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Abstract

Distribution Envelope Determination (DEnv) is a method for computing the CDFs of random
variables whose samples are a function of samples of other random variable(s), termed inputs.
DEnv computes envelopes around these CDFs when there is uncertainty about the precise form of
the probability distribution describing any input. For example, inputs whose distribution functions
have means and variances known only to within intervals can be handled. More generally, inputs
can be handled if the set of all plausible cumulative distributions describing each input can be
enclosed between left and right envelopes. Results will typically be in the form of envelopes
when inputs are envelopes, when the dependency relationship of the inputs is unspecified, or
both. For example in the case of specific input distribution functions with unspecified dependency
relationships, each of the infinite number of possible dependency relationships would imply some
specific output distribution, and the set of all such output distributions can be bounded with
envelopes. The DEnv algorithm is a way to obtain the bounding envelopes. DEnv is implemented
in a tool which is used to solve problems from a benchmark set.

Keywords. DEnv, p-boxes, aleatory uncertainty, epistemic uncertainty, second order
uncertainty, uncertainty quantification, 2" order uncertainty, reducible uncertainty, imprecise
probabilities, challenge problems, envelopes, derived distributions, Statool.

1 Introduction

The DEnv (Distribution Envelope Determination) algorithm is a method for computing
distributions whose samples are some function of the samples of other input distributions, even
under non-traditional conditions of severely limited knowledge about the inputs.

Under traditional conditions of known dependency relationships among precisely defined input
distributions, solutions based around Monte Carlo simulation have an extensive literature,
although MC gives results that are potentially problematic (Ferson 1996 [9]) and whose
interpretation can be complicated by random variation especially in tails and other unlikely
regions of system behavior. A large literature also addresses analytical solutions, which tend to
require certain well-defined classes of distributions as inputs (Springer 1979 [28] is fairly
comprehensive up to its time of writing). When the input random variables to be combined are
independent in the traditional sense that the probability of a joint event is the product of the
probabilities of its constituent events (often termed stochastic [7] or statistical independence),
solutions based on numerical convolution are well known (Ingram et al. 1968 [16], Colombo and
Jaarsma 1980 [6], Kaplan 1981 [17], Moore 1984 [20]). Lodwick’s (2003 [19]) method is applied
to multivariate examples with repeating variables and stated to be usable when variables are non-
independent, or when their dependencies are unspecified, which is among the following problem
characteristics that pose a challenge to traditional approaches.



(1) Sample values of one of the random variables may be described by a distribution, while
sample values of another may be known only to within an interval.

(2) The input random variables may not be independent, and their dependency relationship
may be unknown or only partly known. We will use the term unknown dependency to
describe this situation. The term “unknown interaction” has also been used (Couso et al.
1999).

(3) There may be insufficient information available to assign a specific distribution to an
input random variable.

The problem of combining a distribution with an interval, (1) above, was addressed by Berleant
(1993 [1]). When input dependencies are unknown, (2) above, the result random variable cannot
in general be described with a single distribution, because each possible dependency relationship
between the inputs leads to its own result distribution. Frank et al. 1987 [14] discuss the
distribution of sums and products of samples of other distributions under this condition.
Envelopes, also called p(robability)-bounds or p(robability)-boxes (Ferson et al. [10]) can be
found which surround the family of possible result distributions. If these envelopes around the
results are to be used in turn as inputs to produce further results, the algorithm for obtaining the
further results must be able to use envelopes as inputs. This is also the problem of (3) above. We
review solutions to (2), and then (3), next.

One approach to manipulating envelopes and distributions with unknown dependency
relationships is based on the Probabilistic Arithmetic of Williamson and Downs (1990 [30]),
which in turn is built on a foundation of copulas (Nelsen 1999 [21]). Probabilistic Arithmetic is
one component of the commercially available RiskCalc (Ferson 2002 [8]) software. An approach
based on sets of probability measures was applied to problems from a benchmark set (Oberkampf
et al., this issue [23]) by Fetz and Oberguggenberger (this issue [13]), as was a Monte-Carlo
based approach (Red-Horse this issue [24]). Ferson and Hajagos (this issue [11]) also address the
problems using the just-mentioned Probabilistic Arithmetic. Tonon (this issue [29]) addresses
Problem B using random set theory. Further solutions and insights were also presented by others
at a recent workshop (Sandia 2002 [26]). In related work Neumaier [22] recently described
clouds, a concept capable of expressing and manipulating families of CDFs bounded by left and
right envelopes. The approach described in this paper is Distribution Envelope Determination
(DEnv), which relies on safely discretized distributions and linear programming. It has been
reported on a theoretical basis (Berleant and Goodman-Strauss 1998 [2]) and implemented in a
tool (Berleant et al. 2003 [3]). Applications have also been described (Berleant et al. 2002 [4];
Sheblé and Berleant 2002 [27]).

Equivalence properties of DEnv, Probabilistic Arithmetic, imprecise probabilities, and Dempster-
Shafer structures are described by Regan et al. [25]. It appears these approaches are largely
equivalent in their ability to construct envelopes around cumulative distributions in the real
domain. They are also extendable to fuzzy numbers. Questions about how they compare in terms
of computational speed and in ability to express and use inputs that are in non-cumulative form
have still not been fully resolved. We feel that DEnv has an advantage in understandability
compared to other methods. For example Probabilistic Arithmetic requires an understanding of
copulas. Random sets also require specialized knowledge. Although DEnv uses linear
programming (LP), knowledge of LP is widespread, and in DEnv may be viewed as a black box.



1.1 Concise review of the DEnv Algorithm

This section describes DEnv concisely and abstractly. Section 2 covers DEnv less formally, but at
length and in detail in the context of a set of challenge problems [23]. The reader may choose to
skip directly to section 2 without loss of continuity and refer back to this section later as needed,
may choose to use this section as a foundation, or may take some intermediate course.

DEnv begins with two inputs, probability density functions fi(.) and f,(.) describing samples x and
y of random variables X and Y. DEnv will characterize the CDF (cumulative distribution function)
F.(z) of samples z=g(x,y) of random variable Z, given function g. The input PDFs f(.) and f,(.)
are discretized by partitioning the support (i.e. the domain over which a PDF is non-zero) of each,
yielding intervals x;, i=1...J, and Yy, j=1...J. Each x; is assigned a probability mass

p, =p(xex,) =I K f.(x,)dx,, where interval-valued symbols are shown in bold, and
i X =ﬁ
interval x; has lower bound X; and upper bound X_l Similarly, each y; is assigned a probability

mass p, = p(yey;) =I Y S, (¥o)dy,- The x;’s and y;’s and their probabilities form the
J : Yo=Y

marginals of a discretized joint distribution called a joint distribution tableau (Table 1), the
interior cells of which each contain two items. One is a probability mass

p; =P(xeX; Ayey,). If the value of x gives no information about the value of y, and vice
versa, then x and y are independent and p; = p(x€X,)- p(y €Yy,) = p, " Py, Where p is
defined as p(xex;) and py, as p(y €y,;). The second item is an interval that bounds the

values z=g(x,y) may have, given x € X; A y €y ;. In other words, z;=g(x..y)).

X— X;
ylooz=gley)y | p,, =p(X€X,)
Y N 2;-g(X.Y))
py, =p(yey,) P, =P(xXEX, AYEY))

Table 1. General form of a joint distribution tableau.

To better characterize the CDF F(.), we next convert the set of interior cells of the joint
distribution tableau into cumulative form. Because the distribution of each probability mass p;
over its interval z; is not defined by the tableau, values of F.(.) cannot be computed precisely.
However they can be bounded, so DEnv does this by computing the interval-valued function F.(.)
as

F.(z)= D p;and F.(z)= > p,;, (1

i,jlz;<zg i,jlz; <z,

resulting in right and left envelopes respectively for F.(.).

An additional complication occurs if the dependency relationship between x and y is unknown,
because then the values of the p;;’s are underdetermined and so Equations (1) cannot be evaluated.



However, the p;’s in a column of a joint distribution tableau must sum to p_ and the p;’s in a

row must sum to p, giving three sets of constraints: p = Z Dj»> Py = Z p; » and p;>0, for
J i t J Y
J i

i=1...1, j=1...J. These constraints are all linear, and so may be passed to a linear programming
routine. Linear programming takes as input linear constraints on variables, which in this case are

the p;’s, and an expression in those variables to minimize, for example, F_(z,) = Z p; for
T i jlzy<zo

some given value zy. The output would then be the minimum value that F_(z,) could have such

that the values assigned to the p;’s are consistent with the constraints. F_(z,) = Z p; 18

1'7(/|E520
maximized similarly. These envelopes are less restrictive (i.e. farther apart) than when the p;’s
are determined by an assumption of independence or some other dependency relationship so that
linear programming is not needed.

These ideas generalize naturally to n» marginals, which would require an n-dimensional joint
distribution tableau (Section 2.6).

2 The Challenge Problems and the DEnv Technique

In this section the DEnv technique is explained in the context of the challenge problems given by
Oberkampf et al. [23]. Solutions are presented and explained for all of the challenge problems,
which include six scenarios involving computation of y=(a+b)" and also a spring problem.

Problem 1: setting the stage

Problem 1 is to find the range of y=(a+b)* given a<[0.1,1] and b<[0, 1]. The minimum for y
occurs when a=0.37, which is not an endpoint of the interval for a, and when =0, leading to the
answer y<[0.69, 2]. Using only endpoints of input intervals to compute bounds on result intervals

can, as in this case, generate misleading results. This is a well-studied issue in interval computing
and occurs numerous times in the challenge problems with respect to intervals for ¢ and in the
spring problem.

Challenge Problems 2-6 have, as givens, one or more sources of information about a and also
about b. The sources often are specified to have equal credibility. The equal credibility stipulation
contains significant ambiguity. This has serious implications for the solutions, which are
discussed later in Section 3. In the present section we seek solutions for the problems and hence
must precisely define them. Therefore we resolve the ambiguity by modeling credibility using
probability.

When different information sources have equal credibility we interpret this to mean that the actual
but unknown value has the same probability of being binned in the interval of one information
source as it does of being binned in the interval of any other. This interpretation allows different
information sources to have equal credibility while providing probabilities for intervals that are
disjoint, nested, or overlapping (all of which could occur in real situations). Which of those
situations occurs in a given problem has little effect on the solution using DEnv, an algorithm
which is consistent with standard properties of probability and requires, to be applied, that a
problem be modeled using intervals and associated probabilities. (Another typical way of
modeling problems for processing by DEnv is to discretize probability distributions, as occurs in
the solution to Challenge Problem 6.)



2.1 Problem 2: a<[0.1,1] with equally credible intervals for »

The following facts about this problem are defined by Oberkampf et al. (this issue [23]) and the
discussion above: y=(atb)’, with a<[0.1,1] and p(beb,)=p(beb,)=p(bebs)=p(beb,) for intervals
b;...by, each provided by a different information source all of which are equally credible.

Table 2 shows, for Problem 2a, the givens for a and b and the results that follow using interval
arithmetic to get intervals describing the consequent range of y. For the last row, the intervals for
a, b, and hence y are the same as for Problem 1 above and hence require the same attention to
interior points of a.

Intervals for

Intervals _ a
: y=(atb)’,

given iven
for b &

a<[0.1,1]
b,=[0.6,0.8] y1=[0.96,1.8]
p=0.25 p1=0.25
b,=[0.4,0.85] | y,=[0.9,1.85]
p=0.25 p>»=0.25
b;=1[0.2,0.9] y5=[0.81,1.9]
p=0.25 p3=0.25
bs=1[0,1] y+=[0.69,2]
p=0.25 p4=0.25

Table 2. The interval given by Problem 2a about the value of a (top right cell), intervals given about
the value of 5 (left column), and the implications of those intervals for the value of y (right column).
Figure 1 (top) shows y in Problem 2a graphically. The distribution envelopes shown in the graphs
of Figure 1 may be derived straightforwardly from the right-hand column of their corresponding
tables as follows.

1) Left envelope. This envelope, F()), represents the maximum possible cumulation of
probability mass for any given value of y. It is obtained under the extreme assumption
that the probability mass associated with each interval is distributed as an impulse at the
low bound of the interval. (Such an extreme assumption is permitted because an interval
does not imply anything about how its probability mass is distributed beyond that it is
distributed within its bounds.) Therefore any interval whose low bound is at or below a
value y, can contribute up to its full probability mass to the cumulation of y at y,, while
other intervals cannot contribute any mass. Thus for each of Problems 2a-2c,

F( y) = z P> where bold signifies interval-valued symbols, underlining refers to an
Klyi<y
interval’s low bound, and overlining refers to an interval’s high bound.
2) Right envelope. This envelope, F(y), represents the minimum cumulation of probability

mass for any given value of y. This is obtained under the extreme assumption that each
mass is distributed as an impulse at the high bound of its corresponding interval. Thus,

E(y) = zpk'

kly;<y



Figure 1 also shows graphs for y in Problems 2b and 2c, derived as just described. (For Problem
2a, the intervals y; were shown in Table 2, while envelopes around the CDF for 4 appear later in
Figure 15; for Problem 2c, intervals y; appear later in Table 4 and envelopes around the CDF of b
appear later in Figure 13, top.) That the intervals for » in Problem 2a are nested, in 2b are
overlapping, and in 2c¢ are completely disjoint [23] does not affect the process of computing
intervals and graphs for y.
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Figure 1. Envelopes around the cumulative distribution of the value of y in Problems 2a, 2b, and 2¢
implied by the intervals y, for each problem.

2.2 Problem 3: intervals for ¢ and intervals for b

In the preceding problem four sources of information about b led to computing, then combining,
four cases for y. In this problem, four cases of b for each of the three cases for a lead to 12 cases
for y. Given equal probability assignments for each case of a, and likewise for b, if @ and b are
assumed independent in the sense used throughout this paper, that a sample of one gives no
information about the other, then the 12 cases for y will each have equal probability. (Fetz and



Oberguggenberger [13] show the implications of different kinds of independence [7] for the
challenge problems.) If a and b are not independent then cases for y will typically have different
probabilities.

The format of Table 2 can be generalized to express these situations. Figure 2 shows both the
table and resulting envelopes for Problem 3a, and the envelopes for 3b (3¢ will be discussed in
detail later). It is convenient to describe the tables using the following terminology.

o The leftmost column and topmost row describe a and b, and are called marginals.

e Cells of the table with intervals labeled y; are called interior cells.

e The distribution of the probability mass of a cell over its interval is called the cell’s mini-
distribution.

o The entire table is called a joint distribution tableau.

The intervals and probability masses in the marginals discretize a and b. The marginal intervals
and the interior cell probability masses together discretize the joint distribution of a and b. The
interior cell probability masses and their intervals give a discretization of the distribution of
y=(a+b)“. This was shown abstractly in Table 1.

Note that different cells in the same marginal can have overlapping intervals, as in Table 2 and
Figure 2 (top). A simple example illustrates the meaning of overlaps. Consider a symmetric
probability density function (PDF) with support over [0, 4]. A very coarse discretization consists
of the single interval [0, 4] with an associated probability mass of 1, because the PDF contains a
mass of 1 distributed over the interval [0, 4]. Since the PDF is symmetric, it may also be
discretized as two probability masses, one of 0.5 distributed appropriately over [0, 2], and another
also of 0.5 and also distributed appropriately over (2,4] (assuming the PDF does not have an
impulse at exactly 2). Yet, the wider and overlapping intervals [0,3] and [1,4] can also give a
valid discretization of the same PDF. One way to do that is to specify the same probability mass
and mini-distribution for [0,3] that was just used for [0,2] (implying that no mass assigned to [0,
3] happens to be distributed above 2), and the same mini-distribution over [1,4] that was just used
for (2,4] (implying that no mass assigned to [1, 4] is distributed at or below 2), resulting in
exactly the same mini-distributions as in the case of the {[0,2], (2,4]} discretization. As a final
example consider a discretization with extreme overlap consisting of two intervals, each with
range [0,4] and probability mass 0.5. It is certainly possible to distribute one mass within [0,4],
then add in the other mass, distributed appropriately within the same interval, to get the original
PDF.

Just as a marginal of a joint distribution tableau discretizes the distribution of an input random
variable, the interior cells of the tableau collectively discretize the distribution of y=(a+b)“ even
though the phenomenon of overlapping result intervals is often present (e.g. Table 2 and Figure 2,
top) whether or not there are overlapping intervals in either marginal.



a> [0.5,0.7] [0.3,0.8] [0.1,1]
N p=0.33 p=0.33 p=0.33
[0.6,0.6] | yu=11.0,12] | y21=[0.97,1.3] | ys=[0.96,1.6]
p=0.25 p1=0.083 221=0.083 p31=0.083
[0.4,0.85] | y12=[0.95,1.4] | y»,=[0.90,1.5] | y3,=[0.9,1.85]
p:025 p12:0.083 p22:0.083 p32:0.083

[0.2,0.9] | y15=[0.84,1.4] | y»3=[0.81,1.5] | y35=[0.81,1.9]
p=0.25 p15=0.083 123=0.083 P3:=0.083
[0,1] Yiu= [0.71, 1.4] | y2u= [0.69,1.6] | ysa=[0.69,2]
=025 »=0.083 £=0.083 »=0.083

Joint distribution tableau for Problem 3a (numbers are to 2 significant digits).
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Envelopes enclosing the CDF for y in Problem 3b.

Figure 2. The joint distribution tableau for Problem 3a (top) was used to generate envelopes for y

(middle) using F( Vo) = z p;; for the left envelope and F(y,) = Z p; for the right envelope
i.jly <o i,J1y 5 <o
(see Section 1.1). Envelopes for y in Problem 3b are also shown (bottom).

2.2.1 Removing the independence assumption

Figure 2 assumes the marginals are independent in the standard statistical sense that the
probability assigned to each interior cell in a joint distribution tableau is the product of its
marginal cell probabilities. For example, consider the cell in the lower right corner of the tableau
of Figure 2 (top) and the marginal cells for its row and its column. The probability that a is in
[0.1, 1] and is binned in the marginal cell with that interval rather than in any other marginal cell
whose interval it might be consistent with, is specified as 0.33. Similarly the probability that b is
in the marginal cell with interval [0, 1] is 0.25. Therefore the probability assigned to the lower
right interior cell is 0.25-0.33=0.083.



All interior cell probabilities were computed similarly. However if the marginals are not
independent then the interior cell probabilities are determined by the details of the dependency
relationship, whatever it is. A human analyst could for example manually type in interior cell
probabilities to express some particular dependency relationship, or software could fill them in
based on some formula defining a dependency relationship. Equations (1) and the equations in the
caption of Figure 2 still apply. The DEnv technique can also be extended to the case where the
dependency between a and b is not determined. This case has the following two subcases: (i) the
dependency between a and b is unknown, discussed next, and (ii) partial knowledge about their
dependency exists, discussed after.

Unknown dependency. If the dependency relationship is not specified then the interior cell
probabilities are not determined. They are however constrained by the marginal cell probabilities.
The probability in each marginal cell in the left column is distributed among the interior cells in
its row. Also the probability in each marginal cell in the top row is distributed among the interior
cells in its column. Thus in Table 3 there are four row constraints and three column constraints.

a> | a=[0.8,1] | 2,=[0.5,0.7] | 2;=[0.1,0.4]
by N =033 »=0.33 =033
b=[0.8,1] [1.5,2] [1.1,1.45] | [0.99,1.1]
p=0.25 pu=? pa=? P31="?
b,=[0.5,0.7] [1.2,1.7] [1.0,1.3] [0.93,1.0]
p:025 plzz? p22:? p32:?
bs=[0.1,04] | [0.92,1.4] | [0.78,1.1] | [0.76,0.93]
p=0.25 pix=? P2=? p3=?
b.=[0,0.2] [0.84,1.2] | [0.71,0.93] | [0.69,0.89]
p:025 p14:? p24:? p34:?

Row constraints | Column constraints

0.25= pritpatpsi
0.25= pirytputpsn
0.25= pistprtpss
0.25= pi4tpoutpss
Table 3. Joint distribution tableau for Problem 3c (top), expressing the case of unknown dependency
between a and b. Thus the interior cell probabilities are underdetermined. They are however

partially constrained by the marginal cells, each of which defines a row or column constraint
(bottom).

0.33=pi1tpiatpistpis
0.33=po1tpatprtpr
0.33=p31tp3tpsstps

The restrictions on the interior cell probabilities imposed by the row and column constraints are
the key to finding the height of the left or right envelope at a given value of y=(a+b)“. The
formula for the left envelope is

Fy(yo) = sup z p; and for the right envelope,
p,/,izl...l,j':l..../‘c i’jlﬁg}’o
E(yo) - p,»j,i=1..1.I]1,f=1..J\C ijlyz‘;f:i/ )

where C refers to the set of row and column constraints that must hold. In other words, the sup
operation finds probability mass assignments for the p;’s that give the maximum value for the
summation that is possible while maintaining consistency with constraint set C, and the inf
operation acts similarly to give the minimum value. These equations are like Equations (1)
augmented with sup and inf, and express the variability of the p;’s as constrained by the row and



column constraints. The intuitions behind these formulas were reviewed toward the end of
Section 1.1, and are detailed along with some other salient points next.

Left envelope. The height of the left envelope at some value y=y, on the horizontal axis is the
maximum possible cumulation of probability mass over the interval (—o, y,). This may be
obtained as follows.

(1) Identify all interior cells with interval low bounds at or below y, Each potentially
contributes its entire probability mass to the cumulation at y,, because its mini-
distribution can be specified so as to distribute its entire mass over values at or below y,.
Other interior cells cannot distribute any of their probability masses to values at or below
yo no matter what their mini-distributions are, because their intervals’ low bounds are
above y;.

Example 1. In Table 3, for y=0.95 the maximum cumulation will involve:
D32, P13 D235 P33, Plds P24> & D3

(2) Maximize the sum of the probability masses of the previously identified interior cells.
This may be done by using linear programming as a software subroutine call and passing
in as inputs, (i) the constraints defined by the row and column constraints, and (i7) the
function to maximize. For Example 1 above, the function to maximize is therefore
Ptpistpastpsstpiatprstpss. Linear programming finds values for the p; which
maximize that function while satisfying the constraints. Maximization can actually be
done manually by careful inspection, pushing masses around in the tableau, but using a
computer to solve this as a linear programming program is more practical.

Right envelope. To find the height of the right envelope at y=y,, instead of maximizing a sum of
interior cell probability masses we minimize, because the right envelope expresses the minimum
possible cumulation at each value of y. The interior cells whose pooled probability mass is to be
minimized are those whose intervals have high bounds at or below y,, because the full mass of
each of those cells must be in the cumulation at y, although from the perspective of minimization
we would wish otherwise. It is possible for the mini-distributions of other interior cells to be
specified so as to allocate all of their respective masses above yy, thereby not contributing to the
cumulation. (An alternative to minimizing the mass of this set of interior cells is to maximize the
mass of its complement.)

Having explained how to get the height of the left and right envelopes for a given value of y we
must now choose the values of y at which to do this computation. For the left (right) envelope
these values are the low (high) bounds of the interior cell intervals, because it is at these bounds
that the envelope heights can change, since the maximization (minimization) process depends on
these bounds as described above and in Equations (1). Figure 3 shows the envelopes for Problems
3a and 3b when a and b have unknown dependency.

10



Problem 3b without independence assumption.

Figure 3. The envelopes shown here are more widely separated than those of Figure 2, because
removing the independence assumption tends to weaken the results.

Correlation. Independence is a strong assumption. Simply removing that assumption leaves no
information at all about the dependency relationship between a and b, significantly weakening
results as shown in Figure 3. An intermediate case exists when a and b are assumed correlated.
Intuitively if b is likely to be low when a is low, and high when « is high, then a and b are
positively correlated. Alternatively if b is likely to be high when a is low, and low when a is high,
then @ and b are negatively correlated. Consequently in a tableau like that of Table 3 (top), if
probability mass is concentrated in interior cells along a diagonal northwest-southeast path the
correlation will be high, while if mass is concentrated along the other diagonal correlation will be
low. More generally, consider a standard equation for the (Pearson) correlation coefficient p in
terms of expectations E(.).

_ E(ab)—E(a)E(b)
JE@) - E@)) (E®*) - E®)?)

The only term in this formula that is influenced by the joint distribution of a and b is E(ab). The
other terms depend only on the marginals, ¢ and b, whose descriptions are givens in the problems
examined in this paper. Observe from the equation that higher values of E(ab) imply higher
values of p relative to lower values of E(ab). This is illustrated by the fact that if ¢ has two
possible values a;=9 and a,=10, each with a 50% chance of occurring, and b has the same
distribution for its possible values by and by, then if ay always co-occurs with by, and a; with by,
satisfying the intuitive concept of high correlation, E(ab)=(9*9+10%10)/2=90.5. This is higher
than if a, always co-occurs with b;, and a; with by, in which case a and b satisfy the intuitive

11



concept of low correlation and £(ab)=90. The difference is often more pronounced, as for ap=—1,
ar=1, by=—1, and b;=1.

If the term E(ab) is assigned a value, range, minimum, or maximum, this can be used as a
constraint to augment the row and column constraints. This will tend to restrict allocation of
probability masses among the interior cells of a joint distribution tableau more than the row and
column constraints alone (Berleant and Zhang, forthcoming [5]). For example, suppose in
Challenge Problem 3c we state that 0.465<F(ab). Then the row and column constraints in Table
3 would be augmented with a new constraint, derived next.

0.46< Z a,-b - p. (this is the constraint because we evaluate E(ab) from the interior cells
i,j ! J I

of a joint distribution tableau, which produces an interval that is
consistent with the requirement that 0.46<F(ab) if any part of the
interval is 0.465 or more)

= Zi’j alb—]pl] (the high bound of the sum is the sum of the high bounds)

= Zi’jal_ ‘b, - p; (a number equals its high bound)

= Zi,ja_i . b_j "Dy (the high bound of the product of non-negative intervals is the product
of the high bounds)

=1-1-p,, +1:0.7- p,, +1-04- py, +0.7-1- p, +0.7-0.7- p,, +0.7-0.4- p,, +0.4-1- p,,
+0.4-0.7-py, +0.4-04-py, +0.2-1- p,, +0.2:0.7- p,, +0.2-0.4- p,, > 0.465

(which is read directly from the joint distribution tableau in Table 3,
top, and is the new constraint to add to Table 3, bottom).
Note the assumptions ¢>0, 56>0. To remove them, see [5].

For the given marginal discretizations, the maximum value that can be attained for E(ab) for any
assignment of probability masses among the interior cells of the joint distribution tableau for
Problem 3c without violating the row and column constraints is 0.47. Thus the constraint
E(ab)>0.465 enforces high correlation, which moves the envelopes closer together, excluding
regions that the CDF can enter only when there is a significant chance of @ being when b is low,
or vice versa. This results in Figure 4 (iii). At the other extreme, the minimum value possible for
E(ab) for this problem is 0.081, so the constraint E(ab)<0.09 enforces low correlation, excluding
regions that the CDF can enter only when there is a significant chance that a and b are both low
or both high. This results in Figure 4 (iv). Note the significant differences in, for example, the
shape of the right tail across the conditions of independence, low and high correlation.
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Figure 4. Solutions to Problem 3c in four variations (an additional variation will appear in Figure

from constrained dependency relationships such as those in the other three graphs.

(iv) Low correlation between a and b.



2.3 Problem 4: a is an interval and b is a left and right envelope pair

In this problem, a is the same interval as in Problem 2. However, unlike in Problem 2, here b is a
family of lognormal distributions consisting of those distributions with means in [0, 1] and
standard deviations in [0.1, 0.5]. The approach taken is to convert the family into a set of intervals
with associated probability masses, thereby transforming Problem 4 into one like Problem 2, and
then solve as in Problem 2. Therefore this section shows:

(1) how to convert a family of distributions into a set of intervals with associated probability
masses,

(2) how to convert a listing of intervals for (a+b)“ as in Section 2.1 into an equivalent joint
distribution tableau, which is the standard format for representing problems to be solved
with DEnv, and

(3) the solution for Challenge Problem 4.

(1) How to convert a family of distributions into a set of intervals and probability masses.
To apply DEnv, a set of intervals and their associated probability masses must be used to
represent each marginal. To convert a family of PDFs into this form, the family is first
represented as a pair of left and right envelopes that enclose the CDFs of the PDFs. Then these
envelopes are converted into a set of intervals and a mass for each. A method is needed that does
this and has the property that the resulting intervals and associated masses will, if converted back
into envelopes, produce envelopes like the ones from which the intervals and masses were
derived. One such method begins by tiling the space between the envelopes with rectangles such
that the left side of each rectangle is on the left envelope, and the right side of each rectangle is on
the right envelope. If the envelopes have a staircase shape this may be done exactly, while in the
general case this will entail discretization since the rectangles have vertical sides. The span of a
rectangle over the horizontal axis defines an interval, and the bottom-to-top height of the
rectangle defines the probability mass for that interval. This gives a set of intervals z;, k=1...K,
and their associated masses p,. When these are converted to envelopes according to
F.(z)= Zpk and F.(z,) = zpk ) 3)

klz; <z, klz <z
which are no more than re-subscripted forms of Equations (1), the result is envelopes identical to
those from which the z;’s were derived, or similar if the original envelopes were not staircase
shaped. Figure 5 shows an example. Some issues surrounding this are discussed further in Section
3.

(2) How to convert a 2-column table of intervals and probability masses into an equivalent
joint distribution tableau. A 2-column listing like Table 2 gives the single interval for a, lists all
the intervals for b, and for each gives the result interval for y=(a+b)‘. The equivalent joint
distribution tableau follows directly. Table 4 gives an example. Note how in the joint distribution
tableau form, the interior cell masses py;...ps; add up to 1.0 (the mass of its single marginal cell
for a in the top right corner), and each mass in p;;...ps; equals (“adds up to”) the mass of the
marginal cell to its left, in accordance with the four row constraints and one column constraint
implied by the tableau.

14
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Figure 5. The left and right envelopes shown convert to the following intervals and probability
masses: p([2,5])=0.2, p([2,7])=0.1, p(]6,7])=0.3, p([6,9])=0.3, p([8,9])=0.1. These intervals and
masses, when converted back to envelopes using Equations (3), give envelopes identical to those
shown.

y=(a+b)", given
b ac[0.1,1]

[0.6,0.8] | [0.96,1.8]
p=0.25 p=0.25
[0.5,0.7] |[0.93,1.7]
p=0.25 p=0.25
[0.1,0.4] | [0.76,1.4]
p=0.25 p=0.25
[0,1] [0.69,2]
p=0.25 p=0.25

A 1-column table like Table 2 but for Problem 2c.

a> [0.1,1]

b »N p=1.0
5=[0.6,0.8] | »1.=[0.96,1.8]
p=0.25 p1=0.25
b,=10.5,0.7] | »2:=1[0.93,1.7]
=025 p3=0.25
b= [0.1,0.4] | ys1=[0.76,1.4]
p=0.25 p31=0.25
bs=10,1] yar=[0.69,2]
=025 p4=0.25

An equivalent joint distribution tableau.

Table 4. Example (using Problem 2c for illustration instead of Problem 4, which would require many
more rows) of conversion from the simple tabular format used in Section 2.1 to the joint distribution
tableau format. In fact they are almost the same.
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(3) The solution for Challenge Problem 4. Monte Carlo simulation was used to generate
envelopes enclosing the family of lognormal CDFs possible for b that were specified by Problem
4. To do this, the specified intervals for mean u and standard deviation o were each sampled,
resulting in a fully specified lognormal CDF, the height of which was then evaluated at each of a
predefined set of values of 5. The evaluation process was repeated for additional pairs of samples
of 1 and o using the same values of b and resulting in a set of CDF heights at each value of b.
Then, for each value of b the highest of the CDF heights was used as a point on the left envelope
and the lowest was used as a point on the right envelope. The resulting envelopes were converted
to a set of 59 intervals for b as described earlier in this section. A joint distribution tableau was
then constructed with 59 rows for b, and one column for the one interval provided for a by the
problem statement. Then, envelopes for the cumulative distribution of y=(a+b)* were constructed
using DEnv just as in Problem 2. The results are shown in Figure 6.

]
' ] '
STTTAaTTrTaAT et
] ] ]

F,(y)--=
e e el e e =l =

--------------------------

Figure 6. Solution to Problem 4.
2.4 Problem 5: a set of intervals for ¢ and a set of left and right envelope pairs for o

The new challenge posed by this problem is dealing with not one pair of envelopes describing b,
but n pairs. To handle this, we first combine the » pairs of envelopes into a single composite pair.
This pair can then be converted to intervals with associated probability masses as described in
Section 2.3. At that point there will be a set of intervals and their masses for b, and the set of
equally weighted intervals given by the problem definition for a. The problem can then be solved
like Problem 3.

Combining envelopes. Problems 5a-5c are similar, in that each states three left-and-right pairs of
envelopes of equal credibility. Therefore we assume a total cumulation of 0.333 for b over —o to
oo for each of the three envelope pairs. To do this, each of the three pairs was normalized to reach
a height of 0.333 instead of its original height of 1. Next, each pair of envelopes was converted
into intervals and associated probability masses as in Section 2.3. At this point the sum of the
masses of the intervals for each pair of envelopes is 0.333. Finally the entire set J of all of the
intervals from the three pairs of envelopes, with a combined mass of 1.0, were converted to a new
combined pair of envelopes in accordance with Equations (3).

Having obtained a single, combined envelope pair, an equivalent set of intervals and associated
probability masses can be derived as described in Section 2.3 (or set J may simply be used),
forming the marginal for ». The given intervals for a are used to form the marginal for a. At this
point the problem can be solved like Problem 3 in Section 2.2.
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To solve Problem 5a we first used Monte Carlo simulation as in Section 2.3 to obtain a pair of
envelopes for each source of information about 5. These were combined as just described. The
combined pair (see Figure 7) was converted into a set of intervals and associated probability
masses as in Section 2.3, which was used as a marginal for a joint distribution tableau from which
the result envelopes were derived. Problems 5b and 5c¢ were also solved this way. Figures 8-10
shows the results when a and b are independent, as well as when dependency is unknown. Note

the scalloped envelopes in Figure 10, caused by gaps between the intervals given for ¢ and for
standard deviation of 5 [23].

F by

() (i)
1, 1.0
A AR ¥
— 0 . os
iy
(S EED.
LT_"“Q' Q. ED.
a. 0.
0. Q%n.
a. =" g
a. 0.
04 0.
0. 0. ;
] ] ] I m [m1]
o o o o o o 2
(] o o (] o ]
(i) (iv) b--»

Figure 7. Three sources of information (i)-(iii) about » given for Problem 5a (see [23]) and their
combination (iv). Information Fbl contains PDFs with (real-valued) means in [0.6,0.8] and (real-

valued) standard deviations in [0.3, 0.4]; (ii) sz contains PDFs with means in [0.2, 0.9] and standard

deviations in [0.2,0.45]; (iii) Fb3 contains PDFs with means in [0,1] and standard deviations in [0.1,

0.5]. Weighting each information equally and combining yields the envelopes shown in (iv).

17



SIm--A---A---A---q---9-

' ' ' ' ' '
it e R e B e

Fp{y)--=

Figure 8. Results for Problem 5a when ¢ and b are independent of each other (left and right nested
envelopes) and when their dependency is unknown (left and right enclosing envelopes). Information
about ¢ is the three independent, equally weighted, nested intervals [0.5,0.7], [0.3,0.8], and [0.1,1]; b
is as in Figure 7 (iv).
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Figure 9. Results for Problem 5b when a and b are independent (nested envelopes) and when their
dependency is unknown (enclosing envelopes). Information about ¢ is three independent, equally
weighted, overlapping intervals. Information about b is similar to that given in Problem Sa, except
that the intervals for the means and standard deviations are different [23].

Fp{y)-=
e e e ol =

Figure 10. Results for Problem Sc when a and b are independent (nested envelopes) and when their
dependency is unknown (enclosing envelopes). Information about ¢ and b are similar in format to
that given in Problems Sa and Sb.

2.5 Problem 6: an interval for ¢ and a distribution for 5

When b is represented using envelopes, as in Challenge Problem 4, the envelopes may be
converted into a set of intervals with associated probability masses and the solution obtained as
described in Section 2.3. The salient difference in Problem 6 is that b is a single distribution
rather than a family of possible distributions. To solve this, we enclosed b with left and right
staircase-shaped envelopes, then convert that pair of envelopes into intervals and their
probabilities, and finally solved as before. Figure 11 shows the discretization we used for . The
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southeast corners of the light left envelope touch northwest corners of the dark right envelope; b
passes through those contact points. The path of b is not fully defined by the discretization over
the rectangular regions between contact points, but is constrained to stay between the envelopes.
Finer discretizations will constrain the path more, using more contact points and smaller
rectangles between contact points. Such a discretization is safe in that it encloses rather than
approximating b. Figure 11 also shows the result, y.

oo

Fplb)-->
e ol =

Figure 11. Discretization for » in Problem 6, top, and the resulting envelopes for result y=(a+b)’,
bottom, where b is given as a lognormal PDF with mean 0.5 and standard deviation 0.5. Information
about a is given as the equally credible intervals [0.1,0.4], [0.5,0.7], and [0.8,1].

2.6 Problem B: the spring system

This problem involves calculating D; from the equation

k

\/(k -~ mw2)2 +(co) .

Note the presence of four variables on the RHS. Each can be converted into a set of intervals and
associated probabilities, the form that DEnv requires for marginals, as follows.

s

(1) For ¢, a set of equally weighted intervals is given. This may be converted into a set of
intervals and probabilities as described for Problem 2 (Section 2.1).

(2) For w, a single interval-parameterized family of PDFs is given. This may be converted
into a set of intervals and probabilities as described for Problem 4 (Section 2.3).

(3) For m, a distribution is given. This may be converted to a set of intervals and probabilities
as described for Problem 6 (Section 2.5).

(4) For k, three equally credible, interval-parameterized families of PDFs are given. This set
may be converted into a set of envelope pairs, these combined into one pair, and that pair
converted into a set of intervals and probabilities, as described for Problem 5 (Section
2.4).
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At this point, a joint distribution tableau is needed that generalizes Table 1 to 4 dimensions. It
will have one marginal for each of the 4 variables. The interval for each interior cell is determined
by the intervals of its four corresponding marginal cells. Thus the interval in the interior cell

associated with probability mass p,..,. is the range possible for Dsif cec,,,0 € ®,,mem,, and

k € k_. Interval methods can ensure that the computed interior cell intervals are not too narrow

and, if too wide, are only slightly so. The four variables are given as independent, and using the
standard statistical definition of independence that we have been using, the probability mass of
each interior cell is the product of the masses of its four corresponding marginal cells. Once the
interior cells are filled in with their intervals and probabilities, the set of interior cells may be
used to generate envelopes around D by applying a 4-D generalization of Equations (1) or,
equivalently, by numbering them consecutively and applying Equations (3). The Statool software
applied to the (a+b)’ problems herein (Berleant et al. 2003 [3]) does not currently handle 4-D
tableaus but an ad hoc program was written to compute the answer (Figure 12).

= el by b e b L3 B D

0 1 2 3 4 5 6 7T & 9 10
Figure 12. Envelopes around the CDF of D; in the spring system (Challenge Problem B).

3 Combining Information

Some of the challenge problems specify »n information sources of equal credibility. An important
ambiguity is in the likelihood that none of the information sources are correct. This is discussed
next. Then in section 3.1 we discuss information equivalence, the fact that different sets of
intervals and their probabilities offered as information can be equivalent in significant ways.

Ambiguity in the likelihood that no source of information is correct

Although multiple information sources are given as having equal credibility in the challenge
problems, the credibility of the true value being inconsistent with all of them (call this the
incredibility) is unspecified. At one extreme the true value might be guaranteed to be consistent
with at least one information source (zero incredibility). At the other extreme the credibilities of
the information sources, though equal, might be negligible.

This ambiguity has serious implications. For example, envelopes around the CDF of 4 in Problem
2¢ can differ dramatically under different resolutions of this ambiguity. The envelopes in Figure
13 (top) were obtained under the assumption of zero incredibility, meaning the actual value of b
must be binned in one of the four intervals provided by the four information sources, leading to a
probability assignment of 0.25 to each. The envelopes in Figure 13 (bottom) were obtained from
those in Figure 13 (top) by assigning the probability 0.05 instead of 0.25 to each bin. The four
interval-valued bins then have a collective probability of (4)-(0.05)=0.2, implying an incredibility
of 0.8. If we assume an incredibility of 0.8 and split it evenly into a 0.4 probability that the value
of b is below all of the given intervals and a 0.4 probability that it is above all of them, the
envelope pair shown will result. It consists of left and right envelopes that touch (without
crossing) at two points. The middle portion, between the contact points, is like Figure 13 (top),
except scaled and shifted to start at 0.4 on the vertical axis and end at 0.6. It should be noted that
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solutions given earlier to challenge problems assumed at least one source of information is correct
(i.e. that there is no incredibility).
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p(all items of information are below the actual value)=0.4 and
p(all items of information are above the actual value)=0.4

Figure 13. Envelopes around the cumulation for » in Problem 2¢ under two of the infinite number of
possible assumptions about the probability that the actual value is not in any of the intervals given as
information.

Another example of the effects of considering the possibility that no source of information is
correct is that alternative solutions to Problems 3a-3c become plausible, and even arguably more
plausible than the solutions given earlier. In Problems 3a-3c the three sources of information
about a and four sources about b are stated to be all equally credible. This suggests that the
collective credibility of all the information about a is less than the collective credibility of all the
information about b, since there are fewer sources of information abut a. Consequently it would
make sense to model these problems with a credibility of % for each of the 3 sources of
information about a, the same as for each of the 4 sources of information about 5. Then a fourth
possibility for a, that its value is given by some unstated or unknown information, will also have
a credibility of “. This meets the requirement that all 7 information sources have equal
credibility. If the % incredibility for a is spread over, for example, [1, 1000] then modeling
credibility with probability implies that the CDF of a is 3% at a=1 because of the given
information sources, rising to 1 at a=1000. Consequently the CDF of y=(a+b)* would reach 1
only at y=(1000+1)"

Because all of the challenge problems involving (a+b)” specified either [0.1,1] or a subset thereof
as information about a, we used that interval instead of [0, 1000] as the domain of a, and explored
the implications of a % incredibility for a in the context of Problem 3c. This incredibility was
divided equally between the two intervals within the [0.1, 1] domain that were not covered by any
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of the three intervals given by the three information sources. This means that intervals for a
received the following probability assignments:

p(a<0.1,0.4])=0.25

p(ac(0.4,0.5))=0.125

p(a<[0.5,0.7])=0.25

P(a<(0.7,0.8))=0.125

p(a<[0.8,1.0])=0.25 3)
(where square brackets designate closed intervals and round brackets designate open intervals,
although whether any interval is open or closed does not affect the conclusions in this example).
Figure 14 (top) shows the resulting envelopes for y=(a+b)“ under the no incredibility condition,
while Figure 14 (bottom) shows envelopes obtained under the incredibility scenario of Equations
(3). Numerous differences exist between the two results. One is that the heights of the right
envelopes differ noticeably at y=1.8. Another is that under the incredibility scenario of Equations

(3) it is possible that a<[0.4, 0.5] and b<[0, 0.2], in which case y can be no higher than 0.837, so

the right envelope rises at 0.837. In contrast the right envelope under the no incredibility scenario
rises starting at a higher number, 0.887.
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Result when probabilities are assigned to intervals for a per Equations (3).

Figure 14. Solutions to Problem 3c under two interpretations of information about a. In both, a and b
were assumed independent.

3.1 Information equivalence

Lemma 1. 1t is possible for two different sets of intervals and associated probabilities to have
identical envelopes.

Proof. By example (Figure 15). [
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Figure 15. Envelopes around the cumulation of » in Problem 2a. They can be generated by Equations
(3) from either the pieces of information given in [23], namely [0.6,0.8], [0.4,0.85], [0.2,0.9], and [0,1],
or alternatively from the pieces of information [0,0.8], [0.2,0.85], [0.4,0.9], and [0.6, 1].

Lemma 2. Consider two values ¢ and d, each described with a different set of interval-valued
pieces of information such that the envelopes computed by Equations (3) around the CDF for ¢
are identical to those computed for d. Then, given function g and information about value e, the
best-possible enclosing envelopes around the CDF of value g(c,e) are not necessarily identical to
those around the CDF of value g(d,e).

Proof. We will find a unary function g(.) for which the envelopes around the CDF of value g,(c)
are not the same as the envelopes for g(d). Since a unary function gi(.) is convertible to an
equivalent binary function g(.,.) for which the second argument either does not affect its value or
does not affect its value significantly, the lemma will be proved.

Consider function g;(.) shown in Figure 16. Let the CDF of ¢ be partially defined by intervals [1,
4] and [2,3], each with probability 0.5. Let the CDF of d also be partially defined, in this case
with the intervals [1,3] and [2,4], each with probability 0.5. The envelopes around c¢ are identical
to those around d. This can be seen by applying Equations (3), which gives the same envelopes in
both cases because both sets of information have the same low bounds and associated
probabilities, and the same high bounds and associated probabilities. Although which low bound
is in the same interval as which high bound differs for ¢ and d, this does not affect the
calculations of Equations (3).

Although the envelopes for ¢ and d are identical, the envelopes for gi(c) and g,(d) are not
identical. Figure 16 shows that g,([1,3])=[6,8] # [6,7]=g1([2,3]) for interval extension g;(.) of real
function gy(.), while g;([1,4])=[6,9]=g:([2,4]). Consequently applying Equations (3) to the
information about g,(c), intervals [6,7] and [6,9] each with probability 0.5, gives a different pair
of envelopes than applying Equations (3) to the information about g;(d), intervals [6,8] and [6,9]
each with probability 0.5. Readers may enjoy verifying this for themselves. [

T
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=0,(124D 7
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Figure 16. A function g,(x) and projections of 4 intervals for x from the horizontal to the vertical axis.
For example g,(x) is within the range [6,8] when x is within [1,3] (with the 6 occurring when x=2).
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So far this section has shown that two uncertain values described by different sets of intervals and
their probabilities can have identical envelopes. A function was found that takes different inputs
with identical envelopes, and gives outputs with differing envelopes. On the other hand some
other functions, when given different inputs with identical envelopes, will be guaranteed to output
identical envelopes. Although not a full characterization of such envelope-preserving functions,
the following holds.

Theorem 1: envelope invariance for monotonic functions. Let the available information about
value ¢ be described by a set of intervals and their associated probability masses, and similarly for
d. Then Equations (3) may be applied to get envelopes around the CDFs for ¢ and for d. If

1) the envelopes for ¢ are identical to those for d,

(i1) the set of intervals and associated probability masses for ¢ differs from the set for d,
(iii))  g(.,.) is increasing in both arguments, and

(iv) c and d are statistically independent in the usual sense,

then the envelopes around the CDF for value g(c, .) are identical to the envelopes around the CDF
for value g(d, .).

The strategy for establishing the theorem is to dissociate the effects on the result envelopes of the
interval low bounds in the marginals from the effects of the high bounds. Then for constructing
result envelopes it doesn’t matter which marginal interval low bounds are in the same interval
with which marginal interval high bounds, so that different information can lead to the same
result envelopes.

o First consider point (i). Since ¢ and d have identical envelopes, each vertical line segment
in the left envelope of ¢ has the same location on the horizontal axis and the same
bottom-to-top length as a vertical line segment in the left envelope of d, and vice versa.
Equations (3) imply that the horizontal axis location of each vertical line segment in the
left envelope of ¢ equals the low bound of interval(s) in the discretization of ¢, and the
pooled mass associated with the interval(s) is the length of the segment. The same is true
of the left envelope for d, and also for the right envelopes of both ¢ and d except with
reference to the interval high bounds instead of their low bounds.

e Next consider point (ii). This can be the case (by Lemma 1).
e Now consider point (iii). If g(x,y) increases monotonically in x and y, then the range of

g(x,y) over the rectangle [x;, x,|X[ys, yu] is [g(x:,v1), (x,yn)]. This is because g(x,y), being
monotonically increasing, has no local minima or maxima. Thus its minimum and
maximum over a rectangle are at the southwest and northeast corners respectively.
Each interior cell in a joint distribution tableau is determined by two marginal cells
(Table 1) whose intervals define a rectangle. Therefore the interval in each interior cell
has its low bound determined by the low bounds of its corresponding marginal cell
intervals. Consequently the locations on the horizontal axis of the vertical line segments
of the left envelope of g(x,y), because they are determined by the low bounds of the
interior cell intervals per Equations (1), are ultimately derived from the low bounds of the
marginal intervals. The situation is analogous for high bounds and the right envelope.
Therefore which marginal interval low bounds occur in the same interval with which high
bounds is irrelevant in determining the horizontal axis locations of vertical line segments
in the result envelopes.

¢ Finally, consider point (iv). In the case of independence, the probability mass of each
interior cell in a joint distribution tableau is the product of the masses of its two
corresponding marginal cells, and the intervals associated with these masses have no
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effect. Thus the interval high bounds do not directly affect the mass computations when
computing the left envelope. Similarly, interval low bounds do not directly affect the
mass computations for the right envelope. It is these mass computations that determine
the lengths of the vertical line segments in the envelopes. Therefore which marginal
interval low bounds occur in the same interval with which high bounds is irrelevant in
determining the lengths of vertical line segments in the result envelopes.

Thus neither the horizontal axis locations of the vertical line segments in the left envelope nor
their lengths are affected by any interval high bounds in the tableau, only low bounds. Similarly,
neither the horizontal axis locations of the vertical line segments in the right envelope nor their
lengths are affected by any interval low bounds in the tableau, only high bounds. Therefore which
marginal interval high bounds occur in the same intervals with which marginal interval low
bounds does not affect the envelopes and the theorem is established.]

Further comments.The irrelevance of which high bound is associated with which low bound
explains why the envelopes of Figure 15 are implied by both of the two different information sets
noted in that figure.

Further work is needed to better understand equivalence of information sets in the presence of
unknown dependency and correlation constraints, as well as in cases where g(x,y) is not
monotonically increasing in x and y. Some recent work relevant to such questions includes Hall
and Lawry (this issue [15]), Ferson and Kreinovich [12], and Kreinovich et al. 2001 [18].

4 Conclusion

The challenge problems of Oberkampf et al. [23] provide a valuable opportunity to compare
techniques and their implementations for computing functions of random variables whose
samples are expressed using intervals, distributions, or families of distributions. Monte Carlo
techniques form a conceptually graspable class of algorithms but give results complicated by
random noise. Probabilistic Arithmetic, random set theory, and joint distribution tableaus, which
can be manipulated by the DEnv algorithm, are the most widely reported alternatives. Of these
three, joint distribution tableaus do not require an understanding of copulas or random sets, so are
arguably easier to understand. DEnv can compute functions of random variables when they are
either: (7) independent of each other, (i7) have some other specific dependency relationship, (ii7)
have an unknown dependency relationship, or (iv) have a dependency that is partially
characterized. Results provided by DEnv are consistent with those provided by the other
techniques to date. Additional work is needed to achieve further advances in such directions as
more flexible handling of partially characterized dependency. Ultimately, crossing the bridge
from 2™ order probabilistic results to decisions is likely to be a key factor in their achieving
widespread use.
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