the sums of ranks, tj. That is, the most
important criterion will have the smallest tj and the
least important one will have the largest tj. If the
sums of ranks are equal for any criteria, the tie is
broken by assigning the higher rank (lower number)
to the criterion with the smaller variation. This can
be determined by summing the squares of the ranks
and assigning the higher rank to the criterion with
the smaller sum of squares. There were no tied group
ranks in this study. The coefficient of concordance
(W) for all sets of criteria and the average Spearman
Rank Correlation Coefficient (r,av) which is a linear
function of W, are as follows.
W

Main criteria
Flexibility subcriteria
Normal components
subcriteria
Resource use
subcriteria

0. 85*
0 . 72*

av
0 . 83
0 . 69

0 . 47*

0 . 41

0 . 35

0. 28

All Ws were significant at the 0.05 level. The starred
(*) Ws were significantly different from chance at

the 0.01 level or higher. The average rank correlation
coefficient is given because more readers probably

are more familiar with correlation coefficients than
the coefficient of concordance.

APPENDIX F
GROUP WEIGHTS

TABLE F - l
FLEXIBILITY SUBCRITERIA WEIGHTS
Criterion
Normal components
Solids throughput
Handling noncombustibles
Liquid throughput

0.46
0.25
0.15
0.14
Total 1

TABLE F-II
NORMAL COMPONENTS SUBCRITERIA WEIGHTS
Criterion

PVC

0.29
0.23
0.21
0.17
0.10

Paper & rags
Rubber
Polyethylene
Dense combustibles

Total 1

TABLE F-III
RESOURCE USE SUBCRITERIA WEIGHTS
Criterion
Energy
Scarce strategic materials
Water
Land

Weight
0.39
0.25
0.21
0.15
Total 1
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APPENDIX G
GROUP VALUE FUNCTIONS
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Fig. G-l.
Group value function for the Percent Downtime.
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Fig. G-2.
Group value function for the Minimum Number of
Parameters that must be controlled.
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Fig. G-3.
Group value function for four Performance Measures under
the criterion Resource Use.
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Fig. G-4.
Group value function for Rated Capacity.
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Fig. G-6.
Group value function for Maximum Injection
Rate for Organic Liquids.
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Fig. G-5.
Group value function for Maximum Percent of
Noncombustibles permitted in the feed.
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APPENDIX H
SENSITIVITY ANALYSIS

Sensitivity analysis is essentially operations performed to evaluate variations in the objective function resulting from variations in system parameters.
Assume an objective function is
U

f(

P

(H-l)

i = 1,

where p, is one of the k parameters. Then one
sensitivity function is the total differential

il

dU =

(H-2)

dp.

Alternatively, individual terms or the partial differentials could be used.
For example, if U is the FOM additive formula
and k equals the number of performance measures,
then if the weights are assumed to be known exactly,
or with negligible error,
9[u±(X.)]

E .~

dX

(H-3)

However, if the performance level estimates are
known exactly, or with negligible error, and the pi's
are weights, Eq. (H-2) yields

the FOM for small changes in the performance levels
and weights can be examined by inspection of the
gradient. Equations (H-3) and (H-4) show that the
major concern is in the estimate of the performance
levels and the construction of the value functions.
The FOM can be significantly affected when the performance levels occur at, or close to, large slopes or
slope changes in the value functions. The concern increases as the weight increases. Tables II and IV in
the text show that the two performance measures
representing 55% of the weight have levels at slope
changes (see Fig. 2 and Fig. G-l).
Tilanus" used elasticities, which are common
economic sensitivity functions. Elasticity is the ratio
of the relative change in system response to the
relative change in a system parameter.47-48 The
elasticity of the FOM with respect to parameter p is
given by

?Ss

Engineers familiar with feedback control theory will
recognize Eq. (H-6) as the sensitivity of the transfer
function with respect to a specific system
parameter.4"'60
If the system parameter is the weight wi, then
W

E(FOM, w.)
dFOM

i=l

u

i(xi)dwi'

U

i(xi
FOM

)

(H-7)

and if the parameter is the performance measure
then

(H-5)

where grad f is the gradient and dR is the vector of
differentials. Before any numerical sensitivity
analysis is performed, the magnitude of changes in
22

i

(H-4)

As before, Xi and functions of Xi are variables, but
Xi and functions where Xi replaces Xi are numbers.
The subscript on dFOM indicates the variable
parameter.
Equation (H-2) can be conveniently represented
in vector terminology
dFOM = g r a d f • dR ,

(H-6)

3[ui(X±)]

E(FOM,

=

w.

3X,

X±

(H-8)

FOM

Equations (H-7) and (H-8), like Eqs. (H-3) and (H4), show that the value functions will cause the
greatest problem. If the performance levels are subject to error, these sensitivity functions will indicate
whether or not the FOM might be affected. Equations (H-3) and (H-4) or Eqs. (H-7) and (H-8) can be

used to find the trouble spots before numbers are
used.
Numerical solutions could be obtained by replacing the differentials with increments and the
variables by numbers of interest. Partial derivatives
could be estimated or calculated if curve fitting
techniques were used for the value functions.
Special attention would be required for discrete per-

formance levels and worth scales if numbers were to
be substituted in Eq. (H-2) or (H-6). The approach
to sensitivity analysis, as well as the form of Eq. (1),
the criteria, performance measures, weights, and
value functions, depends on your objective in using
the evaluation procedure and on the specific application under consideration.
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