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1.  SUMMARY

Influence diagrams were originally conceived as a way of visually
representing dependencies among random variables. It was recognized
that they provide an effective means of communicating probabilistic
information in complex, uncertain situations. They were soon gener-
alized.,to include decision as well as chance variables. An earlier SRI
report  described influence diagrams and showed that they are a more
fundamental way of capturing uncertain decision situations than the
commonly used decision tree methods. This recognition held the promise
that they might provide a basis for more efficient modeling and solution
of decision problems.

This report r?views the fundamentals of influence diagrams (adapted
from Miller et al. ). It illustrates, with an example of toxic chemical
testing, how an analyst might use an automated influence diagram system.
The first such system was implemented on the IBM 5110 mini-computer.
This work allowed the development of computational algorithms in the APL
language. Small decision problems are within the capabilities of this
system. This development establishes the feasibility of implementing a
comprehensive influence diagram system on a larger machine. Such a
system could greatly assist decisionmakers and decision analysts. The
final sections of this report explore questions that arose out of our
work.

1A.C. Miller, M.W. Merkhofer, R.A. Howard, J.E. Matheson, T.R. Rice,
"Development of Automated Aids for Decision Analysis," SRI
International, Menlo Park, CA {May 1976).
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2. BACKGROUND

2.1 lInfluence Diagrams

An influence diagram is a way of describing the dependencies among
state variables and decision variables. An influence diagram can be
used to visualize the probabilistic dependencies in a decision analysis,
to specify the states of information for which independencies can be
assumed to exist, and to describe what state and decision information is
available to the decisionmaker at each decision point.

Figure 2.1-1 shows how influence diagrams represent the dependen-
cies among state variables and decision variables. A state variable is
represented by a circle containing its name or number. An arrow point-
ing from chance variable A to chance variable B means that the outcome
of A can influence the probabilities associated with B. An arrow point-
ing to a decision node from either another decision or state variable
means that the decision is made with the knowledge of the outcome of the
other decision or state variable. A connected set of squares and cir-
cles is called an influence diagram because it shows how state variables
and decision variables are logically related.

The influence diagram in Figure 2.1-2(a) states that the probabil-
ity distribution assigned to x may depend on the value of y, while the
influence diagram in Figure 2.1-2(b) asserts that x and y are probabil-
istically independent for the state of information with which the dia-
gram was drawn. Note that the diagram of Figure 2.1-2(a) really makes
no assertion about the probabilistic relationship of x and y since, as
we know, any joint probability {x,y|S} can be represented in the form
{x,y18} = {xly,S} {x|S}. However, since {x,yl|S} = {ylx,S} {xIS}, the
influence diagram of Figure 2.1-2(a) can be redrawn as shown in Figure
2.1=2(¢c); both are completely general representations requiring no inde-
pendence assertions. While the direction of the arrow does not limit
the form of the joint distribution for this simple example, it is used
in more complicated problems to specify the states of information upon
which independence assertions are made.

Similarly, with the three variables x,y,z, there are six possible
influence diagrams of complete generality, one corresponding to each of
the possible expansions. They are shown in Figure 2.1-3. While all of
these representations are logically equivalent, they again differ in
their suitability for probability assessment purposes. In large deci-
sion problems, the influence diagrams can display the needed assessments
in a very useful way.
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THE PROBABILITES ASSOCIATED WiTH CHANCE ]
VARIABLE 8 DEPEND ON THE QUTCOME OF
CHANCE VARIABLE A

c >

THE PROBABILITY OF CHANCE VARIABLE D
DEPENDS ON DECISION C

E ’ F

THE DECISION MAKER KNOWS THE OUTCOME OF
CHANCE VARIABLE € WHEN DECISION F IS MADE

G )‘ H

THE DECISION MAKER KNOWS DECISION G
WHEN DECISION H 1S MADE

FIGURE 2141 DEFINITIONS USED IN INFLUENCE DIAGRAMS
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( (s} A SIMPLE INFLUENCE DIAGRAM

(b) AN EVEN SIMPLER INFLUENCE DIAGRAM

Y ‘ x

{c} AN ALTERNATE REPRESENTATION

FIGURE 2.1-2 TWO NODE INFLUENCE DIAGRAMS
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2.2 Formal Definition of an Influence Diagram

An influence diagram is a directed graph having no loops. It con-
tains two types of nodes:

e Decision nodes represented by boxes ( Eg)
e Chance nodes represented by circles ( )

Arrows between node pairs indicate influences of two types:

e Informational influences are represented by arrows
leading into a decision node. These show exactly which
variables will be known by the decisionmaker at the time
that the decision is made.

e Conditioning influences are represented by arrows lead-
ing into a chance node. These show the variables on
which the probability assignment to the chance node vari-
able will be conditioned.

The informational influehtes on a decision node represent a basic
cause-effect ordering, whereas the conditional influences into a chance
node represent, as we have seen, a somewhat arbitrary order of probabil-
istic conditioning, which may not correspond to any cause-effect notion
and may be changed by application of the laws of probability (e.g.
Bayes' Rule).

Figure 2.2-1 is an example of an influence diagram. Chance node
variables a, b, ¢, e, £, g, h, i, J, k, 1, m, and o all indicate chance
variables whose probabilities must be assigned, given their respective
conditioning influences. Decision node variables d and n represent
decision variables that must be set as a function of their respective
informational influences. For example, the probability assignment to
variable i is conditioned upon variables f, g, and i, and only these
variables. In inferential notation, this assignment is {ilf, g, 1, E},
where E represents a special S, the initial state of information upon
which the construction of the entire diagram is based. As another
example, the decision variable d is set with knowledge of variables a
and ¢, and only these variables. Thus, d is a function of a and c.

One of the most important, but most subtle, aspects of an influence
diagram is the set of 'Possible additional influences that are not shown
on the diagram. An influence diagram asserts that these missing influ-
ences do not exist.

In order to illustrate this characteristic of influence diagrams
more clearly, we must make a few more definitions.
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e A path from one node to another node is a set of influ-
ence arrows, connected head to tail, that forms a .
directed line from one node to another.
With respect to any given node wa make the following definitions:

® The predecessor set of a node is the set of all nodes
having a path leading to the given node.

e The direct predecessor set of a node is the set of nodes
having an influence arrow leading directly $o the given
node.

¢ The indirect predecessor set of a node is the set formed

by removing from its predecessor set all elements of its
direct predecessor set.

e The successor set of a node is the set of all nodes
having a path leading from the given node.

e The direct successor set of a node is the set of nodes
having an influence arrow leading directly from the given
node.

e The jindirect successor set of a node is the set formed by

removing from its successor set all elements of its
direct successors.

We refer to members of these sets as predecessors, direct predecessors,
indirect predessors, successors, direct successors, and indirect succes-
sors. Figure 2.2-2 shows the composition of each of these sets in rela-
tion to node g.

2.3 Relationship of Influence Diagrams to Decision Trees

Some influence diagrams do not have corresponding decision trees.
As in a decision tree, all probability assignments in an influence
diagram -- including the assignment limitations represented by the
structure -- must be based on a base state of information, E. Unlike a
decision tree, the nodes in an influence diagram do not have to be
totally ordered, nor do they have to depend directly on all predeces-
sors. The freedom from total ordering allows convenient probabilistic
assessment and computation. The freedom from dependence on all prede-
cesasors allows decisions to be based on informational event sets that
are incompatible with a "single decisionmaker" point of view. If a
single decisionmaker is assumed not to forget information, then the
direct predecessor set of one decision must be a subset of the direct
predecessor set of any subsequent decision. In the influence diagram of
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Figure 2.2-2, decisions d and n have mutually exclusive direct predeces-
sor sets, (a,c) and (m). This situation could not be represented with a
decision tree.

If the informational arrows shown as dashed lines in Figure 2.3-1
are added to Figure 2.2-2, then the influence diagram can be represented
by a decision tree. Many different valid decision trees can be con-
structed from this new influence diagram. The only conditions are
that they must (1) preserve the ordering of the influence diagram and
(2) not allow a chance node to be a predecessor of a decision node for
which it is not a direct predecessor. For example, the chance node m
must not appear ahead of decision node d in a decision tree, because
this would imply that the decision rule for d could depend on m, which
is not the case.

The situation becomes more complex when we add a node such as p in
Figure 2.3-2. If we were to construct a decision tree beginning with
chance node p, it would imply that the decision rules at nodes d and n
could depend on p, which is not the actual case. Node p represents a
variable that is used in the probability assignment model but is not
observable by the decisionmaker at the time he makes his decisions. In
this situatiion, we would normally use the laws of probability (e.g.
Bayes' Rule) to eliminate the conditioning of ¢ on p. This process
would lead to a new influence diagram reflecting a change in the
sequence of conditioning. This would result in the inclusion of addi-
tional influences.

In Figure 2.3-3, the dashed arrow represents an influence that has
been "turned around" by Bayes' Rule. The resulting diagram can be
developed into a decision tree without further processing of probabil-
ities. Also note that the change in the influence diagram required only
information already specified by the original influence diagram (Figure
2.3-2) and its associated numerical probability assignments. Thus, it
can be carried out by a routine procedure.

The foregoing considerations motivate two new definitions:

o A decision network is an influence diagram:

(1) that implies a total ordering among decision nodes,

(2) where each decision node and its direct predecessors
directly influence all successor decision nodes.




FIGURE 2.3-1 AN INFLUENCE DIAGRAM REPRESENTABLE BY

A DECISION TREE
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e A decision tree network is a decision network: ‘
t (3) where all predecessors of each decision node are y
direct predecessors. 1

Requirement (1) is the "single decisionmaker" condition and
requirement (2) is the "no forgetting"” condition. These two conditions
guarantee that a decision tree can be constructed, possibly after some
probabilistic processing. Requirement (3) assures that no probabilistic
processing is needed, so that a decision tree can be constructed in
direct correspondence with the influence diagram.

As an example, consider the standard inferential decision problem
represented by the decision network of Figure 2.3-4(a). As we discussed
earlier, this influence diagram cannot be used to generate a decision
tree directly, because the decision node ¢ has a non-direct predecessor
that represents an unobservable chance variable. To convert this
decision network to a suitable decision tree network, we simply reverse
the arrow from a to b, which is permissible because they have only
common predecessors, namely none.® We thus achieve the decision tree
netw:{k)of Figure 2.3-4(b), and with redrawing, we arrive at Figure
2.3-4(c).

Specifying the limitations on possible conditioning by drawing the
influence diagram may be the most significant step in probability
assignment. The remaining task is to specify the numerical probability
of each chance node variable conditioned on its direct predecessor
variable.

i " See graphical manipulation in Miller et al., "Development of Automated
] Alds for Decision Analysis," SRI International, Menlo Park, CA, p. 126
? (May 1976).
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‘ FIGURE 2.34 THE PROCESS OF CONVERTING A DECISION
. | . NETWORK TO A DECISION TREE NETWORK




3. THE INFLUENCE DIAGRAM AID

An automated decision aid based on the concept of influence dia-
grams has been implemented on the IBM 5110. This aid consists of pro-
grams to assist 4 major phases of the analysis of a decision problem.
These phases are (1) influence diagram construction and problem defini-
tion, (2) transformation of the influence diagram to a decision tree
network, (3) probability and value elicitation, and, finally, (4) tree
generation and policy evaluation. The following sections describe the
purpose, major capabilities, and limitations of this experimental aid.
Section 4 gives a detailed description of the use of this aid.

3.1 en A

The influence diagram aid was developed to assist the analysis of
decision problems. The fundamental structure used to coordinate all
phases of the analysis is the influence diagram. The aid can be used to
streamline all phases of analysis.

Initially, the aid allows the user to interactively develop the
graphical representation of the decision problem structure on the screen
of the IBM 5110. This phase includes questions designed to increase
problem complexity in levels. All important areas of the decision prob-
lem are developed uniformly.

The aid will take the problem structure that is implicit in the
influence diagram and interactively construct a decision tree network.
The aid attempts to streamline the elicitation process by coordinating
the original influence diagram and the decision tree network constructed
from it. When independence has been implied, the program will check
that this was indeed intended during elicitation. The purpose of this
check is to minimize the information that needs to be supplied to ana-
lyze the decision problem. This allows the user to catch any structural
errors ontained in the original influence diagram. Once the influence
diagram has been elicited and the probability distributions assessed,
the aid constructs and analyzes the decision tree associated with this
problem. This finally results in an expected value, a lottery, and an
optimal state contingent policy for the decision problem.

16




3.2 Major Capabilities

The major capabilities of the aid are:

Guided assistance in analysis of a decision problem.

Interactive elicitation and modification of an influence
diagram.

® Analysis of an influence diagram and guidance on the
structure needed to create a decision tree network.

o Elicitation of decision alternatives and probability
distributions necessary to solve the decision problem.

e Construction, rollback, and policy evaluation based on the
information collected.

e Value of information computations.

e Library facilities that allow the user to save the problem
(or versions of it) at any phase of the analysis.

3.3 Limitations

The limitations of the decision aid, as currently implemented are:

e Linear additive value functions.

e Utility functions unavailable.

e Access to APL models of outcomes not available.

e Normal approximation to continuous probability
distributions.

e A total of approximately 7-10 state variables, decisions,
and outcomes in any particular problem.

Some of these limitations could be easily overcome in a future

design. Others are dependent upon the physical capabilities of the IBM

5110 and could be remedied by implementation of a different system.
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y, USING THE INFLUENCE DIAGRAM PROGRAMS

The influence diagram programs are a set of four APL workspaces
(WS). These are stored on a diskette that has been specially prepared
with space for five problems. All of the workspaces are designed around
using this file format. There is a common directory that allows access
to all problems. The major phases of problem analysis are performed by:

1. WS DIAGRAY - interactive elicitation of influence diagram.
2. WS XFORM - analyze the influence diagram and detail the
steps necessary to create a decision tree

network.

3. WS PROBS

based on the influence diagram, elicit the joint
probability distribution over the problem vari-
ables. Also, determine the value trade-offs
among the outcome variables.

b, WS SOLVE

determine the expected value, value lottery, and
state contingent policy for this problem.

The reader is referred to the IBM 5110 System Library for details
on machine installation, maintenance, serial 1/0 interface operation,
etc. The current aid is designed to be used on a 5110 with at least one
disk drive.

4.1 rin skette

The influence diagram aid is a portable system. Copies of the aid
can be made for distribution to others. The steps involved are simple:

1. Initialize the diskette -- see the IBM 5110 customer support
functions reference manual for a description of the diskette
initialization function.

2. Place the MASTER tape cartridge in the tape reader.

3. Execute the APL system command

) PROC 1001 PREPARE

18




4. Execute the APL system command

YLOAD 11001 DIAGRAM

Step 3 performs the diskette preparation. Step 4 places you at the
beginning of the analysis and solution process.

4.2 The WS DIAGRAM

The purpose of the WS DIAGRAM is to interactively build an
influence diagram. The user is questioned about the structure of the
problem. This portion of the aid is designed to have the user think
back from values to current decisions. The information provided is used
1 to guide the user into thinking about the problem in uniform layers of
1 complexity.

4.2.1 Conventions

The screen of the 5110 is a restrictive graphical medium. In order
to maximize the use of the screen, we have introduced some conventions.
All problem variables are represented by a single symbol. We make a
distinction between state variables (chance variables that do not enter
directly into the value function) and outcome variables (chance vari-
ables that do directly enter into the value function). The symbols
available are:

Outcome variables - the digits 0 through 9
State variables - the alphabet A4 through 2
Decision variables - the underlined alphabet 4 through Z

The names associated with the symbol are limited to 18 characters.
Variables are connected by directed arrows (+* etc.). When arrows
cross but do not connect, the crossing point is denoted by a "jot" (o).
If arrows cross and connect, the junction is denoted by a "plus" (+).
See Figure 4.2.1-1 (a) and (b) for examples of these conventions. When
describing influences, variable symbols are separated by either + or «,
which denotes the direction of the influence, Hence, A+B 1is read as "4
influences B."
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(a) Arrows crossing but not connecting.
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(b) Arrows crossing and connecting.

Figure 4.2.1-1(a). Graphic Conventions for Connecting Variables

4,2.2 Retrieving Qld Problems/Starting New QOnes i

The aid, upon loading any of the four workspaces, will
automatically start execution. The user is presented with the
following:

OPTIONS ]
1 = START A NEW PROBLEM FROM SCRATCH

2 = RETRIEVE AN OLD PROBLEM FROM DISK AND CONTINUE

PLEASE ENTER THE NUMBER OF THE DESIRED OPTION AND PRRSS EXECUTE

Entering a "1" starts a fresh problem, which may be saved at the
end of the session. Entering a "2" will cause the problem directory to
be shown and a problem that is partially solved may be retrieved, for
example --

THE PROBLEMS CURRFNTLY STORED ARE:
ARPA i
. TEST f
ONR :
. SHALE
UNUSED

U EW N -
. - .

PLEASE ENTER THE NUMBER OF THE PROBLEM DESIRRD.
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Entering a "1" will retrieve the problem that previously has been
called ARPA. This problem saving/retrieval is common to the four work-
spaces that make up the aid.

4.2.3 Available Options

The following set of options is presented upon entry to the ¥S
DIAGRMM.

OPTIONS

CONTINUE STRUCTURE ELICITATION

MAKE CORRECTIONS TO EXISTING DIAGRAM

DISPLAY VARIABLE DICTIONARY

DISPLAY DIAGRAM

DISPLAY DISK DIRECTORY

EXIT AND STORE PROBLEM

EXIT

PLEASE ENTER THE NUMBFR OF THE DESIRED OPTION AND PRESS EXFCUTE

NN E WN =
oo

This is presented after starting/retrieving a problem and at the
completion of any option. Option 1 is a process whereby the user is
questioned about the next variables to be entered into the problem. The
user places the symbol on the screen, names the symbol, and describes
the influences. The user is first asked about outcome variables
(variables that directly enter into the value function). This is
followed by the variables that influence these outcomes, etc. During
this process, any of the following errors may be produced:

ERROR: INVALID INFLUENCE SYMBOL. EDIT LINE AND PRESS EXECUTE:
ERROR: UNDEFINED VARIABLE. EDIT LINE AND PRESS EXECUTE:
ERROR: INVALID DELIMITER. EDIT LINE AND PRESS EXECUTE:
ERROR: UNDEFINED VARIABLE. EDIT LINE AND PRESS EXECUTE:
ERROR: INVALID INFLUENCE, EDIT LINE AND PRESS EXECUTE:

These are straightforward, except for invalid influence, which
may occur in response to two situations. First, a loop may be created,
in which case you are notified and forced to repeat the process.
Second, given the limitations of the characters used for drawing
influences, the physical layout of the 5110 screen may not allow the
influences to be drawn. In either case, you must edit the description
and/or the screen and re-specify the influences.

The description of influences is done symbolically. The ' ! is

used to designate influence. Hence, in this language, 4 + B is read as
"A influences B". Multiple statements may be placed on a single line,
separating them by semi-colons, eg. A+ B; A+ (C; B+ C.




Option 2 allows you to interact with the screen of the 5110 and
nodify the diagram that has been drawn. The correction options are:

REMOVE A PROBLEM VARIABLE (AND ITS INFLUENCES)
REMOVE A SPECIFIC INFLUFENCE

MOVE THE SCREEN POSITION OF A VARIABLE

ADD NEW INFLUENCES

ADD PREVIOUSLY FORGOTTEN VARIABLES

wm s wWwnN -

Option 3 displays a table that has three columns, which lists the
symbols and names used as state variables, decision variables, and
outcome variables. A sample of this output is given by:

STATE VARIABLES DECISION VARIABLES OUTCOMES
R = RED RESPONSE A = TASK FORCE ACT 1 = WAR RISK
2 = MATERIALS
3 = NEUTRALIZATION

Option 4 displays the influence diagram, which might look like:

il B B R T IR R |
+
> > > )
Iy
+ > > R
+
+

> > >+ > > >+ ]

- > > >}
+
+
+

+
14
+

Options 5, 6, and 7 are used to control the problems that are added
to the set already saved on the current diskette.

4.3 The ¥S XFORM

The WS XFORM 1is used to analyze a previously developed influence
diagram. This results in a list of conditions that are sufficient to
convert the current diagram into a decision tree network. These con-
ditions are presented so that the user may add them to the currenat
diagram or explicitly reject the analysis of the problem as a decision
tree.

If probabilities have been previously elicited, the functions will
perform the necessary probabilistic manipulations wherever possible
(e.g. Bayes' Rule when reversing the direction of an influence). Proba-
bilities will be elicited once again, with consistency checking when no
other action is available. The conventions used are the same as the
previous WS's.
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4.3.1 Avallable Optjons

The following set of options are presented upon entry to the WS
XFORM .

OPTIONS:

1 = CONVERT DIAGRAM TO DECISION TRREE NETWORK
2 = PRINT DIAGRAM ON SIO DEVICE

3 = DISPLAY VARIABLE DICTIONARY

4 = DISPLAY DIAGRAM

S5 = DISPLAY DISK DIRECTORY

6 = EXIT AND STORE PROBLEM

7 = EXIT

PLEASE ENTER THE NUMBER OF THE DESIRED OPTION AND PRESS EXECUTE

Option 1 displays the list of conditions that must be met in order
to have the influence diagram become a decision tree network. The sys-
tem allows the user to specify if all these changes are to be made. If
not, an option is presented that allows the user to manipulate the
diagram and show the changes needed.

Option 2 allows a hard copy output of the influence diagram when
the IBM 5119 is configured without a printer (assuming the SIO option).

The remaining options are the same as those of WS DIAGRAY, Section
4.2.3.

k.4 The WS PROBS

The WS PROBS 1s used to elicit the minimum number of probability
elicitations based on the influence diagram. Discrete and continuous
distributions are allowed. The "normal" approximation is used when
obtaining continuous distributions. The conventions used are the same
as previous WS's,.

4.4.1 Available Options

The following set of options are presented upon entry to the WS
PROBS :

OPTIONS:

CONTINUE PROBABILITY ELICITATION

EDIT PROBABILITIES

DISPLAY VARIABLE DICTIONARY

DISPLAY DIAGRAM

DISPLAY DISK DIRECTORY

EXIT AND STORFE PROBLEM

EXIT

PLEASE ENTER THE NUMBER OF THFE DESIRED OPTION 4ND PRESS FXFEZUTE

N E WNP
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Option 1 uses the influence diagram to present a series of
questions that elicit the distribution needed from the user. In the
case of discrete distributions, the user must provide the levels and
probabilities of each level, based on appropriate conditioning. 1In the
case of a continuous distribution, the simple normal approximation is
used. Probabilities of .25, .5 and .25 are associated with the 10, 50
and 90 fractiles. The first two moments of this distribution are used
to specify the approximate normal distribution. An example of such an
elicitation is:

PROBABILITY ELICITATION FOR VARIABLE 2 = MATERIALS

CONDITIONAL ON VARIABLES VALUE
A = TASK FORCE ACT AIR
R = RED RESPONSE ATTACK

PLEASE ENTER THE '2' VALUES CORRESPONDING 10 THE

10, 50, AND 90% POINTS FOR THE CUMULATIVE '2'

DISTRIBUTION (OR TO GET THE MENU, ENTER: MENU).
10% (OR MENU): 3750 50%: 12250 90%

ARE THE ABOVE VALUES CORRECT? (Y OR N):

Option 2 allows the user to change some of the values previously
input. These changes are incorporated and the appropriate conditioned
inputs queried. These data are used to update the joint distribution
fundamental to the solution of the problem. The remaining options are
the same as those of WS DIAGRAM, section 4.2.3.

4.5 The WS SQLVE

This ys takes the data gathered previously and elicits a value
function. Currently, value functions are restricted to linear combina-
tions of outcome variables. Once elicited, the value lottery is com-
puted and printed along with a state dependent optimal policy and
expected value.

24




5. TOXIC CHEMICAL TESTING EXAMPLE

To illustrate the power of influence diagrams to solve complex
problems of decisionmaking and information acquisition, we shall apply
this method to a problem of toxic chemical testing. Let us suppose that
a chemical having some benefits also is suspected of possible carcino-
genicity. We wish to determine whether to ban, restrict, or permit its
use, and also whether to undertake any information gathering regarding
cancer-producing activity of the chemical or its degree of exposure to
humans.

The primary decision problem can be formulated by drawing the
influence diagram of Figure 5-1. This figure tells us that the economic
value of the product and the cancer cost attributed to it both depend on
the decision regarding usage of the chemical. The (probability assign-
ment on) economic value given the usage decision is independent of the
human exposure, carcinogenic activity, and the cancer cost. However,
the cancer cost is dependent upon the usage decision, as well as both
the carcinogenic activity and human exposure levels of the chemical.

The net value of the chemical, given the economic value and the cancer
cost, is independent of the other variables. Also, human exposure and
carcinogenic activity are independent.

These relationships are not necessarily obvious ones; they depend
on knowledge of the problem at hand. For example, the economic value of
a particular chemical might depend on its chemical activity, which in
. turn might be closely related to its carcinogenic activity. 1In such a
case, an arrow might have to be added from carcinogenic activity to eco-
nomic value.

The next step would be to obtain probability and value assessments

corresponding to the influence diagram. For example, an automated

l influence diagram system might ask for a list of usage decision alter-

F natives. In this case, they are BAN, RESTRICT, or PERMIT. Next, it

: might ask for the economic value given each of these alternatives. 1In
this case, the permit alternative is considered to have a reference
value of zero, the restrict alternative a substitute process cost of $1

5 million, and the ban alternative a substitute process cost of $5

i million.

The next question might be to assess possible outcomes for human
exposure and carcinogenic activity, along with their corresponding
(unconditional) probabilities. The probability trees of Figure 5-2
illustrate these assignments. Next, we might be asked for the cancer
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FIGURE 51 INFLUENCE DIAGRAM FOR PRIMARY DECISION
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cost, given human exposure and carcinogenic activity levels, as well as
the disposition decision. This cost is deterministic and is given in
Table 5-1. Finally, the net value is stated to be simply the sum of the
economic value and cancer cost.

All of this information would come out of detailed modeling and
expert judgment regarding the decision situation. Once it has been
captured with the influence diagram, analysis can proceed. 1In this
case, an automated influence diagram procedure could generate the appro-
priate decision tree, display it if desired by the user, and determine
that the best decision is to restrict usage. The expected value given
this decision is a cost of $2.2 million. In this example, we will con-
sider only the expected value or risk neutral case, although the case of
risk aversion can be treated with little difficulty.

Table 5-1

CANCER INCIDENCE
(Valued at $100,000 each)

Human Exposure
ativ R R n v v
Carcinogenic
—Activity h W igh
Inactive 0 0 0 0 0 0 0 0 0
Moderate 5 50 500 0.5 5 50 0
Very active 100 1,000 10,000 10 100 1,000 0

5.1 Ihe Value of Perfect Information

Before investigating actual information-gathering alternatives, the
usual decision analysis practice is to determine the value of perfect
information (eclairvoyance) on the uncertain variables. The value of
clairvoyance furnishes an upper limit on the value of real information
gathering.

With an automatic influence diagram procedure, these calculations are

trivial. For example, to calculate the value with perfect information on
carcinogenic activity, we need only add the influence arrow indicated in
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dotted lines on Figure 5.1-1. This modification states that the decision-
maker knows the degree of carcinogenic activity when he makes the usage
decision. The result is an expected cost of $1.1 million and a decision
rule to permit if inactive, restrict if moderate, and ban if very active.
This means that the expected value of perfect information is the original
$2.2 million minus the $1.1 million expected cost, which is $1.1 million.
Figure 5.1-2 shows a complete display of the decision tree for this case,
which could be automatically generated upon request of the user.

5.2 The Value of Imperfect Information

In order to place a value on imperfect information, we must model the
information source. To be useful, the informational report must depend
probabilistically on one or more of the uncertain variables in the prob-
lem. 1In order to incorporate this dependence, we augment the influence
diagram with a model of the information-gathering activity.

In the example at hand, it might be possible to carry out a labora-
tory test of the carcinogenic activity of the chemical. In this case, we
begin by adding a chance node to represent the report from the activity
test. In Figure 5.2-1 we have added an activity test node; we have drawn
an arrow to it from the carcinogenic activity node (showing that the test
result depends on the actual carcinogenic activity of the chemical), and
we have drawn an arrow from the activity test to the usage decision (show-
ing that the decisionmaker will know the test result when he makes the
usage decision). We must also check the logic of each probabilistic
statement represented in the diagram, because additional knowledge, in
principle, could change the probabilistic dependence elsewhere in the
diagram.

An automated system would now ask us to define the test results. We
would reply that there are three test results, called "INACTIVE,"
"MODERATELY ACTIVE," and "VERY ACTIVE," corresponding to the possibilities
for the actual activity. However, unlike perfect information, these test
result indications may be wrong. The system would now ask us to supply
the probabilities of these test results for each state of carcinogenic
activity (the likelihood function). Figure 5.2-2 shows a possible display
with the assigned probabilities.

All of the information needed to determine the value of the carcine-
ogenic activity test has now been supplied. However, the influence dia-
gram of Figure 5.2-1 is what we term a decision network, rather than a
decision tree network, so it must be manipulated into decision tree net-
work form before a decision tree can be generated and evaluated. The
problem is that the carcinogenic activity node precedes the usage decision
node, but activity is unknown to the decisionmaker when he makes the usage
decision. A decision tree beginning with resolution of carcinogenic
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activity would incorrectly give this information to the decisionmaker.

The problem is resolved by turning around the influence arrow between
carcinogenic activity and the activity test. This manipulation requires
the application of Bayes' rule to determine from the original probability
assignments a new set conditional in the opposite order. Carrying out
this manipulation would be straightforward for an automated system and
will result in the desired decision tree network. 1In fact, a sophisti-
cated system could determine that this manipulation was required and carry
it out without being asked by the user.

Evaluation of this network yields an expected cost, given the acti-
vity test option, of $1.96 million. Subtracting this cost from the orig-
inal cost of $2.20 million yields an expected value of $0.24 million from
a free activity test. This is the upper limit on the price the decision-
maker should pay for the actual test.

A test of the degree of human exposure also could be treated by a
similar modification of the influence diagram. Fi-ally, the value of
testing both carcinogenic activity and human exposure could be determined
by making both modifications as illustrated in Figure 5.2-3.

We have shown in this example how influence diagrams can be used to
model the primary decision problem, to determine the value of perfect
information on the uncertain variables, and, finally, to determine the
value of actual, but imperfect, information. The latter calculation
usually requires the application of Bayes' law. Decision tree methods
require the user to apply Bayes' law and supply the answers, or at least
the formula, for the appropriate probabilities on the decision tree.
Because the influence diagram captures the logic of the problem in a more
fundamental way, the user need only supply the initial probabilities that
represent his model of the information-gathering activity, and an
automated system can carry out the rest of the analysis. This example
shows how influence diagrams can greatly simplify the probabilistic
modeling and decisionmaking process.
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6. CONCLUSIONS

In this work, we have developed the first implementation of an auto-
mated, interactive process for constructing influence diagrams. We have
also illustrated how an interactive session with an automated system might
be used to analyze an example problem of a toxic chemical decision.

A logical next step is the thorough testing of this pilot system dur-
ing actual analysis. The SRI Decision Analysis Group now routinely uses
influence diagrams as a modeling tool. However, almost all analysis is
still carried out using older automated procedures having greater computa-
tional capacity. The small size of the IBM-5110 computer places a severe
limit on the complexity of problems that can be handled by the pilot sys-
tem. Nevertheless, actual tests with small problems should provide a
critique of both the modes of computer interaction and the algorithms
used .

This pilot implementation has demonstrated the feasibility of auto-
mated influence diagrams as a basic new tool for decision analysis and
model building. The high value of faster and more accurate problem-
solving capability dictates that rapid progress to practical, full-scale
implementation of automated systems should be made.

6.1 Directions for Further Development

A recent dissertation by Daniel Owen1 explored the use of influence
diagrams as a quantitative tool to provide guidance to model building. In
brief, he developed procedures for determining the best place to expand or
refine a decision model throughout the model construction process. Owen
also developed a powerful matrix method for approximate analysis and solu-
tion of decision problems. Both of these ideas could provide valuable
additions to a comprehensive automated system.

In the earlier SRI worka, we developed a separate graphical system
for deterministic analysis. A deterministic analysis is, of course, a
mathematically trivial case of a probabilistic analysis and therefore can,
in principle, be treated with an automated influence diagram procedure.
Practically, however, the treatment of deterministic relations with the
probabilistic procedure presented here is cumbersome and computationally
inefficient. Expansion of influence diagram modeling and computational
procedures to unify these two important aspects of analysis should be a
fruitful direction for further work.
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The work we performed during implementation has pointed out a neg-
lected area of research. The development of an influence diagram is
itself an iterative and interactive process. Many decisions are made
regarding the development and evaluation of the influence diagram through
the process of user-computer interaction; for example, where to continue
expansion of the influence diagram, when to access numerical values, and
when to stop expanding. Our ongoing use of influence diagrams has led to
a set of intuitive criteria for making these model-building decisions.
The pilot system uses these criteria in an implicit manner or explicitly
asks for the user judgment. Research on this process and the model-
building decisions (as opposed to the "decisionmakers" decisions) may lead
to a more effective and efficient process and quantitative criteria for
judging the authenticity of the resulting value lotteries. Such results
may provide a key to the intelligent use of influence diagrams on a broad
scale.

1"The Concept of Influence and Its Use in Structuring Complex Decision
Problems," Ph.D. dissertation, Engineering-Economic Systems Department,
Stanford University (October 1978).

2A.C. Miller, M.W. Merkhofer, R.A. Howard, J.E. Matheson, T.R. Rice,
"Development of Automated Aids for Decision Analysis,” SRI International,
Menlo Park, CA (May 1976).
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£23 +NEW IF NEWASTART
€33 +PUTASCR IF OPTION#2
tu] RLK
£s1 ‘D0 YOU WANT TO EDIT THE SCREEN? (Y OR N)°
L61 SNEW IF "N'=11{]
£7] PUTASCR: 0 1024 PUT OLDASCR
€81l NEWASCR+GET 0 1024
£?1 +PUTASCR IF CHECKASCR
£101 DELETE(CASCRL;11cA,A,N)AASCRL;23="~")FAASCR
C11] MOVE((ASCRC;1JcA, A, N)AASCRL;21="0")AASCR
£12] INSERT((ASCRL;11=" ")A(ASCRL;21cA,A,N)A~ABCRL;2IVARS) A

4SCR
L1317 NEUW:NEWASTART«0
(141 GETANAMES
L1551 GETAINF
€161 INSERTAINF

v




vePutTCLav
V POS PUT SCREN;MTL, AT
C1l Quael ISVO Ne 2 3 o CTLDAT
€21 CTLe DISPLAY'
311 DAT«SCR
w1 CTLLei,P0S
£53 [JUAECJSVR N

-w

]

VGETLOIV
V SCReGETY POS;N:CTL, DAT .
L1l (WAl [ISVO Ne 2 3 p CTLIDATS
£21 CTLe ' DISPLAYS
£31 CTL«0, POS
L4l SCReDAT
£3] IUAC[ISVR N

-

VCHECKASCRIIIV
V Z¢CHECKASCR;ERR;CORAMAT ; ALLAVARS
£11 OLDASCR MATUH NEWASLCR
£21 JERROR IF(xERRe1)Av ASCRL; 1J«SCRASTM
£31 YERROR IF{xERRe2I A/ {1y pALLAVARS ) #ALLAVARS (ALLAVARS ¢ (~
NEWASCR«SCRASTM, © ") /NEUWASCR
ry] FERROR IF (xERRe€Z) AV i ASCRE;21="[1") Al 025=NEWASCR ABCRL 1]
£31 SERROR IF (xERReU) A~/ CASCRLE; 21="~" ) Al 025=NEWASCRVASCRE ;]
£4] FERROR IF(xXERReU Av/ CAGLRE, 1A, A, NYAASCRL; 2TA AN, "
€7] DLOASCRENEWASLOR N
£al +7¢0
£91 ERROR:BEEP
£103 2 &4 p12815CRAERRLERR, ]
£11] PAUSE
£12]  Zed
v

VMATCHCDIV
V OLD MATCH NEW
£11] ASCRe®(ASCRN/OLIY , L0, L ICASCRN«OLD#NEW) , NEW
£21 ASCRNEASCRN/ 1 pASCRN
v
SCRASYM
tidreo+]~
SCRAERR
ERROR: YOU HAVE ERASED PART OF AN INFLUENCE. TRY AGAIN.

ERROR: A VARIABLE APPEARS MORE THAN ONCE ON THE SCREEN. TRY
AGAIN.

A [0 WAS PLACED' OVER A VARIARLE, BUT THE VARIABLE WAS NOT MOVED.
TRY AGAIN.

ERROR: THE ~ SYMBOL WAS USED TO MOVE A VARIARLE., TRY AGAIN,

ERROR: ONE VARIABLE WAS REPLACED BY ANOTHER OR & ELANK.
TRY AGAIN.
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)

£11
L21
£31

(3
£3)
£s51]
L7l

1]
€21
£31
Lyl
£s1
.
£71
€81
€91
£101]
c111
£121
£131
C1u]
€151

£11l
L2]
€31

(I

L1l
CL2]

C£31]
(]
€Sl

£11
€21
£31

VDELETECNIV

V DELETE ALIST;DELAINFALIST;COMPL;COMP2
40 IF 0=x/pALIST
DELAINFALISTE(Vv/INFALIST<ALISTE; 11) /v 1 tpINFALIST
DELETEALINF
VARS+ (COMP2¢~VARS<ALISTL; 13) /VARS
VARAINDECOMP2/VARALIND
NAMES «COMP2ANAMES
POINTER€POINTER-+/POINTERtCOMPZ

VDELETEAINFL{}IV

V DELETEAINF;POS,; COMP,; INFAPUINT ; NEWACOMP

40 IF 0=1tpDELAINFALIST

SEXPAND IF 0=1%pNEWACOMP¢DELAINFALIST1tpINFALIST
COMPe (1t oNEWAINFALIST) pl
COMPL(-1tpINFALIST)+NEWACOMP/DELAINFALIST 1«0
NEWAINFALISTeCOMPANEWAINFALIST
DELAINFALISTe(~NEWACUOMP) /DELAINFALIST
EXPAND  EXPANDIIALISTS
COMP&(pINFAIND) pCOMPL& (1t pINFALIST)pIe1l
COMPLFINDAIND DELAINFALIST 160
COMPICDELAINFALTIST1+0

INFAINDECOMP/INFAIND

INFACHeCOMP/INFACH

INFALIST+COMPLAINFALIST
INFALENGTH¢COMP1/INFALENGTH

DELAINFALIST&:0

VEXPANDALISTSI[1IV

V EXPANDALISTS; EXPADEL

POINTS€INFAINDL (INFACHOINTGG I« "o+ ) /INDSeF THDATHD
DELAINFALIST]

EXPADEL&1++/~ CINFATIND ALLAIOTA POINTS)e ., s+NINFALENGTH
NEWAINFALISTCINFALISTL(EXPADELE(~EXPADELDELAINFALIST)/
EXPADEL)Y ;1,013 NEWAINFALIST
DELAINFALIST¢DELAINFALIST,EXPALEL

VMOVECOIV

V MOVE ALIST;DELAINFALIST

40 IF 0=x/pALIST

NEWAINFALISTeNEWAINFALIST, [1J{COMPev/INFALISTALISTL; 1)
FAINFALIST

DELAINFALIST«(COMP) /1 pCOMP

DELETEAINF

VARAINDLVARSALISTC; 1]11¢0LDASCRVALISTL ;1]

VINSERTCOIV
V INSERT ALIST
40 IF O0=u/pALIST
VARS+VARS, NEWAVARSeALISTL; 21
VARAINDEVARAIND, OLDASCRVALISTL; 21




(]
VGETANAMESL 11V ]
o V GETANAMES;I ,
£11 40 IF 0=pNEWAVARS
21  BLK
o [31 Iel
E%1 ENTER:'ENTER THE NAME OF WARTAKLE °, NEWAVARSCIZ
[ST  NAMESENAMES,[11 15t
. (| HENTER IF(pNEUWAVARS) [ 1eT+1
[71 NEWAVARS€0p
v
o VGETAINFLCO1V
V GETAINF:EUF;BUF1
C1] START: 0 1024 PUT 102%p°
) 21 BUFle 0 2 p° °
[3] [ESC: 'TESCRIKE THE NEW INFLUENCES:
C4]  CHKALOOPS IF 0=pRUFe€[)
Y [S]  EBUFePARSE EUF
[4]  BUF1¢(~PREVeV/RUFA.=8INFALIST,[1] NEWAINFALIST) ARUF
€71  +CHKALODPS IF 0=wv, PREV
) [81 EEEP
[93  "THE FOLLOWING INFLUENCE?S) HAVE PREVIOUSLY DREEN TNGERTE
D
® £101 ,(PREVARUF)IL;,11, '+, (PREVARUF)C:,21, ;"
111 PAUSE
[121 CHKALOOPS:+START IF rCHECKALOQPS
o €131 0OWAel [ICC 0
141 NEWAINFALISTeNEWAINFALIST, 1] RUFL
: v
® VPARSELQIV
l Vv LIST¢PARSE EUF;P0S
[1] START:LIST¢SQUASH HUF
® £21  +START IF~ 3 4 CHKAMEM ;-
£31  +START IF~ 1 2 CHKAMEM ' e~
L4  4START IF~ 4 1 CHKAMEM VARS, NEWAYARS
® [S]1  +START IF~ 2 3 CHKAMEM VARS,NEWAVARS
[6] 40K IFA/POSe€# LISTL; 1 31 ,
£7]1 BUFeS EDITAINF POS ]
® €83  3START
£91 OK'4END IFA/POSe~((LISTL;11eN)A(~LISTE;31c). LIGTI
23='4' )v(~LISTL;13¢N)ACLISTE  Z1eN)ALISTE ( 21="¢"
® £10]1 BUF¢S EDITAINF POS
L1131 START
£12] END:LISTe 0 "1 4LIST
L] €131 DELAINF
C14] SCOMPRESS IF 0=1tIND¢CLISTC:21# + )/ 1tpLIST
L1513 LISTCIND;1¢oLISTLIND;]
® [16] COMPRESS:LISTeLISTC: 1 31
v
VSQUASHC IV
® V LIST¢SQUASH EUF
£13  LISTECC(1t 100 4 1(pRUFIC11),4) pRUF e RUF 1 0RUF) SRUF & ( (RUF
2° ")/BUF), "
o v
®
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¢ 6 6 06 6 6 0 0 0o »n o o

o

c

VCHKAMEMLQ1IV
vV 7-CNDE CHKAMEM SET,; POS
£11 W IF Zea/POSeLLISTC,CORDEL2I]<BET
£21 BUF«CODEC1] EDITAINF POS
v
VERDITAINFLQIV
Vv Z¢ERRACOIDE EDITAINF ERRAPQS
ril [TWAe2 TICC 2
£L21 ERRORSLERRACOQLE; ]
.33 ,LIST
L4 ERRASYMUERRACODE ; 1+ ¢ {4xpERRAPOS) p(~ERRACOLEYD 1 0 0 0)\~
ERRAPOS]
L5131 ZeGET 748 54
€51 (lWAel QCC 0
v
ERRORS
ERROR: INVALID INFLUENCE SYMEOL. EDIT LINE AND PRESS EXECUTE:
ERROR: UNDEFINEDI VARIAERLE. EDRIT LINE AND PRESS EXECUTE.
ERROR: INVALID DELIMITER. EDIT LINE ANDl PRESS EXECUTE:
ERROR: UNDEFINED VARIARLE. EDIT LINE AND PRESS EXECUTE:
ERROR: INVALID INFLUENCE. EDIT LINE anND PRESS EXECUTE:
VOELAINFC[IIV
V DELAINF; DELAINFACOMP, DELAINFALIST
11 40 IF 0=1tpDIALISTE(COMPELISTLE ;21="~")ALIST
£21] LISTe«(~COMP)YALIST
£L31] DELAINFACUMPevAIRIALIOGTE; 1 31~ =TALISTYVIITALISTIL,;
I 13A. =JALISTE&INFALIST,L1] NEWAINFALIST
cul DELAINFALISTENELATNFACOMP /"1 t01ALTST
£S1 DELETEAINF
£61 =n
v
VREEPLDIV
V BEEP
£13 NWAae2 QiCC 2
v
VCHECKALQOPSL[IIV
v Z¢CHECKALDOPS
113 2 (Z¢0) IFv/ 0 1 =pVARS
€21 OWA«1 1ICC 0
£31 Me INFAMAT ERUF1
41 2(Z¢0) IF 0=LOOPS M

£sa REEP
Lé61 "THE FOLLOWING VARIARLES ARE INVOLVEDR IN ONE OR MORE LQO
PS:”
£71] (' " ,VARS)[C1+((2xpLO0PAVARS)Yp 1 M\LOODPAVARS]
[81 "PLEASE REDEFINE THE INFLUENCES.'®
€91 Z¢1
€101 PAUSE
v
VINFAMATLOIV

V MeINFAMAT BUF1; IALIST
£1l Me((pVARS)%#2) p0
£21 ML CpVARSHI 1B ((pTIALIST)p "1 0)+VARSVIALISTEINFALIST, (1]
NEWAINFALIST, (1] BUF13¢1
C31] Me(2ppVARS ) oM
v
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C © ©6 @6 © © © © © 0 © o o o © 0o o0 © o o 0 0

VINSERTAINFLIV
¥ INSERTAINF;I;CONFLICTS,AGCR

&1 RELRAUW
£21 +0 IF O0=x/pNEWAINFALIST
£31] REDNIRAUW
41 CONFLICTSe 0xI¢1
51 DRW:KOMPUTELINE 16 64 LTA OLDASCRANEWAINFALISTIY ;]
£461 DLDASCRULINET MATCH CH
L71 WK IFA/ASCRE; L=
£81 +0K IF FIXACON
£91 CONFLICTS€CONFLICTS, L
€101 ~LOOPAEND
£111 OK:STOREADATA
1271 REDRAU
£131 LOOPAEND: +DRW TIF(LtoNEWAINFALIST ) fel+] :
[1%] REPORTACONFLICTS {

£15] NEWAINFALISTe 0 2 o ;
v 4
VREDRAUL 1Y ;
V REDRAW i
E17  OLDASCRe102%p°
£21  OLDASCRCINFAIND, VARAINOT€INFACH, VARS

v
FEOMPUTELINELDIV
V KOMPUTELINE RC;T A;SG:INIVIH
L1131 F(0A,=5G6exA6-[J1061] RC)ZERROR
€21 Ac1A
£31 LINE€RCLL;21+&Ux"14RCEL LI+ C-GGUL1 D) TEADLT-1 66011
Cu1 CHeTpSGL11t " ¢4
£33 LINECLTNE, (64« T1+RCE2; 1D RCIL 2T+ 602D 1 GENL 0+ 0 =56
21y TeAC21+71+15G6C11]
£&61 CHeCH, Tp(~5GL21) 1" 3¢

£71 +0
81 ERROR:SACOMPUTELINE«Z+11(LC
£?3 "POSITIONAL ERROR’
£101 =<1
v
VFIXACONCOIV

V Z+«FIXACON
£13 2(Ze0) IF(v/ASCRLE; 11, A, N) v/  UTHURNAMAT A, =RAGLR
[2] TEST1:-TEST2 L[F~v/TURNSEvATURNSAMATETURNAMAT ~, =RAGER
31 FIXACON1
4] TEST2:9TEST3 IF~v/PLUSSES«ASCRL;1])="+"
[S] FIXACON2
£63 TESTIATESTY IF~v/UAOTS€(ASCRE; 13="e " )~ASCRE ;27" 44
€71 FIXACONZ
81 TESTU ! 2END 1F~v/JO0TSeASCRE; 10="e  )AASURE; 21e " 26
€21 FIXACONY
F103 END:Zel

v
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bl te ARSI A D

+

£31
Ch3]

£51
[&6]
£71
£81

C1]

£11

£13
£23
£31
(]

(S
[21
£33
fu3l

£11
£21
£33
[u]
£33
£613
[71
£813

VFIXACONLILIV

FIXACONL,; PPOS,; TPOS

TPOS+LINELTURNS/ASCRN]
PPOSeTPOS<INFAINDLCFINDAIND INFALISTLC;11 ALLAIOTA
NEWAINFALISTCI; 113

VTURNS&EVATURNSAMATI 14 1

PPOSETURNS/CTURNSNPPOS) vWTURNSSN ("¢ ,CHILVTURNG AAGCPNTe " ¢

4

INFACHLOINFAIND aALLAIOTA PPOS/TPOSTe " +°
CHELINEAYPPOS/TPOS 16"+

INFACHOINFAIND ALLATOTAC~PPOS)Y/TPOS)e o
CHOULINEY (#PPOS) /TPOSTE " o

VALLAIOTALTIIV

Z€LIST1 ALLAIOTA LIST2
Ze(w/ (LLIST1) e =, LIST2) /v e, LIST]
VFIXACONZLC[IV

FIXACON2

CHOPLUSSES/AGCRNDI+ "+

VFIXACONIE[]IV
FIXACONS
CHLJOTS/ASCRNI¢ " =

VFIXACONYLEIV

FIXACDONY

PLUSSESe ("t ,CHYLCHAINDCJOTS/ASORN e "t
CHLPLUSSES/CHAIND I+ +7

INFACHLINFAIND ALLAIOTA LINECDPLUSSES/ASORNIIe +°
CHCO(~PLUSSES) /CHAIND]¢ "o

VSTOREADIATAL[IIV

STOREADATA

INFAINDEINFAIND, LINE

INFALENGTHe INFALENGTH, pLL INE

INFACHe INFACH, CH

INFALISTEINFALIST,E1] NEWAINFALISTLI;]

VREPORTACONFLICTSL[IIV

REPORTACONFLICTS

40 IF 0=pCONFLICTS

ELK

"THE FOLLOWING INFLUENCTES CANNOT BE DRAWN 0D 30 HAVES
"NOT REEN INSERTED. VARIARLES MUST RE MOVELD AND. OR’
"OTHER INFLUENCES MUST KE REMOVED REFORE THESE®
"INFLUENCES CAN RE ENTERED AGAIN,’

10 (ONEWAINFALISTLCONFLICTS; 30, " 7

PAUSE
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!
C VRICTTONSRY EIV
V ODICTIONARY MAT  STHAT; STCOMP; BECMAT , ECOMP ; QCMAT ; QCCOMP
£11] ELK
¢ U211 HEALERC 1 60 060t GTATE VARIAKLES  DECISION VARIARLES

OUTCORES”

.31 STMATE 14 20 t(C(H5TCOMP)Y , DY pSTCOMP/VARS)Y , "=, (STCOMPe
( VARS<A) ANAMES

rul DECHMATe 14 20 ¢t 0O DECOMP) 1) pDECOMP/VARS) , "=, (LNECOMPe
VARS e A ) ANANMES

C 513 OCMATE 14 20 OOy COMP)Y 1) pOCCOMP/VARS ), "=, (OCCOMPe
VARSeN? »HaMES

Lol 39S PUT, 15 A4 tHIADER, L1 STMAT, DECMAT, OCHMAT

£? RPAISE
( 7
VOTAGRAMLOIV
C ¥V DITAGRAM

C11 REDIRAW
£21 0 1024% PUT OLDASTR
31 OWAeGET 0

¢ v
VUTISADTIROfIIV
C V OISAUIR, GIRECTORY
£11 GETADIRECTORY
g £21 (v 5 1 o5, (5 3 p° - "3, DIRECTORY
c £31 v FAUSE
VEETAULRECTORY LTIV ¢
- V LGETAUIRECTORY ;) IN
1] RLK
21 {ldiel [5v0 IR
C £33 Trie "IN 11005
C41 QWA+ IN
[S51 GETADIR!DIRECTORYCIN
1 C Ls1 v guAaedsSvR "IN :
VOSAVEADIAGLOIV
C V SAVEADIAG
£13 GETADIRECTAORY
£21 SELECTAFILE

! ~ £33 PUTAPRORLEM
L - v
VSELECTAFILEL[]1IV
. SELECTAFILE
- C13 PRORS: ' THE PROEBLEMS STORED ON THIS DISK ARE:”
£21 (s 51 p35),¢5 3 p° = "), DIRECTORY
( C3] "ENTER THE NUMBER OF THE DESIRED PROBLEM.
- Lul YPROBS IFA/ 1 2 3 4 5 #PROBe(,0OC11]

(S "ENTER THE NAME OF THE PRORLEM (SEVEN CHARALCTERS ONLY)Y W
€61 PROBANAME«T (]
£71 BLK
(81 CHGADIRECT
v




VCHGADRIRECTLIV
¥V CHGADIIRECT;QUT
L1l Ouael Qsvo "QuT”
£23 DIRECTORYLPROR; 1624t PROEANAME
£3] (Wael 0OSV0 "0UT’
Tl QUT+ DUT 11005 IL=(DIRECT)’
£53 OQUTEDNIRECTORY
£61] OWwA«SVR 'CUT®
v
VPUTAPROBLEMIIV
¥ PUTAPROBLEM,; OUT ; NUM
111 HLK
£21 START: WA+l [ISVD "0OUT’

£y SDONE IF PUTADATA
L31 "WARNING: I/0 ERROR.®
£61 "RETURN CODE = ', yRETACOLE
£71 "OPERATION WILL BRE RETRIEDR.’
£81 [IWA+ISYR "OUT"
£21 +START
C101 DONE:[JUAe[ISVR "OUT"

v

VPUTADRATALIV

V ZePUTADATAL
£11 el
C23 OUTALOGP: 1 =#STORE IF 0#p, ', DATAANAMESLT ;I
£31 tDATARANGMESLT,; 3, " €[AVEQSS T
4] STORE: 1 '0OUTe" , DATAANAMESTT ;]
LSl 0K IFA/Z0=1tRETACODE-QUT

L61 +Z¢0
C?71 OK:20UTALOOP IFC(LtpDATAMNAMES) iTleT+1
€81l Z¢1

v
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£33 QUTE QUT L1100, NUM, " ID=(8YS000"', (NUMe ¢ S¢PRUKS,
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APPENDIX I-2

The Workspace XFORM
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VSTARTL1IV

V START
£11 FINIT IF~REAENTER
£21 REAENTER®D
°31 +L.00P
L4l INIT!INITIALILIZE
C5 FETCHAPRORLEM
£a1 20 IFA/ QUIT =utSTalus
E71  LOOP:GETAOPTION
{81 L MENUAEXECCOPTION; 3
[913 +L0AP IFA/ &6 7 #OPTION

VREASTARTLOIV

Vv REASTART
REAENTER¢1
START

m ™

[

(S )

VINITIALIZEL[IV

v OINITIALIZE
r1l 110e1
£21 Ae ARCTEFGHT JKLMNOPARSGTUVIIXY
(3] A€ ABCDEFGHIJKLMNDPQRGTUVYXY
(TS| Ne' 0123456789 -
£53 IMPAINFALIST« 0 2 p°
&1 STATUS« "OK*
£71 MATEINFAMAT TINFALIST

v

-y
£
v
Z

MENU

PTIONS:

CONVERT DIAGRAM TO DECISION NETWORK
CONVERT DIAGRAM TO DECISTON TREE NETWORK
DISPLAY VARIARLE DICTIONARY

DISPLAY DIAGRAM

BISPLAY DIGK DIRECTORY

EXIT AND STORE PROEBLEM

EXIT
ASE ENTER THE NUMBER OF THE DESIRED OPTION AND PRERDS ELECUTE

MENUAEXEC

CONVALIDN

CONVADTN

DICTIONARY

LIAGRAM

GISADIR
SAVEADILAG
30

ononon

0
1
2
3
in
4

mu i

6
7
PL
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VCONVADNLIV
V CONVADN
11 RLK
€21 ADD:ADDAUDAIND
031 +ADD IF ADDADDAARR

tu]l RLK

£S5 "THE DIAGRAM IS NOW A DECISION NETWORK.'

£s1 WAIT 2 )
v

VALDADDAINDOIIV
vV ADDADDAIND
£11 40 IFv 0 1 =plECALIST« VARG<A) /VARS
£C21 Iel
[3] DECALQOP:ENDALOOP JIF{pDIRe{DIR«A) /DIRNIRAPRED NECALISTL
ID=pALLe(ALL=A) /ALL-ALLAPRED DECALISTLI]
Cul IMPAINFALISTEIMPAINFALIAT, CLIQCCOMP 7 ALL)Y ,
D.11(+/COMPe~ALL«DIR) pNECALISTLI
LS ENDALOOP:-DRECALQOOP TF{IeI+1)zphECALTST
v
VALLAPREDLDIV
V Z«ALLAPRED NODES; ALLASLICT N
C1] ZE(AP VARSWNODES) /VARS
v
vaPLQav
¥ Z¢AP NIT
1] 4 (70> TJF O0=p,N
2] ZETVvAPITEDP Ny vl tpMAaT

~

VODIRAPREDLDIV
¥ Z«DIRAPRED NODES
£11 Ze (NP VARSVNODES) AVARS

VALDADDAARRLIIIV
V¥ ZealDADDAARR
1] DECAMATCOMPA(COMPeVARS<A) / INFAMAT INFALIGT, U1
IMPAINFALIST
£21 DECAVARS«COMP/YARS
3] 2(Z«0) IF 1=+/COMP
Lyl 2(Z¢0) IFA/,DECAMAT
CS1 DECAPAIRCDECAVARSLEL 1 +(plECAMAT) T 1+ (, DECAMAT I 0]
£&] 'FOR A DECISION NETWORK THERE MURT RE AN INFLUENCES
€73 "BETWEEN DECISIONS ', PAIRCLI, " AND ', PAIRLD2D, .
[381 ENTER: 'ENTER 1 FOR ',PAIRLCLI, 2" ,PAIRL21, , OR 22 FOR
PAIRL1., '« ,PAIRLC2], "
€91 SENTER IFA/ 1 2 #DIRECTIONE[]
103 IMPAINFALIST«IMPAINFALIST,L1] DIRECTIONTPLALR
C11] (ZeD) 1IF 1=+/~,DECAMAT
121 Zed
v
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L1l
£2]

€11
[2]
£3]
4]
£S1

L1l
€21
£33

C41l

v

VWAITLOIV
WAIT X; I
Ied

LOOP:+LO0OP IF(&xX):ilel+d

v

v

VCONVADTNLOIV
CONVADTN

RLK
ARDASDAIND
AODADSAIND

"THE DECISION NETWORK IS NOW A UECISION TREE NETWORK.'®

WAIT 2

VALUDASDAINDCOIV

V ADDASDAIND; I;DIR;ALL;COMP;DECALIST

v

DECALISTE(VARS<A) /VARS
Iel

DECALQOOP: +ENDALOOP IF(pDIR«DIRAPRED NECALISTLII)=pAlle

ALLAPRED DECALISTCI]

IMPAINFALISTCIMPAINFALIST, L13IR(CAMP/ALL)Y,

0.11C¢C+/COMPé~ALLDIR) pDECALISTLI]
ENDALOOP: #DECALOOP IF(pDECALISTY TeI+]

VALDADSAINDC{IV

V ADDADSAIND; I;DIR;ALL;COMP;STALIST

v

STALISTE(VARScA,N)/VARS
Iel

STALOOP:»ENDALDOP IF(pDIRE(DIRcA) /OIReDIRAFPRED
Y=pAlLe (ALL<AY /ALLEALLAPRED STALIGTLI]
IMPAINFALISTEIMPAINFALIST, LLIAR(CCOMP, ALL) L
0.13(+/COMPe~ALLDIR) pSTALISTII]

ENDALOOP: ASTALOOP IF(pSTALIST) DT¢[+]

53

STALLISTCID

1]

A e e e
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APPENDIX I-3

The Workspace PROBS




t)

)

O

4

VSTARTLO3IV

V START
£11l SINIT IF~REAENTER
£21 REAENTER&D
£33 +L00P
C4] INIT:INITIALIZE
£sl FETCHAPROELEM
£s61 20 IFA/ QUIT =kt5TATUS
£71 +L0O0OP IF ESCAPE
€8l 2L00P IFA/ ' OLD' =3tSTATUS
£?1 NEWAINIT
C101 LOOP:.GETAGPTION
£C111 sMENUAEXECLOPTION; ]
L1211 JL.0OP IFA/ & 7 #0OPTION

v
VINITIALIZEC[IIV
Vv INITIALIZE
£11 [l10€1
[2]) CONACTR&VARAPODINTERe1
£31 A« ARCDEFGHIJKLMMOPARSTUNUXY
[4] A« ABCDEFGHI JKLMNOPURSTUWVWXYZ" 3
53 Ne'0123455789" T
v
UNEWAINITLDIV
¥ NEWAINIT

L1l RUILDALIST
£L21 NAMEALISTENAMESTVARS\ELICITALIST; ]
€31 VARAPTR«D

VRUILDALISTCIV

V BUILDALIST;COMP; MASKEDAMAT
L1 ELICITALISTén 0
£21 MATRIXEINFAMAT IMPAINFALIST
L3] LOOP:MASKEDAMATEMATRIXAR(2poVARS) p~VARBCELICITALIGT
Cuwl LISTARUF € ((~#VARS:ELICITALISTYAQ=vAMASKEUAMAT ) A VARS
£s1 LISTARUF«0e ((~COMP) SLTISTARUF) , (COMPeL IS TARUF <é, NY ALISTARLIF
£61 ELICITALISTCELICITALIST, LISTARUF
£73] ALO0OP IF(pELICITALIST)I#pVARS
€8l MATRIXEMATRIXCPERMEVARSELICITALIST ]
£L?1l MATRIXEMATRIXE ; PERM]

MENU

PTIONS:

ELICIT ULTIMATE VALUE COEFFICIENTS

EDIT PROBRARILITIES
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= CONTINUE PRORABILITY ELICITATION
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= BISPLAY DISK DIRECTORY
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APPENDIX I-4
The Workspace SOLVE
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VeYaRTL{1IV
v START
] FINIT IF~REAENTER
3 REAIHTER -0
1 P
] TRNTT I FETCHAPEDRLEM
)| O T A QULT =gt 5 TATUS
LOOF,;, GETAQOPTION
(W fMEMUAEYECEOPTION,; 1
ALD0F LFAS & 7 #OPTION
v
MENU
QPFPTIONS:
= CALCULATE  IOINT
= DISPLAY VARTIABLE

AND ULTIMATE
DICTIONARY

VaLUE

i bd

= DISPLAY DIAGRAM
i = DISPLAY DISK DIRECTORY
G om ExIT AND STORE PRORBLEM

5 = EXIT

PLEASE ENTFR THE NUMRER OF
MENUAEXEC

CALCULATE

DICTIONARY

DIAGRAM

UISADIR

SAVEAPRORLEM

THE DESIRED

VCALCULATELDDRV
V CALLULATE

CALCAJDINT

CALCAULTIMATE
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£23
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CON:SENDAIDTNT IF 0=pINDSe (~C0MP) /o plOdMp
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CONALOQP: 3ENDACON LIFA/~CONACOMPEMATRIZ DIRAPRED INDGLUIVAL
1

NECACOMPe (ELICITAVALScA) ARDINATTIMP
CONAVALSECAVALSL ¢~/ (AL AVALALGN) DIVAL, 1160343 (CONACOMP/
DIM) L (+/CONACOMP) 27 1) +CONACOMP/CTRS]
MARAVALEMARAVALSL (- / (4 MARALGNY LIND, 1 +CTRILIND TNDGL
IVALII+3x (DECACOMP/UTM) L ( C+/DECACQOMP) p” 1) +DECACOMP/CTRS
LIMADELe 71 1 x1.8132x-/CONAVALSL3 21

PROE«FPROEx 0 0.25 0.5 0,25 0C01++/MARAVAL:, CONAVALSE
1 3 o, +LIMADEL]

[251 ENDACON: +CONALOOP IF(+/COMP):IVALFIVAIL+L

L2637

£273

v

£+ TJOINTL, ¢, CANADIM,S)p ' CTRSE ), CANADIM, 1) puNANIM) , (
NADIM,2)p" 3, "), JePROER’
SENDAJOINT : JOINTALOOP IF NUMAVALSETAJOINTTAJOINT+]
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