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Since its origins, decision makers have broadly used the Delphi method as a collaborative
technique for generating important events and scenarios about what may happen in the future.
Thisis a complex process because of the different interrelations and the potential synergetic effects
among the relevant events related to a decision. This fact, along with the uncertainty about the
occurrence or non-occurrence of the events, makes the scenario generation task a challenging
issue in Delphi processes. In the 1960's, Cross-Impact Analysis (CIA) appeared as a methodological
tool for dealing with this complexity. CIA can be used for creating a working model out from a set of
significant events. CIA has been combined with other methodological approaches in order to
increase its functionality and improve its final outcome. In this paper, the authors propose a new
step-by-step model for scenario-analysis based on a merger of Turoff's alternative approach to CIA
and the technique called Interpretive Structural Modeling (ISM). The authors' proposal adds tools
for detecting critical events and for producing a graphical representation to the previous scenario-
generation methods based on CIA. Moreover, it allows working with large sets of events without
using large computational infrastructures. The authors present sufficient information and data so
that anyone who wishes to may duplicate the implementation of the process. Additionally they
make explicit a set of requirements for carrying out a Delphi process for a group to develop a set of
significant events, collectively make the estimations of cross impacts, and to support a continuous
planning process within an organization. They use two examples to discuss operational issues and
practical implications of the model.

© 2011 Elsevier Inc. All rights reserved.

“Born, troubled, died.”

This was their history of Everyman.

“Give me next for my people,” spoke the head man,
“in one word the inside kernel of all you know,

the knowledge of your ten thousand books

with a forecast of what will happen next—

this for my people in one word.”

And again they sat into the peep of dawn

and the arguments raged

and the glass prisms of the chandeliers shook
and at last they came to a unanimous verdict

and brought the head man one word:

“Maybe.”

—from Poem 49 in “The People, Yes” by Carl Sandburg
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1. Introduction

The use of scenarios to study the future is well known as an approach to studying situations that can lead to important changes
and in which it is difficult to create explicit relationships among the events. Examples are the merger of two companies, extreme
disaster or risk situations, major political happenings and/or the long term impacts of new or changing regulations or policies. All
the events in the set are of a binary nature: a merger will or will not occur; a new specific policy will be established or not; a
company will or will not go bankrupt; a given technological breakthrough will occur or not, etc. By means of scenario generation
methods, forecasters make predictions about the occurrence or not of a set of events in time and/or describe a future story, from
the present conditions to a set of plausible futures. In both cases, scenarios have been widely used for exploring the detection of
future events together, as well as analysis of the path that leads to the desired future or prevents undesirable futures. That is what
we call scenario analysis. In this sense, scenario-generation methods have often been used by decision-makers as an instrument
to build landscapes of possible futures. Based on these future visions, decision-makers are able to explore different courses of
action [1,2].

Scenario-generation methods combine a set of behaviors that mix qualitative and quantitative, subjective and objective
methodologies in different layers [3]. The number of potential scenario methods is increasing as researchers and consultants from
different backgrounds use their particular expertise to create new variations [4,5]. The Delphi method is one of the most used
techniques for foresight [6-8]. By means of Delphi method forecasters, based on the input provided by an expert panel, can make
hypotheses about the occurrence or not of singular events. This success is mainly due to two of the main characteristics of the
Delphi method: controlled feedback and anonymous interaction among experts. These characteristics help forecasters to avoid
several limitations of traditional face-to-face experts' panels, such as unwanted leadership and high time cost [9]. Nevertheless,
the inability of the Delphi method to make complex forecasts in which events are not isolated but interrelated is a limitation for
scenario analysis. In a basic Delphi process the occurrence or not of an event was usually considered as if it had no effect on the rest
of the event set.

Cross-Impact Analysis (CIA) [10] was developed to address this limitation. CIA is a powerful tool for taking a set of binary future
events and examining the potential causal impacts that the expectation or occurrence of each event may have on the others in the
set. CIA was designed to calculate the basic impact of a political, social, or technological event on the occurrence probability of
other events in the set. Due to this ability of CIA to analyze complex contexts with various interactions, CIA is one of the most
commonly-used techniques for generating and analyzing scenarios. Another success factor of the approach in scenario analysis is
that it is a flexible methodology that can be combined with other techniques such as Delphi [11,12], Fuzzy [13] or Multi-criteria
[14,15] methods to allow true collaborative model building and scenario creation by groups.

CIA is based on cross-impact questions that allow individuals to easily estimate the relationships among n events taken two at a
time (n(n-1)/2 comparisons). It is an approximation to the real world where we do in fact recognize the further possibility of
relationships among three, four, etc. events. This same approximation assumption is used in many other modeling areas such as
measures of association and payoff matrices. For ten events a complete description among all possible interactions into the future
of their occurrence would require gathering approximately ten million estimates [16]. This is calculated by following all possible
occurrence sequences in a tree-like expansion for all possible sequences of events. No expert, manager, or team of judges would
ever be able to undertake such an estimation process by Delphi or any other collaborative methods to do this. Many different
approximation approaches to analyzing the more limited matrix model have been proposed such as an approximated Bayesian
model [17] and an approximated systems dynamic representation [18]. There are even some very simplified approaches that
directly solicit from experts the degree of impact between each interaction on an arbitrary scale (i.e. ++, +, 0, -, - -) and treat this
as the degree of impact. Further discussions about different approximations approaches can be found in [12]. At the moment the
method proposed by Turoff [16] is the only one that changes nonlinear probability measurement scales to linear interval
measurement scales which makes it much easier for humans to view and understand the degree of influence one event has on
other events as a consequence of their estimates. We observe that even for interactions among as few as ten events it is very
unlikely that a single human can stay consistent when there is no feedback to show the consequences of the individual's estimates
of impacts. To then combine the individual's judgments with the input from other estimators is not an activity that will lead to a
trusted model of the situation. The need for improved visualization methods of all forms of complex data intended for supporting
human decision processes is currently a major field of Information Systems and Science.

In this paper, a new method for building scenarios based on CIA is described. This method is an extension of Turoff's CIA
approach [16]. We focus on this CIA approach because of its previously mentioned capability of transforming the nonlinear
probability measures to linear interval variables, among other advantages:

1. The estimator supplies a set of probabilities for the n events which are indicative of the non-linear nature of the future
occurrence of the events. The estimator is then told to assume the opposite of the initial estimate about each event (i.e. if he or
she thinks it is likely, they assume it will not occur) and to indicate how the probabilities of all the other events would change.

2. Among other properties of Turoff's model of cross-impact is the result that all the n equations relating the probabilities to one
another are solved for a single consistent set of factors that produces an equation for the outcome of each event based upon the
values of all the other events. This provides an inferred consistency from the solution method and allows individuals to see the
consequences of their model before it is merged with the data of others.

3. The most critical property is that these equations take the non-linear probability factors between 0 and 1 and convert them to
linear factors between each event pair that vary from plus infinity to minus infinity for each pair of events, i and j. This
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conversion of the non-linear probability factors to linear impact factors allows the estimator (or group if a collaborative
estimation) to see a consistent set of linear relationships representing the degree to which a given event influences the
occurrence of another (positive factors) or the degree to which a given event inhibits the occurrence of another event (negative
factors).

Specifically we propose combining CIA with the technique called Interpretive Structural Modeling (ISM) [19]. The main goal of
this combination is using the previously mentioned linear nature of the cross-impact influence factors in order to integrate the CIA
in a smooth incremental iterative manner with the ISM method. This allows the user to determine the stopping point for the
condensation of events into scenarios and provides for a linear indication of how much of the impact information has been utilized
as well as a graphical representation of the results. There are some antecedents for the application of structural analysis to CIA.
Duval et al. [20] suggest that a cross-impact matrix can be structurally analyzed and portrayed by a signed directed graph. Novaky
and Llorant [21] propose also an intuitive graphical representation based on CIA concepts. Ishikawa et al. [22] introduce a method
for processing CIA outputs and building scenarios based on structural analysis concepts. Godet [23] proposes structural analysis for
forecasting the key variables which bear on the future dimension. On the other hand, Martino and Chen [24] combine cluster
techniques and CIA analysis in order to create ‘typical’ scenarios. Moreover, there is some previous research focused on using ISM
in order to build scenarios and identify key drivers and actors [25]. In this paper we take these ideas and extend them by applying
CIA-ISM for building scenarios.

This new CIA-ISM approach adds tools for detecting critical events and graphical representation to the previous scenario-
generation methods based on CIA. Moreover, it allows working with large sets of events without using great computational
infrastructures, being a graphical representation of complex systems following a simplified structured process. This fact makes this
methodology highly compatible with other complex systems analysis tools such as System Dynamics, Bayesian Networks, and
Fuzzy Cognitive Maps. Traditional CIA approaches need great computational infrastructures (i.e. Monte Carlo simulation process
and SMIC). If the problem has more that 10-15 events, traditional simulation processes cannot be easily designed nor run in a
personal computer. Our model can be run in seconds by using basic spreadsheet software.

The contributions of this paper are:

1. The extension of the original cross impact analysis process by Turoff [16] by merging it with the ISM process developed by
Warfield [19]. This allows the users of the cross impact model to decide how to combine individual events into one or more
scenarios. This process reduces the complexity of the results and produces a better user understanding of the implications of
their estimations in creating the model.

2. The extension of the original model to allow the inclusion of initial condition events or the events which allow a probability of
truth to be assigned to initial input events. Further we add output events that measure the degree of accomplishment of certain
measures or goals at the end of the basic cross impact time period.

3. We present sufficient information and data so that anyone who wishes to duplicate the implementation of the process as
described in this paper and the background theory from [16] will be able to carry out an implementation and have two data sets
to be able to check the original model or the extended one.

4. We make explicit a set of requirements for carrying out a Delphi process for a group to develop a set of significant events to
apply and point to examples in the literature of how this can be done with either a classical paper and pencil Delphi or a Delphi
carried out as a Computer Mediated Communications process on the web.

5. We also make explicit the requirements for a Delphi process to collectively make the estimations in creating the model by the
use of experts or knowledgeable people in gathering and verifying with them the resulting estimates.

6. Finally we point out how this new method of cross impact and applications of the Delphi make possible a continuous planning
process within an organization.

In order to illustrate the CIA-ISM approach step-by-step application, we use Turoff's original example [16]. This will allow
others to check the consistency and mathematics of any effort to implement this process and moreover to demonstrate the ability
to form meaningful scenarios out of the original event set, using the method of ISM. Based on this example, operational and
analytical issues are discussed. Additionally, a new example is also discussed, in which some major extensions to Turoff's CIA
approach are provided. This is new 18 event problem of predicting the outcome of software development projects in very different
organizational situations. This problem introduces the methodological extensions to CIA of initial condition events and outcome
events as two new event types that make CIA much richer in its potential span of application areas. It is thus possible to tailor a
single general model to be able to examine very different situations with different initial properties and different outcome goals.
These facts have several philosophical and practical implications which are analyzed at the end of the paper. But, firstly, the basics
of CIA and ISM will be presented and analyzed in the following section.

2. Methodological background
2.1. Cross-Impact Analysis

In recent years, CIA has resurged as a powerful tool for forecasting the occurrence or not of a set of interrelated events
[12,14,15,26,27]. The main goal of CIA is to forecast events based on the principle that the occurrence of events is not independent.



1582 V.A. Baiiuls, M. Turoff / Technological Forecasting & Social Change 78 (2011) 1579-1602

An individual or a group must come up with a set of interrelated events that might occur in the future. It needs to be a balanced set
in that the interrelated subset of events that influence one another are often matched by a subset of external events that are largely
not influenced by the interrelated set. Often the analysis itself determines which events the group judges to be external. A pure
brainstorming or simple Delphi approach might be used to generate candidates for the model and actual use of the model can be
used to determine which events may turn out to be less relevant than others to a final scenario or set determination in an iterative
process.

The analytical approach proposed by Turoff [16] was developed specifically for restructuring the cross-impact formalisms in a
manner suitable for use on an interactive computer terminal. This requires users being able to modify or iterate their estimates
until they feel the conclusions inferred from their estimates are consistent with their views. Moreover, Turoff's approach is based
on the idea that an event may be unique in that it can only happen once (i.e., the development of a particular discovery or the
outbreak of a particular war). Following Turoff, for this type of event there is usually no statistically-significant history of
occurrence which would allow the inference of the probability of occurrence. So, the cross-impact problem is to infer casual
relationships from some relationships among the different world views. This is established by perturbing the participant's initial
view with assumed certain knowledge as the outcome of individual events. The basic steps in the approach are:

1. Take the events that have been chosen and estimate the subjective probability that each event will occur in some future time
frame like five years. Then perturb the estimator's judgments a maximum amount.

a. For events that have a probability of less than 0.5 (maybe), ask the estimator to assume it will occur and to re-estimate the
probability of the other events occurring under this hypothesis.

b. For events that have a probability of 0.5 or more, ask the estimator to assume that event will not occur and to re-estimate the
probability of the other events to occur.

2. Once this set of n(n-1) estimates have been made for the n events the computer can generate a complete structural model of the
estimates.

3. If the individual's working model is available to each estimator, it is desirable to let them experiment with their individual
cross-impact model to reach consistency among their own estimates. It is then possible to use the internal influence factors,
which are linear, to carry out a more consistent averaging process to obtain a single collaborative model for the group results.

4, If the event set spans many different professional areas, than users are more likely to want only to estimate probabilities for
those events and event interactions they are more familiar with. That has to be done as a facilitated process such as in a Delphi.

Following this process, subject estimates actually cause participants to estimate the influence (or causality) resulting from
assuming occurrence or non-occurrence of given event to change the outcome of the other events. Analytically [9,16], the
correlation coefficients (Cj) can be calculated using a variation of the Fermi-Dirac (i.e. logistic) distribution function by asking
subjects about the probabilities (P;) as determined by this relationship.

Pi = 1/ |:] + exp(—Gi— X;(Cik Pl():| (1)
i#
where:
P; represents the probability of occurrence of the i-th event.
G; (the gamma factor) is the effect of all (external) events not specified explicitly in the model.
Cik represents the impact of the k-th event on the i-th event. Positive C;, means it enhances the occurrence of the event and

negative detracts from the occurrence.

G; is the constant of integration for each of the n differential equations for P;, i =1, n when they are integrated as a solution set.
It is the same value constant as the individual products of C; P, which allows us to infer that it collects all other influences for the
outcome of a given P; values which must be the sum of all possible events that were not make explicit in the n events included in
the model.

Once a model has been established for the group or for an individual it is possible to vary the initial probabilities on individual
events and see the degree of influence that has on the occurrence of the other events. There are also internal measures that express
quantifiably to what degree a given event is controlled externally to the set, which indicates either that it is truly external or that
events might be missing that should have been included. One can also quickly list which events have the most influence on which
other events. For further details see [16]. Given the linear influence factors we can show estimators the consistent relative
relationships between any event and those that influence it by plotting these on a linear scale. We can now use a different
modeling method, ISM, to analyze the complexity of the resulting weighted influence graph. These linear factors are what are
needed to have data that can be used as input to the ISM method. The following extension would allow individuals to receive a
graphical visualization of their judgments and improve their ability to make improvements. It will allow a group to receive a linear
visualization of their collective results.

2.2. Interpretive Structural Modeling

The basic concept of CIA or ISM is ‘structural modeling’ where professionals who are knowledgeable about at least some
portion of the event set can estimate relationships and/or subjective probabilities. This allows the computer to establish a
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consistent model for one individual or for a group of individuals. In this sense, ISM is a structural analysis-based technique that
enables individuals or groups to develop a map of the relationships among the many elements involved in a complex situation
[19,28]. The method is interpretive in that the group's judgment determines whether and how items are related; it is structural in
that, on the basis of the relationship, an overall structure is extracted from the complex set of items; and it is modeling in that the
specific relationships and overall structure are portrayed in a digraph model [29].

Although this methodology dated from the 1970's, we were able to find several applications in recent years [30-39]. This
success is due to its variety of advantages, such as: (1) the incorporation of experts' subjective judgments and their knowledge
base in a most systematic manner; (2) the ample opportunity for revision of judgments and; (3) the computational efforts
involved in ISM are less for objectives so it can be used as a handy tool for deriving quick managerial insights [35].

The ISM process starts with the analysis of elements (objectives, actions, outcomes, etc.) affecting the complex system under
study [40]. This information is in the mental model of the individual/group. Once these elements are determined, the mental
model is transformed into a matrix model. By means of the partitioning and extracting of the matrix model, we can obtain a
multilevel diagraph. The resultant digraph is converted into an ISM, by substituting the notation of each element with statements.
This process admits feedback between different stages in order to compare and correct the inputs of the model. Once the
participants are confident with the output the ISM process should be documented (Fig. 1).

This ISM process has solid mathematical foundations. Here we are going to give some basic definitions and concepts based on
[19,41] that are necessary for understanding the CIA-ISM. From an analytical perspective, the starting point of ISM methodology is
a collection of S events.

S = {51, 55, 53,000, Sy} (2)

The Cartesian product SxS=T is called the working space of the model. The statement ‘R is a relation in the working space’ can be
stated symbolically by RC T. A relation R is said to be transitive if, given any two edges (s;, s;) and (s;, s) in R, it is also true that (s;, si) is
in R. Note that transitivity is needed for applying ISM. If a relation R is not transitive, there exists in T some increment AR such that the
union of R with AR is transitive, and such that no edge appears in AR that is not necessary to make the union transitive. Then R U AR is
called the transitive closure of R.

The relationships between the elements in set S are binary. From these binary relations we can calculate the adjacency matrix
(A), defined as a binary n xn matrix where the entry 1 represents the direct connection from node s; to node s;. The adjacency
matrix is a means of representing which vertices of a graph are adjacent to which other vertices. From this matrix, we can obtain
the reachability matrix (M), which is a square, transitive, reflexive, and binary matrix:

M= (A+ID" 3)
where k is determined such that
A+D"'<@+D =@+D ! (4)

and where [ is the identity matrix.

Suppose s; and s; are elements of the set S. If M(s;, sj) = 1, this indicates that node s; and node s; are connected. If M(s;, s;) =0,
this indicates that it is impossible to go from node s; to node s;. The resulting reachability matrix of 1's and 0's indicates which
nodes have links to one another and one may trace any possible paths between the nodes.

Every element in set S can be considered as a node and solved by graph theory in order to obtain a diagraph D(R) of R, where
there is an edge in D(R) for every edge in R except those edges of R whose two elements are identical. A walk on a digraph is a
directed path on the digraph with an origin and a termination consisting of vertexes of the digraph. A nontrivial walk on D(R) is
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Fig. 1. The ISM process—adapted from [40].
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any walk on D(R) whose origin and termination are distinct. A walk Wy(s;, s;) of length k; is called a path of the diagraph provided
the length of any other walk Ws(s;, s;) has length at least as great as k;.

A cycle in S is a universal relation on a collection C c S. A universal relation on a collection C consists of all members of Cx C.
Suppose s; and s; are distinct vertices of a diagraph, and suppose Wi (s;, sj) and W (s;, s;) are walks on the diagraph. Then there is a
walk Ws(s;, sj) on the diagraph found by the concatenation of walks W; and W,. Such a walk is called a cycle. If Wy and W5, are both
paths, the walk W3 is called a geodetic cycle induced by s; and s;, since there is no cycle involving vertices s; and s; that is shorter in
length than W3. All the vertices contained in a cycle make up a cycle set. This concept of cycle set in very important in our approach
since it is the basis of developing micro-scenarios. For a further explanation, see [19,40-44].

3. Bulding scenarios with a CIA-ISM approach

In Fig. 2, our proposal for the methodological merger between CIA and ISM is exposed. In this new approach, the structural
matrix model is obtained from processing the Cj and G; factors. That is, the input of the ISM is the output of the CIA.

The use of ISM is an iterative process in which one takes first the largest absolute values of the influence factors and applies the
ISM method until a cluster (cycle in graph) of events or mini-scenario is created. A mini-scenario is a set of events that due to their
strong relationships should occur in a specific combination, so they can be treated as a macro-event.

This is presented back to users and more of the lesser influence factors are added to produce additional clusters of mini-
scenarios. The resulting process reduces the complexity of the problem, in so that instead of n events we have a reduced number of
elements made up of original single events and some mini-scenarios created from a combination of other original events.

For the users, this means they can picture the collapsing process and decide where they want to stop the process to be able to
deal with a model that has a lesser number of elements than the original model. If this is being done to develop a plan of action of
some type one would not want to have a single cluster or mini-scenario that combined events representing decision actions the
organization could take. If they did this it would restrict the ability to treat decision options and independent options in examining
future potential outcomes. In this way, an organization can use the resulting model to test the influence of these key decision
factors in the planning process by changing the initial probability levels to observe the outcome on the other events.

So, the ISM output along with the CIA simulation output is the base of the scenarios analysis. We are going to illustrate this
process using the example of the original Turoff's paper step-by-step! [16]. In the original paper, a single economist developed and
estimated the cross impact factors for what he felt were the ten critical events for the U.S. economy in the decade following 1971
(Table 1).

Their event numbers in the following analysis will represent these ten events.

3.1. Cross-Impact Analysis

The main output of the CIA process is a cross-impact matrix (Table 2). The calculation process of this matrix is fully explained in
[16]. The rows and the columns of the matrix are the events, the cells are the influence factors Cj; (Eq. (1)), the diagonal being the
overall probabilities (OPV). Note that the cross-impact matrix is associated with the G vector.?

The G vector (column) represents the influence of external events on each i-th event. The row for G; is all zero since the explicit
internal events do not influence the unknown external events. Based on this cross-impact matrix we are able to forecast a scenario
by means of making hypothesis about the occurrence (or not) of the events E;. We can obtain this results running the simulation
algorithm explained in [16, p. 354]. In this example, we obtain a scenario forecast in which events 1 and 6 are supposed to occur
and the rest are not.

" An earlier version of this paper dealing with original 1972 problem and Emergency Management applications of forming mini-scenarios was presented at the
ISCRAM 2010 conference (http://iscram.org).
2 Authors' note: There was an erratum in the original paper. The symbol of the gamma factor linked to the 10-th event appeared as positive.
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Table 1
Events of the original paper.

Event Description

number

1 The U.S. gets into a trade war with one or more of its major trading partners (Japan, Canada, and western European countries).

2 Comprehensive tax revisions enacted with most present exemptions and exclusions removed, but with rates lowered.

3 Rigorous anti-pollution standards are adopted and strictly enforced for both air and water.

4 The U.S. averages at least 4% per year growth rate of real GNP for the time frame.

5 Defense spending declines steadily as a per cent of the federal government's administrative budget.

6 The U.S. experiences at least one major recession (GNP Decline is greater than 5% for a duration greater than 2 quarters) during the ten-year period.

7 A federal income maintenance system (e.g., negative income tax) replaces essentially all current state and local welfare programs.

8 The oil import quota system is phased out and domestic oil prices allowed to fall to the world price.

9 The U.S. agricultural price support system is dismantled.

10 A federal, -state and local revenue-sharing program is adopted which allocates at least 5% of federal revenues to state and local governments.
Table 2

Cross-impact matrix and G vector.

1 2 3 4 5 6 7 8 9 10 Gi

1 OVP —0.29 0.00 —0.81 —0.33 1.57 0.00 —0.25 —0.22 0.00 0.23
2 —0.50 ovP —0.23 0.46 0.00 —0.77 0.90 0.29 0.25 0.42 —1.33
3 —0.41 0.31 OovP 043 0.74 —0.58 0.00 0.27 0.24 0.68 —0.30
4 —0.81 0.58 0.07 OVP 0.33 —1.21 0.33 0.25 0.22 0.33 —0.05
5 —0.88 0.58 —0.14 0.81 OvP —0.31 0.74 0.00 0.00 0.36 —1.02
6 0.88 —0.36 0.00 —2.70 —0.42 OvVP —0.38 —0.31 —0.28 —0.38 0.88
7 —041 0.99 0.00 0.88 1.16 —0.29 OVP 0.00 0.00 0.68 —0.91
8 —1.62 —0.50 0.00 0.58 0.48 —1.16 0.00 ovP 0.60 0.58 —0.97
9 —1.49 0.00 0.00 0.93 0.00 —1.07 1.25 1.01 OVP 1.25 —3.29
10 —041 0.99 —0.14 0.88 1.16 —0.58 0.68 0.00 0.00 ovP —0.74
eh 0 0 0 0 0 0 0 0 0 0 ovP

3.2. Structural matrix model

Our starting point for the structural matrix model is the cross-impact matrix, obtained with the CIA (Table 2). As mentioned in a
previous section, ISM needs as input an A matrix, that should be square, positive and binary. The cross-impact matrix is a square
matrix but is neither positive nor binary. So firstly, we need to transform the cross impact matrix in to a positive matrix; that is, a
matrix with all its elements equal to more than zero (Table 3). This is the unfolding of the weighted directed graph cross impact
factors (Table 2) into a positive definite matrix where the occurrence and non-occurrence of each event is now a separate node in
the graph. This results in a symmetric positive definite matrix in which the properties between the occurrence and the non-
occurrence are:

+ E;— + E; implies that —E;——F;
—E— + Ej implies that + Ei——E;
short hamdJ + i— + j implies —i——j

with events 1 to n and —1 to —n being the rows and columns we have in the matrix's four areas. The two areas around the
diagonal use the Cj; >0, and the opposite areas use the Cj; <0 in but the absolute values (Table 3).

Secondly, we are going to transform this matrix to binary. To reach this aim, we need to decide what the limit is to consider the
Cjj as relevant.

In our case, we assume an arbitrary value (0.85) as the lower limit for reachability in order to illustrate the process. The result of
this transformation is the A matrix (Table 4). From this adjacency matrix, we can obtain the M matrix as was previously explained
in expression (4).

Table 3
Transforming the cross-impact matrix into positive elements.

Occurring events (E;) Non-occurring events (—E;)

Occurring events (E;) +Cj —Gj
Non-occurring events (—E;) —Gjj +Gjj
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Table 4
Adjacency matrix for |Cj|>0.85.

1 2 3 4 5 6 7 8 9 10 -1 -2 -3 —4 =5 —6 -7 -8 -9 —10

1 0 0 0 0 0 1 0 0 0 0 0 0 0 0 1 0 0 1 1 0
2 0 0 0 0 0 0 1 0 0 1 0 0 0 0 0 0 0 0 0 0
3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
4 0 0 0 0 0 0 1 0 1 1 0 0 0 0 0 1 0 0 0 0
5 0 0 0 0 0 0 1 0 0 1 0 0 0 0 0 0 0 0 0 0
6 1 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 1 1 0
7 0 1 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0
8 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0
9 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
10 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0
-1 0 0 0 0 1 0 0 1 1 0 0 0 0 0 0 1 0 0 0 0
-2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 1
-3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
—4 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 1 0 1 1
-5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 1
—6 0 0 0 1 0 0 0 1 1 0 1 0 0 0 0 0 0 0 0 0
-7 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 1 0
-8 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0
-9 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
—10 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0

3.3. Multilevel diagraph

Then, we apply ISM in order to obtain the representation of the multilevel diagraph as explained in [19]. We have to divide the
nodes into two sets: antecedents (Ant) and succedents (Suc).

Suc is of the set construed with element s; to all that can reach element s;. Ant is of the set construed with all of the elements s;
that can reach element s;. The intersection between them will give us the intersection set (Int) (Table 5). Due to our having two
symmetric sets of events, we will obtain two symmetric diagraphs. In order to avoid duplication, we are going to represent a
unique diagraph with two groups of events. We will use the term ‘group of events’ to denote a set of events with the same destiny
of occurrence (or not). We have two groups: occurring events (+E;) and non-occurring events (—E;) (Table 3). Regarding the
interrelations between events, connections between events of the same group represent positive impacts; connections between
events of different groups represent negative impacts. In Fig. 3 events have been classified in to the groups according with the
forecast obtained by means of the CIA analysis.

The diagraph expressed in Fig. 3 includes connections between all events except for event 3. This failure of the method to
include event 3 in the diagraph is because all impacts related to event 3 are less than the arbitrary value 0.85. Note that we need to
discard information when we take the Cj; weights and convert them to zero or one. We are going to avoid this limitation by treating
the adjacency matrix determination as a sensitivity analysis. By means of this analysis, the clustering process as it occurs among
events can be represented sequentially. The users should choose how far down they want to go (Fig. 4, Table 6).

This sensitivity analysis starts with the analysis of the |Cj| distribution. Applying the K-S test, we find that the |C;| follows a
Normal distribution with a reliability of 99% (p value = 0.308). If we take the non-zero |Cj;| values and plot the number of them as a
histogram from zero to the largest absolute value, we have the |Cij| distribution. Now we are going to apply the structural analysis
by taking the k% largest absolute values for Cj;. Fig. 5 shows the diagraph for percentile 90.

This diagraph only includes the high impacts between events. That is, in this diagraph events 2, 3, and 5 are not in the
representation. Fig. 6 illustrates the diagraph for percentile 80. At this level of analysis, we represent the events 5 and 2 in the
diagraph, but not event 3.

The analysis of the percentile 70 is the same as the initial example (Fig. 3), so we go through the diagraph for percentile 60
(Fig. 7).

Analyzing the output of the CIA-ISM for percentile 60, we are able to make a complete forecast about occurrence of the events
in the set along with a graphical interpretation of the impacts between them. In other words, we have a complete forecasted
scenario. Additionally, we have some cycles in the diagraph that indicate strong connections between some of the events. As
mentioned previously, these cycles may be interpreted as mini-scenarios of events that are robustly interrelated in their
occurrence. So one may represent the results of Fig. 7 in the following as providing 3 independent events and two independent
mini-scenarios:

—3,—8,—9, ((6.—4),1),(—2,—10,—7,—5)). (5)

At this stage, a person or group can decide to what extent they want to utilize these results to reduce essentially the ten events
to essentially five events where two of them are really mini-scenarios. We may continue this process of clustering events into
mini-scenario by means of treating the adjacency matrix determination as a sensitivity analysis until we found a |C| value for
which an E; event has at the same time, as antecessor or successor the occurrence and non-occurrence of an event E;. We call to this



Table 5

Sets for |Cij|>0.85.

Ant Suc Int L1 Ant Suc Int L2 Ant Suc Int L3 Ant Suc Int 14 Ant Suc Int L5
1 16,—4 1,6,—2,—4,—5, 16,—4 1,6,—4 16,—2,—4,—5, 16,—4 16,—4 16,—2,—4, 16,—4 1,6,—4 16, 16,—4 16,—4 16—4 16,—4 1
—7,—8,—9,—10 —7,—8,—10 —5,—7 —4,—5
2 24,57, 2,79,10 2,7 24,57, 2,7,10 2,7 24,5,7,—1, 2,7 2,7 2
—-1,—6 —-1,—6 —6
3 3 3 3 -
4 4,—1,—6 245789, 4,—1, 4,—1,—6 2,4,5,78,10, 4,—1, 4,—1,—6 2457,—1, 4,—1, 4,—1, 45, 4,1, 4,-1, 4,-1, 4,-1, 4
10,—1,—6 —6 —-1,—6 —6 —6 —6 —6 -1, —6 —6 —6 —6
—6,
5 4,5,—1,—6 2,5,7,9,10 5 4,5,—-1,—6 2,5,7,10 5 4,5—1,—6 2,57 5 4,5, 5 5 5
-1,
—6
6 16,—4 16,—2,—4,—5, 16,—4 16,—4 16,—2,—4,—5, 1,6,—4 1,6,—4 1,6,—2,—4, 16,—4 1,6,—4 1,6, 1,6,—4 16,—4 16,—4 1,6,—4 6
—7,—8,—9,—10 —7,—8,—10 —5,—7 —4,—5
7 24,57, 2,79,10 2,7 24,57, 27,10 2,7 24,5,7,— 2,7 2,7 7
—-1,—6 —-1,—6 1,—6
8 4,8,—1,—6 89 8 4,8,—1,—6 8 8 8
9 24,5789, 9 9 9
10,—1,—6
10 2,4,5,7,10, 9,10 10 2,4,5,7,10, 10 10 10
—1,—6 —-1,—6
—1 —1,—64 —1,—6,24,5, -1, —1,—64 -1, -1, —1,—64 -1, -1, -1, -1, -1, -1, -1, -1, —1
78910 —64 —6,2,4,57810 —64 —6,2,45,7 —6,4 —-64 —645 —64 —-64 —-64 —64
-2 —2,—4,—-5, —2,-7,-9,—10 -2, —2,—4,-5, —-2,—7,—10 -2, —2,—4, —2,—7 -2, —2
7,16 —7 —-7,1,6 —7 —-5—-7,1,6 —7
-3 -3 -3 -3 -
—4 —4,16 —2,—4,—5-7, —4]16 —4,16 —2,—4,—5-7, —4]16 —4,1,6 —2,—4, —4,16 —4,1,6 ,—4, 4,1,6 —4,16 , —416 —4
—8,—9,—10,1,6 —8,—10,1,6 —5,-7,1,6 —5,1,6, —4,1,6
-5 —4,—5,1,6 —2,—5,—7, -5 —4,-516 -—2,-5-7,—10 -5 —4,—5,1,6 —2,—5, -5 —4, -5 -5 =5
—9,—10 —7 51,6
—6 —1,-64 -1, -1, —-1,-64 -1, -1, —1,-64 -1, -1, -1, -1, -1, -1, -1, -1, —6
—6,2,4,5,7,8,9,10 —6,4 —6,2,457810 —64 —6,2,4,5,7 —6,4 —-64 —-645 —64 —-64 —64 —64
-7 —2,—4,—-5, —2,—-7,—-9,—10 -2, —2,—4,-5, —-2,—7,—10 -2, —2,—4, —2,—7 -2, =7
—-7,1,6 -7 —-7,16 -7 —5,-7,1,6 -7
-8 —4,—-8,16 —8,—9 -8 —4,—-8,16 -8 -8 -8
-9 —2,—4,-5-7, -9 -9 -9
—8,—9,—10,1,6
—10 —2,—4,-5, —9,—10 —10 —2,—4,-5, —10 —10 —10
—7,—10,1,6 —-7,-10,1,6
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|Gjj| value the limit of the forecasted scenario. In this example the limit is [C,5| = 0.4975. In next section the scenario for this limit
will used as be expressed in the ISM.

3.4. Interpretive structural model

In the ISM stage we replace in each diagram the labels of the events for their statements. In Fig. 8 is represented the ISM for
|Cij|>0.4975, the limit of the forecasted scenario. Note that in this stage we have represented the group of events +E;

Table 6

Percentiles of the |Cj| distribution.
Percentile 90 1.1581
Percentile 80 0.9198
Percentile 70 0.8109
Percentile 60 0.6450
Percentile 50 0.5389
Percentile 40 0.4132
Percentile 30 0.3409
Percentile 20 0.2950

Percentile 10 0.2508
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(occurring events) shaded in gray and — E; (non-occurring events) in white. Based on these results experts are able to compare
the ISM results with their mental model and, in case, correcting their initial estimations (Fig. 8).

The main of this feedback process is avoiding any conceptual inconsistency. Once the experts are confident with the results of
the ISM the scenario analysis should be carried out.

3.5. Scenario analysis
In terms of reliability, the forecasted scenario (Fig. 8) contains 51.38% of the C;; of the model and over the 75% of their sum. This

ISM result is supported by the analytic simulation method expressed in [16] so we can say that the forecast is consistent and
includes the greater part of the impacts of the model. Nevertheless, in the process of stepping through the incorporation of more of
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the larger Cj; factors and reviewing the resulting model for all Cjj's greater than (or equal) to an absolute value we are, in fact,
ignoring a remaining set of C;;'s below that value. So it is possible to apply an ISM analysis for the remaining |Cj;| <0.4975 to provide
a model of the relationships we have ignored. These interrelations would be easily analyzed by means restarting the process of
treating the adjacency matrix determination as a sensitivity analysis as many times as necessary.

While interesting, taking an event set to the limit makes the results too simple to be useful in trying to create a dynamic model
to try different variations of initial P; values to see the impact on the outcomes. Scenarios are useful if they have a meaningful
theme. Analyzing the ISM of the forecasted scenario (Fig. 8), we can in principle group any of the level 2 events in to subsets. For
example, (trade war and major recession) represents the strongest negative outcome and might well be a negative scenario.
Creating other scenarios in this case of say actions that can be taken like (tax revisions and revenue sharing) and consequence
scenarios like (high growth and reduction of defense spending) are clearly possible choices. We will discuss this more in the
second problem where we will examine sensitivities in a number of ways.

4. Major extensions to cross-impact models

Some important factors allow us to extend the original 1972 model to represent a much wider set of relationships than the
original cross impact formalism:

» The Fermi Dirac distribution represents in Quantum Mechanics the distribution for whether an atom is in or is not in an
excitation state. This is an event that occurs or does not occur. This is very analogous to the concept of whether an event occurs or
does not occur in the future.

* The transformation allowed by this relationship converts a subjective probability estimate, a nonlinear parameter, to linear cross
impact factors varying from plus infinity to minus infinity with the zero (i.e. origin) value reflecting a “0.5” probability or an odds
ratio of “1.0".

» The probability concepts in Quantum Mechanics reflect probability estimates of casual relationships that do not follow the
probability calculus.

The result of the above is that we conceptually think about the Cj; and the G; as linear influence factors that we may add and
subtract to obtain additional measures of influences. What we have done is converted a non-linear scale to a linear one. Not only
does the above allow us to employ ISM to recognize meaningful scenarios among the original event set but it also allows us to view
this method of CIA [16] as scaling theory for subjective judgment in the sense that Torgerson [45] originally interpreted scaling
theory. Being a physicist by training, he viewed Scaling Theory as the investigation and development of measurement instruments
for human judgment. To many scientists the improvement of measurement instruments was fundamental to the ability to confirm
or disprove theoretical hypotheses as well as creating new theories to explain new observations provided by the instruments. A
further observation in the classical probability literature is that the ¢; factors [16] have been interpreted as “weight of evidence
(WOE)” [46], which implies an additive (linear) quality. Both probability and the measure of odds are highly non-linear and they
do not allow the easy visualization that the linear scale of the C;; provided. For that reason that it is helpful to provide subjective
scales for making probability and/or validity estimates (Table 7).

This linear property also allows the meaningful clustering of the events into mini-scenarios. If we accept the above viewpoints
as the way to view this particular cross-impact approach, it becomes easy to conceptualize the following characteristics and
extensions to the basic model. These are illustrated in the problem we have chosen as an example of these extensions.

Table 7

Subjective scales for making probability and/or validity estimates.
Numeric Probability Validity 0Odds Log(odds) Ln(odds)?

Possibility Degree of truth rato WOE(10) WOE(e)

1.00 (0.99) Certain to occur Certain to be true 99.00 2.00 4,60
0.90-0.98 (0.95) Very probable Very probably true 19.00 1.28 294
0.80-0.89 (0.85) Highly probable Highly probably true 5.67 0.75 1.74
0.70-0.79 (0.75) Probable Probably true 3.00 0.48 1.10
0.60-0.69 (0.65) Likely Likely to be true 1.86 0.27 0.62
0.56-0.59 (0.57) Possible Possibly true 133 0.12 0.29
0.45-0.55 (0.50) Unknown/no judgment Unknown no judgment 1.00 0.00 0.00
0.41-0.44 (0.43) Possibly not Possibly not true 0.75 —0.12 —0.29
0.31-0.40 (0.35) Unlikely Unlikely to be true 0.54 —0.27 —0.62
0.21-0.30 (0.25) Improbable Improbably true 0.33 —0.48 —-1.10
0.11-0.20 (0.15) Highly improbable Highly improbably true 0.18 —0.74 —1.71
0.02-0.10 (0.05) Very improbable Very improbably true 0.05 —1.30 —3.00
0.00 (0.01) Certain to not occur Certain to be false 0.01 —2.00 —4.61

2 The original work on WOE used log to the base 10 but we really need to use Ln to the base e, natural logs since that is what is used in our distribution function
and the calculation of the Cj;.
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Dynamic Events (E;): We have always assumed that the dynamic events could or could not occur during a certain time period.
Within that time period, the factors we are estimating between E; and E; are measures that are valid during that time period.
We also interpret the G; as an expression of the influence on the i-th event of all the events we did not make explicit in the
model we are creating.

Source Events (I;): One can also include source events, initial conditions, assumptions, or events that have already occurred for
the problem being treated. In this case, all such source events are assumed to be 0.5 probabilities. When the model is applied to
a given situation one can decide if the event has occurred or not occurred. No events in the set can influence the source events.
Therefore if k is a source event all C,; = 0 for any other event type i as does Gy (to give the initial value of P, =0.5). Conversely,
the estimator can judge the Ry, or Sji for all the other events so that a Gy can be determined [16].

Outcome Events (O;): These are events that occur at the end of the time period that measure the results of the system that is
being modeled. For example, if one is measuring a conflict situation between two entities then one can define a probability of
success for one entity which is one minus the probability of success of the other entity. In the example, we have chosen there
will be a number of outcomes having to do with performance and cost measures. In this case, any of the source or dynamic
events can influence these outcome events; however, the outcome events cannot influence the other events. If k is an outcome
event all G, = 0 for i events that are either source or dynamic. Conversely one can judge the Ry; or Sy; for k outcome events and i
source or dynamic events.

4.1. The problem

Since this will be a one person model rather than a composite by experts, we resort to a topic one of the authors has familiarity
with, having taught it for a considerable number of years. The choice of events and the estimates for those events are by Dr. Turoff.

Even today, there is considerable error in the predictions of the cost and performance of a software development process. A
large percentage of software development projects end up to be failures in terms of either the non-performance of the desired
results for the users, or in much higher than estimated costs. The events of the model reflect a series of lectures to a graduate
course in the Management of Information Systems. However, the model presented here does reduce a somewhat larger set of
potential events to a set of 4 source events, 10 dynamic events, and 4 outcome events. This represents about 196 consistent
estimates that must be made by a single estimator and is about twice the number needed for the original 1972 ten-event set. The
problem of collaboratively treating the estimation of a larger set will be taken up after this example. We will only give a few
explanations to illustrate the thinking that goes into such an event set. Our major goal here is to illustrate the expanded cross-
impact modeling capability. The events below have a short title to be used in listing the analytical results.

4.1.1. Source events
The Source events or the initial conditions that can be judged, usually to be true or false, at the beginning of the time period are:

[1. Evaluation Organization: An evaluation unit exists outside of the existing computer services organization(s) (indicates a
time in the past when the computer operation ran amuck and a formal control group had to be established).

[2. Minimal Internal Development: The organization has a general management policy of using off the shelf software where
possible (indicates limited ability to develop new applications internally).

3. Management Computer Literacy: Management is expected to be computer literate in Decision Support Applications
(indicates some significant degree of computer literacy for all levels of management).

[4. Technology oriented: The organization deals with technological products and/or services (indicates some significant degree
of computer literacy for most types of professionals).

The degree to which each of the above is true or false about the organization gives some much needed background about what
types of problems can or cannot occur. By knowing the organization one can reset the 0.5 probability in the final model to higher or
lower values and see the impact upon the results.

4.1.2. Dynamic events

The dynamic events are the core of the modeling process and their initial values are chosen to reflect current wisdom about
their likelihood. They are also chosen to provide a balanced model where possible negative influences as well as positive influence
events are somewhat equally represented. A good cross impact model should reflect a range of outcomes from desirable to
undesirable, depending to some extent on choices available to the management of the organization being modeled.

E1: Requirements by Management: A management Committee decides on the final requirements for the system.

E2: Requirements by computing professional: A professional software engineer decides on the final requirements for the
system.

E3: Requirements by users: A sizable requirements study effort involving significant user participation determines the
requirements.

E4: Modification of existing software by organization: An existing application package is purchased and modified by the
organization to meet the requirements.
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E5: Modification of existing software by supplier: An existing application package is purchased and modified by the supplier to
meet the requirements.

E6: Prototype first: A prototype is developed and tested by the users in parallel with the existing system.

E7: Evolutionary Development: An evolutionary or incremental approach is taken for the development of the system.

E8: Upfront Cost-Benefit study: A detailed cost-benefit study is undertaken before requirements are fully developed.

E9: Cost-Benefit after requirements: A detailed cost-benefit study is done after the requirements are specified.

E10: Evaluation of Existing Applications: Regular evaluation and modification studies are typical of existing software
applications in this organization.

Clearly this is a top level set of some of the most important and obvious considerations that affect the outcome of a software
development process. There are many more factors that can be brought in but it would really require collaboration where different
contributors would focus on the estimates that represent the factors that they feel confident in dealing with.

4.1.3. Outcome events
We have specified two typical negative outcomes followed by two positive ones. These reflect both the effectiveness vs.
efficiency paradox and the difference between long and short term considerations.

01: Development Costs: Development costs significantly exceed original estimates.

02: Maintenance Costs: Maintenance costs significantly exceed original estimates.

03: Effectiveness: System is considered a success by both the direct and indirect users of the system'’s outputs.
04: Low Life Cycle costs: The life cycle costs are low for this type of application.

In most cases the first two are more likely P;=0.6 than the latter two P;=0.4 and you will note the initial values for those
reflect that difference.

4.2. Cross-Impact Analysis
Once we obtain the subjective probabilities, we are able to build the cross-impact matrix (Table 8).

In order to get a numerical estimate of the total variability in the matrix of influence factors we examine the following linear
sums of Cj; for the original Cj; matrix

|Source Events Influences| = > |C;| = 103.53 (6)

[Dynamic Events| = >_|G;|—2_|Cy| = 213.83 (7)

|External (unspecified) Event influences| = >_|G;| = 30.69. (8)
Table 8

Cross impact matrix and G vector.

1 12 |E] 14 E1l E2 E3 E4 E5 E6 E7 E8 E9 E10 01 02 03 04

I ovP 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
12 0.00 ovP 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
I3 0.00 0.00 OovP 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
14 0.00 0.00 0.00 OVP 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
E1 —1.08 447 —-270 —1.08 OVP —039 —344 0.74 059 —2.63 —279 2.26 098 —2.48 0.00 0.00 0.00 0.00
E2 —-046 —-096 —153 —153 —1.10 OVP —3.09 286 —0.64 056 —1.28 1.37 0.42 0.85 0.00 0.00 0.00 0.00
E3 1.53 —043 3.16 153 —146 —1.26 OvP 0.00 0.00 3.31 352 —267 1.13 2.62 0.00 0.00 0.00 0.00
E4 —1.39 3.58 0.00 4.28 000 —0.68 —1.25 OVP 000 —2.11 000 —059 —228 —1.39 0.00 0.00 0.00 0.00
E5 —0.58 6.59 0.96 1.80 000 —1.69 —3.82 0.00 OVP —292 —354 034 —3.54 —216 0.00 0.00 0.00 0.00
E6 242 —1.27 0.93 093 —1.90 0.71 3.29 0.00 0.00 OVP 2.68 —344 3.15 099 0.00 0.00 0.00 0.00
E7 162 —1.96 3.12 1.62 —0.77 1.25 344 —1.63 0.00 3.26 OVP —4.78 1.78 3.98 0.00 0.00 0.00 0.00
E8 0.00 0.96 1.39 0.96 0.36 0.74 —5.07 0.80 000 —229 -3.11 OVP —599 —2.76 0.00 0.00 0.00 0.00
E9 1.29 —-0.80 1.80 084 —1.17 1.38 0.00 0.70 0.00 123 —081 —0.81 OVP —1.32 0.00 0.00 0.00 0.00
E10 —1.62 —270 1.49 149 —3.72 1.15 507 —135 0.00 4.22 6.43 —347 3.26 OVP 0.00 0.00 0.00 0.00
01 —0.88 1.62 —196 —0.88 058 —1.51 0.68 0.00 1.08 052 —2.24 054 —147 —139 OVP 0.00 0.00 0.00
02 —1.96 358 —196 —1.96 058 —151 —1.25 1.35 1.08 —147 —224 0.54 000 —1.39 000 OVP 0.00 0.00
03 196 —1.62 1.96 3,58 —0.58 0.68 276 —135 —1.08 2.11 224 —0.54 1.47 1.99 0.00 0.00 OVP 0.00
04 3.58 —1.62 1.96 3.58 —0.58 0.68 276 —1.35 0.00 1.47 325 —054 0.00 1.99 0.00 0.00 0.00 OvP
Gi 0.00 0.00 0.00 0.00 0.68 235 —164 —0.03 1.85 —299 -219 395 —154 —142 175 135 —395 -5.01
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Fig. 9. Diagraph for |G| >1.69.

In the original model the total of all influences is

[Total Impacts| = >~ |C;| + >_|G;| = 348.07. 9)

This allows us to calculate the relative fractions or percentages of the impacts due to each type of event.

|Source events impact| / |Total Impacts| = 0.30 = 30% (10)

[External events Impacts| / [Total Impacts| = >_|G;|/(2_|C;| + 221G;|) = 0.09 = 9%. (11)
Therefore, only 9% of the influences are due to the events we did not specify. The dynamic events make up 61% of the influences.

We see that the source and the unknown external events account for 39% of the influence and the dynamic events of the model
account for 61% of the influence.

4.3. Scenario analysis

By applying the CIA-ISM approach described in Section 3 we can represent the forecasted scenario by means of a diagraph
(Fig. 9). The limit of this forecasted scenario is |Cy| = 1.69, so it includes the 42.77% of the Cj; and the 61.97% of the linear sums of Cj;.
We obtain the same result by means of the simulation when we make the probability of the source events I11=0.01, 12=10.99
and I3 =0.01 (Table 9). Regarding the source event I4, it can be easily checked by using the simulation algorithm explained in [16]
that we obtain the same result when the probability is 14 =0.99 or 14 =0.01. That is, we obtain the same result of the graphical

Table 9
Forecasted scenario—simulation for I1 =0.01, [2=0.99, I3=0.01 and 14=0.99.

Events  Pi STEP1  STEP2  STEP3  STEP4 STEP5 STEP6  STEP7  STEP8 STEP9  STEP10  STEP11  STEP12  STEP13  STEP14
11 0010 0 0 0 0 0 0 0 0 0 0 0 0 0 0
12 0990 1 1 1 1 1 1 1 1 1 1 1 1 1 1
13 0010 O 0 0 0 0 0 0 0 0 0 0 0 0 0
14 0990 1 1 1 1 1 1 1 1 1 1 1 1 1 1
E1 0700 0993 0999 0999 0999 1 1 1 1 1 1 1 1 1 1
E2 0.650 0.603 0883 0915 0917 0917 0917 0917 0918 0918 0918 0918 0.918 1 1
E3 0350 0.050 0.009 0.004 0004 0004 0.004 0.004 O 0 0 0 0 0 0
E4 0.600 0.994 0998 0998 0998 0998 0998 1 1 1 1 1 1 1 1
E5 0750 0995 1 1 1 1 1 1 1 1 1 1 1 1 1
E6 0.150 0.018  0.001 0.001 0 0 0 0 0 0 0 0 0 0 0
E7 0.200 0.008 0 0 0 0 0 0 0 0 0 0 0 0 0
E8 0.850 0.838 0998 0.999 0999 0999 1 1 1 1 1 1 1 1 1
E9 0450 0.157 0.141 0.172 0178 0179 0.178 0.179 0179 0179 0.179 0.179 0.179 0.196 0
E10 0010 O 0 0 0 0 0 0 0 0 0 0 0 0 0
01 0.600 0916 0970 0959 0955 0955 0955 0955 0955 0954 0954 0.954 1 1 1
02 0.600 0.967 0996 0994 0994 0994 0994 0994 0994 1 1 1 1 1 1
03 0400 0.163 0.010 0009 0009 0010 0.010 0.010 0.009 0.009 0.009 0 0 0 0
04 0.400 0.079 0.008 0.007 0007 0007 0.007 0.007 0.007 0007 O 0 0 0 0
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resolution. This seems to verify the simulation approach as providing a valid analysis of the influence implications for final
outcomes.

Ocurring Events Summary 12, [4— > E1, E2, E3, E4, E5, E8— > 01, 02. (12)

Table 10 is useful for understanding the graphical results and also for the estimator to understand better the implications and
consistency of his or her estimates.

The estimator (in this case) feels that a company that does little internal development is likely to use this approach to such an
extent that the initial condition 12 is about twice the influence weight (4.47) as the second most important factor, that of doing a
Cost-Benefit Study before there are any user or detailed requirements (2.26). The next three positive influences are all less than 1/
2 the magnitude of this.

The negative influence factors start with E3 (— 3.44) which is clearly contradictory to E1 and is followed by many items that
would influence alternatives to develop requirements. Note the only events not involved, by definition, are the outcome variables
which have zero influence factors on all the other events, as indicated by blanks for values to allow better visualization. The second
column shows the actual weight applied because of the values for P; multiplying the influence factors. This does not change the
relative amounts much for the positive influences but makes the third negative influence most important. The idea is that
computer literacy on the part of management might change their minds about designing the requirements without inputs from
the employees that are going to actually use the system.

The other example is a negative outcome variable (Table 11): Large Development Costs (O1). This is still almost a majority of
the outcomes in the development of new applications. This outcome did not show up in the diagrams until after 30% of the largest
influence factors were used. What we can see is that the positive influences are low and when one multiplies by the initial
probabilities, all the values of Cjj«P; are less than 1.0.

A manager trying to insure that development costs are kept in line is really involved in somewhat of a coin toss and has to
control a lot of different things to make sure costs don't grow beyond the project budget. It is not possible to focus on just one or
two reasons for runaway software development costs. It is easier to understand runaway maintenance costs, at least in the view of
the one estimator of the inputs to this model.

4.4. Clustering summary
Looking at the first three graphs in the ISM analysis, we have the following cluster possibilities:

(((E8, E1), (—E10,—E7)), (—E3,—E6)). (13)

If one is trying to replace the original ten internal events with a simpler model, then one can choose to cluster any of the three
doublets, one four event inner model and a doublet, or all six events into one mini-scenario. The decision to do this in the case of
this management problem should depend on the following:

* Are any of the possible mini-scenarios independent of management control or actions? If so, there is no reason not to create the
mini-scenario to reduce the complexity of the overall problem.

* Are any of the possible mini-scenarios influenced by the same influencing events? If so, they can also be turned into mini-
scenarios.

* Management can decide to take actions that make the events in the chosen mini-scenarios to be true, whether the events
consistently occur or don't occur according the combined scenario.

Table 10

E1—requirements by management (ordered influences table).
J event ID Short title E; G Cij*P;
12 Minimal internal development 447 223
E8 Upfront cost-benefit study 2.26 1.69
E9 Cost-benefit after requirements 0.98 0.44
E4 Modification of existing software by organization 0.74 0.44
E5 Modification of existing software by supplier 0.59 0.44
E2 Requirements by computing professional —0.39 —0.25
I1 Evaluation organization —1.08 —0.54
14 Technology oriented —1.08 —0.54
E10 Evaluation of existing applications —2.48 —0.25
E6 Prototype first —2.63 —0.39
13 Management computer literacy —2.70 —1.35
E7 Evolutionary development —2.79 —0.56

E3 Requirements by users —3.44 —1.20
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Table 11
O1—large development costs (ordered influences table).

J event ID Short title E; Gjj Gjj*P;

12 Minimal internal development 1.62 0.81
E5 Modification of existing software by supplier 1.08 0.81
E3 Requirements by users 0.68 0.24
E1 Requirements by management 0.58 041
E8 Upfront cost-benefit study 0.54 041
E6 Prototype first 0.52 0.08
E4 Modification of existing software by organization (no impact) 0.00 0.00
I Evaluation organization —0.88 —044
14 Technology oriented —0.88 —044
E10 Evaluation of existing applications —-1.39 —0.14
E9 Cost-benefit after requirements —147 —0.66
E2 Requirements by computing professional —1.51 —0.98
13 Management computer literacy —1.96 —0.98
E7 Evolutionary development —2.24 —0.45

Note that in the final model and the forecasted model the only dynamic event influencing the full scenario above is E9 (Cost
benefit after requirements). The other influencing factors are three of the Initial Conditions. I3 does influence E9. Changing initial
conditions is usually a strategic decision that may take more time and effort than the internal events that are controllable.

If a new reduced cross impact model is to be composed it will treat each chosen mini-scenario as a single event. It may also be
that the user or users of this model decide they need to create some new events to describe potential increased control over the
outcomes of the model. This would be normal in terms of any use of the model in a continuous planning process.

4.5. Outcome events analysis

We use the process of the perturbation simulation to calculate the outcome of all the events. We take each source or internal
event and set each one in turn to a value of 0.01 and then to a value of 0.99. In the simulation model approach [16] this causes that
event to either occur or not occur first in the sequence, causing the other events affected to change their values and then take the
one closest to 0 or 1 to next occur. The process continues until all the outcomes are determined (Table 12).

The outcome events are divided into two bad outcomes (01 and 02) where development costs and maintenance costs greatly
exceed the forecast amounts. The good outcomes (03 and 04) are user acceptance and low life cycle costs. The following table
shows for each event whether the occurrence or non-occurrence of that event causes the good outcome or the bad outcome to
occur. This is a summary of a large number of different runs of the model. Note that certain events do not matter and these are E2,
E4, and E5. Reviewing Fig. 9 helps to understand the specific influence paths and underlying logical clusters or mini-scenarios
leading to this result.

We note from the final diagrams that E2, E4, and E5 are essentially behaving as a set of three outcome variables, so that it is not
strange that they do not behave in the same manner as the other variables. They have no direct influence on the outcome variables.

Table 12
Outcome events analysis.
Event Good outcome Bad outcome
+03 and + 04 +01 and + 02
—O01 and —02 —03 and —04
Source/initial events
I1. Evaluation organizations +11 -1
[2. Minimal internal development —12 +12
13. Management computer literacy +13 -3
14. Technology oriented +14 —14

Internal events

E1. Requirements by management —E1 +E1
E2. Requirements by computer professional +E2 —E2
E3. Requirements by users +E3 —E3
E4. Modification of existing software by organization —E4+E4
E5. Modification of existing software by supplier +E5 —E5
E6. Prototype first +E6 —E6
E7. Evolutionary development +E7 —E7
E8. Upfront cost benefit study —E8 +E8
E9. Cost-benefit after requirements +E9 —E9

E10. Evaluation of existing applications +E10 —E10
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It is clear that the estimator did not adequately express himself with respect to E4 in this model because doing all the software
in the organization can be a bad thing, indicating that the organization does not have the internal talent to do successful
outsourcing of the software that is not strategic to the organization's mission. There should have been a separation of software
types into the software that is common to most companies and the software that is strategic to the company being modeled. This
extension of the event set would have required a number of additional events to deal with this complication in order for it to
become explicit in the model.

After we established this demonstration problem, we discovered a Delphi paper in the recent literature that tried to itemize all
the “events” that represent risks to software development projects [47]. This is the sort of group study that should precede the
development and use of a cross-impact model. This organizational planning effort would derive the potential events in the three
categories of initial condition events, dynamic events, and outcome events. This study focused on two expert groups: senior
executives and project managers of software development efforts in China. It reported on an earlier study based upon thousands of
IT projects started in 2006:

“only 35% were categorized as successful, 19% were outright failures, and the remaining 46% were completely over-budget,
behind schedule or failed in some way to meet user requirements” [48].

In Liu et al.'s [47] study, there were 34 project managers and 30 senior executives, with a mean of over five years of experience
for all 64 participants. The collective group came up with 57 risk factors and then the two different expert groups ranked the
importance of each factor. The independent group was asked to select the ten most important and the project managers selected
14 factors and the senior managers selected 13. The overall list was compared with two earlier studies to show which factors were
repeated and which were unique to this study. In this study, there were significant differences between the ratings by the two
expert groups. Only seven of the twenty top items were common to the two expert groups. The resulting 20 unique factors did not
include explicitly initial conditions or outcome events. In fact, a significant number are expressed as outcomes and not process
causes.

If the exercise done in this paper were repeated for a real group it would be interesting to incorporate most of these 20 factors
into this model as dynamic and outcome events. However, none of the top 20 risks of the Chinese study dealt with outsourcing,
organizational evaluation processes, development policies, who does requirements development, or actual programming. These
three areas are the main emphasis of the model made explicit in this paper. The lack of outsourcing in Chinese organizations is a
contrast with the U.S. that is not surprising.

If we consider the prior example using the set of ten economic future events for the U.S. back in 1972, we note it had a lot more
potential different mini-scenarios. The nature of broad economic events is that many possible influence relationships can be
conceptualized and rationalized. What the estimator in that case learned by the estimation process was that one event had
tremendous influence on good outcomes that eliminated a majority of the negative outcomes. This event was a major
simplification of the income tax which is even more complex today. He did not explicitly perceive how critical this event was until
he played with the model that he had created from his estimates.

With respect to the new cross-impact problem we have introduced, it is a process within an organization that is taught in many
courses dealing with the management of software development. It has been extensively studied and investigated and as a result,
there are certain well recognized influence relationships that are fairly direct and strong. While many different factors can make
the development process go wrong there are many strong principal and direct relationships that show up in the resulting
relationships diagrams produced by the use of ISM that reflect the cognitive model of the estimator.

4.6. Requirements for associated Delphi processes

The cross-impact methodology we have presented requires two different collaborative activities if it is to be a useful part of the
foresight process. The first is a group that creates the event set in a process where they may propose events and then evaluate their
significance for inclusion in building the model. The second is the group process to make the estimates of the cross-impact
relationships. We will discuss each as potentially two different undertakings that may or may not involve the same members.

The first process is a straightforward one of compiling a suggested list of events by members of the group and having the
individuals judge their significance. An example of a classical Delphi approach to doing this is the Chinese Delphi dealing with
software development [47]. However, one would expect in a company that a database of events would be created and updated on
a continuous basis by inputs from professionals and managers throughout the organization. One example of designing such a
database for emergency management applications of scenario development is described in a recent paper [49]. There have been a
number of general online Computer Mediated Communications based systems to allow the asynchronous gathering of any list of
items and continuous voting (and vote changing) on entries in the list on either an anonymous or non-anonymous basis [50-52].
The purpose of voting in this type of Delphi is to expose the existence of disagreements and to give the participants an opportunity
to expose and discuss the reasons for this disagreement. There is an excellent voting method for rating the significance of the items
in a single list of items, “Thurstone's Law of Comparative Judgment” [50,53,54]. In an organization that wants to run a continuous
planning process one would expect that anytime a professional has read something that stimulates a new idea for a meaningful
future event, he or she could put it in the corporate database.

A problem-solving dynamic Delphi process, such as the one developed by [54], is a good example of what is needed. It uses
Thurstone's Law of Comparative Judgment to convert the rank orders of the individual participants into a single group interval
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scale. This allows one to observe the most important clusters of events so that a subset can be chosen for applying the cross-impact
approach by the same group or a related group. The version of this technique described in the prior paper [54] allows the process to
proceed without everyone voting on all the events and to change their votes based upon the discussion.

The second collaborative process that is needed is the actual solicitation of the cross-impact process. The largest cross-impact
event set that one of the authors has actually experienced as the facilitator was for a company that wanted to look at the impact of
future government regulations on its services and products. This set had about eighty events and data were gathered by
professionals coming into a room with large tables having pieces of the matrix laid out, and they would do a subset individually of
the interactions. There are also related cases using this manual type technique for large PERT charts for construction type projects.
However, it is difficult in such an effort to really investigate differences of judgment. It is our view that a system has to be designed
and implemented that has the following properties:

1. The user can designate the subset of events he or she feels confident about for making estimates of the cross-impact probability
factors.

2. There should on the average be at least three estimators for every cross-impact cell that is non-zero.

3. If there is any disagreement about the direction of impact between two events this must be communicated to the current
estimators in a manner where they discuss the disagreement, preferably in an anonymous or pen name mode on an online
discussion system.

4. If agreement is not reached on the direction of impact, one needs to bring in additional estimators capable of judging that
particular interaction and/or a wider discussion is introduced to involve more of the participants.

5. Once there is agreement on direction of the relationship between any two events, one should also check that the estimated
probability values for a single interaction are all in one of the following alternative ranges for probability: 0.6 or greater (likely),
0.4 or less (unlikely), or between 0.4 and 0.6 (uncertain). One might want to allow a discussion in some cases when there is not
this level of agreement.

6. One should use Dalkey's [55] (expression (14)) derived Bayesian relationship to calculate a better group probability for a
specific interaction as opposed to using simple averaging of the estimates.

I17_ R
TI7'_ ,Ri + II"_ ,(1—Ri)

P(J/R) =

where:

(14)

J represents an event
R are the estimations
N represents the number of estimations.

Some of the same considerations should be applied when there are disagreements about the initial values of the probabilities of
the cross-impact events for the individual events. Dalkey [55] also points out that you want to have confident estimators that will
be definitive, and to avoid the 0.6 to 0.4 range unless it is truly a consensus agreement that the event outcome is highly uncertain
under the conditions specified.

Once we have an event set it should be given to a group to apply the cross-impact modeling. For small event sets or subsets all
participants should have access to develop their own model and examine the consequences. The consistencies and inconsistencies
the model provides can allow them to change their initial inputs to make them more consistent with the inferences the model
provides as they modify their estimates of the individual event probabilities and see alternative outcomes for which events occur
or do not occur. Once the individuals feel they have done the best they can for creating their world view of the future, the results
can be averaged to produce a group model. This can be done in the following way:

1. Average each Gjj and each G; for the group as a whole. Plotting these in terms of the frequencies of estimates for values along the
x axis around 0 in the plus and minus direction gives a good description of how consistent the group is. One would hope that
there is agreement about the direction of influence of the j-th event upon the i-th event. If this is not the case one needs to
engage in a discussion among the participants about why there is such a significant disagreement. Resolving this can send the
participants back to their individual models to change the associated estimates.

2. At this point one can apply ISM and start reducing the number of events by the formation of tightly coupled doublets of events
and, at some stage, decide on how far to go in reducing the initial n independent events into a smaller total number of events
and scenarios. This can bring about a significant reduction in the complexity of the results.

3. After the choice of reducing the event set complexity, one can ask the same set or a new set of participants to re-estimate a new
set of probabilities to develop a new model for the reduced event set.

4, An alternative option is to recalculate averages of the probabilities using the theory of least squares via the geometric mean, or
using the Bayesian formula given in Dalkey's 1975 paper for averaging probability estimates among a group of experts
(expression (14)).

5. Afinal option is to use the calculated cross-impact factors to set up a game by assuming initial probabilities of 0.5 for all events,
adding event sinks which are goals and objectives that are influenced only by the internal explicit events and do not in turn
influence any of them. In this case, the model determined by the factors reflects the choice of different options by two players or
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Table 13
Required estimators.
Initial conditions Dynamic events Outcome events Estimates Required estimators
4 10 4 186-200 3-5
10 30 10 1570-1620 24-40
10 50 10 3550-3620 64-90

teams who use resources to buy improvements in a subset of events by buying an improvement in a given event having a higher
probability of occurrence. This is viewed as a learning game in that the players should, from repeated plays of the game, get a
feel for the impact of the internal structure of the model which was developed by the collaboration of a group of experts in that
field [56].

The collaborative development of models is still a major challenge in the Delphi area and the various options described above
deserve further exploration and experimentation. The number of estimations needed basically depends on the size of the event set
and the number of the different types of events, as has been discussed previously. Regarding the number of experts, theoretical and
practical arguments claim that Delphi expert panels should be between 5 and 20 members [7]. Nevertheless, in some cases a panel
of three would be enough. That is, if three experts agree on the direction and the estimates are in a small range rather then spread
out it should be sufficient. If not one must give the three estimators a chance to discuss and to consider adding two more experts.
Five as a collaborative group is the first size that allows for a minority vote (2 to 3) so one can try to avoid the “Asch effect” [57]. The
above is consistent with 3-5 experts in any area being a rule of thumb in Delphi.

In the example discussed in Section 4, the average range of estimates for the 18 event set was 186 to 200 based upon whether
the initial P; values are estimated or assumed to be an initial value. It took two iterations of seeing the results of the estimates to
feel the model was a true reflection of the views of the estimator. We assume that a person can make estimates of about 200 values
if he or she is an expert in the area and can pick out 10 to 15 events in a larger set to provide estimates for. We also assume the
number of estimators needed varies from 3 to 5 for each estimate. This results in the following approximated table (Table 13).

What is difficult to estimate is how many non-interactions exist as this can reduce greatly the number of estimates for large
event sets. The above ranges for required estimators are reasonable from past experience with Delphi exercises dealing with
complex foresight problems. It is definitely what is needed to produce collaborative models of complex situations which require
interdisciplinary inputs.

4.7. Interaction

Once a model has been established for the group or for an individual it is possible to vary the initial probabilities of individual
events and see the degree of influence that this has on the occurrence of the other events by means of computer interaction. There
are also internal measures that quantifiably express to what degree a given event is controlled externally to the set. This indicates
either that it is truly external or that events might be missing that should have been included. One can also quickly list which
events have the most influence on which other events.

Due to the ladder (i.e. examine the consequences of each step before proceeding on or stepping back to fix one's balance)
nature of the model, it is possible to build subsets of mini-scenarios of which two, three, or four events always seem to happen or
not happen in combination. One can then create a new event set made up of compound events and in fact reduce the complexity of
the problem from n different events to a much smaller number of mini-scenarios including the extreme result of one scenario
made up of all the events. However, this should be done with the help of someone who knows the internals of the CIA model well
enough to be able to use the internal parameters to present a sensitivity analysis for the user group as a whole. Since probabilities
are highly non-linear variables, understanding of the model's consequences and the estimations by those without a good
understanding of the mathematical properties does require some guidance for most user groups. This is the case at least the first
time they go through using the model as an input to planning. The most powerful benefit in the long run is to reduce very complex
situations to simpler ones by developing summary scenarios that express the most likely futures. This is based on some of the
decision options and actions that are contained in the initial event set.

5. Philosophical issues

In the earlier paper [16], Turoff discussed the paradox of cross-impact probabilities not following the probability calculus and
not being a Bayesian approach. One way of working around that is to restate the events so that the question clearly asks the
estimator to make a causal inference. The following is a possible rewording of the cross-impact questions.

Estimates for the basic types of events:

« Initial/source events: What is the probability that each of the following statements are true now, at the beginning of the time
interval, about our entity of concern?

» Dynamic events: What is the probability that each of the following statements will be true at some point in the following interval
of time from now to time “t” years in the future?
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* Outcome events: What is the probability that the following statements well be true at the end of the time period indicated
above?

These are all events that represent the consequences of the model and its structure just as the probability of an atomic
excitation in represented in physics by a calculation of the Schrodinger equation (i.e. equivalent in quantum Mechanics to
Newton's Laws in the world as we perceive/sense it). There is no reason we have to assume it is a Bayesian probability. The critical
question to be asked of the estimator is the one that deals with the relationships among the above events.

Estimates for the cross-impact influence relationship:

* Given that statement X is assumed true (or false), what is the degree of influence on statement Y being true (or false)?

Use a numeric estimate between 0 and 1 with 0 being completely false, 1 being completely true, and 0.5 being completely
uncertain or “maybe.”

We can also view this as a formulation of fuzzy set relationships among these probabilities. One must recognize that one of the
assumptions about the cross-impact approach is that the events are unique in that we are talking about an application to unique
organizations, situations, governments, etc. They only occur once and, for instance, we do not believe one can calculate a
probability of a World War 11l based upon two prior events that have occurred and are called World War I and 1. However, we can
try to determine what will influence today and in the future, what may bring about a World War III. It is also clear that a World War
Il would have very different initial conditions and outcome consequences from World War I or II. In the development of fuzzy set
models it is quite common use the concept of something being true or false to a certain degree measured on a scale between 0 and
1. Fuzzy mathematicians also use Possibility Theory rather than Probability Theory [58].

The 1972 paper talked about causal relationships and the analogy between atomic excitation states where an electron is either
in the excitation state or it is not and future unique events that either occur or do not occur. It proposed, therefore, the use of the
Fermi-Dirac distribution (i.e. also the logistic distribution) for the relationships among the cross-impact events. However, this was
an argument by analogy and not a derivation from an energy conservation relationship.

There is another alternative view provided by Torgerson's original concepts of the meaning and objective of Scaling Theory [45,
chapter 1]. He strongly believed that the objective of Scaling Theory was to develop measuring instruments for human judgment.
Accomplishing this goal would allow the behavioral sciences to move “ahead” just as improved measurement procedures allowed
the physical sciences to advance with new theories and empirical proof of their degree of correctness.

From the point of few of scaling theory the significant outcome of this approach to CIA is as follows. One can take an estimate of
probability or influence which is in the range of 0 to 1 (or the odds ratio in the range of 0 to infinity) and transform it to a linear
scale of “influence” in the range of —infinity to + infinity with zero being the point of no influence on the relationship between
two events. This is exactly what we have done by creating the Cj; factors that are linear measures on this scale. We have converted
a nonlinear representation to a linear one.

This also has the great advantage of allowing a clear visualization of the results in terms of the transformation from a direct
weighted graph to a non-directional graph of 0,1 weights. The results are the reachability matrix that creates resulting influence
diagrams for the problem of concern. This in turn allows the estimator or the group collaborating on the estimates to see the
consequences of their examination of a very complex problem and decide, when necessary, how to reformulate the problem and to
re-estimate the relationships.

As described in a previous section, the Cj; factors are actually the result of a calculation that is called the “Weight of Evidence
(WOE)” in Probability Theory. It is used to apply weights to different items of evidence in a probabilistic situation [46]. The WOE is
defined as the log (likelihood ratio) and as a result is a linear additive quantity behaving the same as the equations expressed in
[16] for Gy as reflected in Eq. (13) for ¢(P;) and for Cj;in Egs. (19) and (22), putting C;; as equations based upon P; and S;; or R;; (the
relationship influence factors) [16].

The WOE concept goes back to the Greek goddess of justice: Themes holding a scale for the weight of the two sides of an
argument [46]. Benjamin Franklin used the related T Method to make a decision by listing all the pro and con arguments and
determining which view has more of them. Related work in this area seems to be the Dempster-Shafer theory and the ability to
describe belief functions derivable from representations of incomplete knowledge, belief updating, and evidence pooling [59].

For all the work that behavioral scientists have done over the past century, there is an important and serious distinction
between their primary objectives and those of us working in foresight, forecasting, planning, and particularly in Delphi Design.
They are trying to find scientific truths about human behavior. They assume that psychological measurements are constant beyond
some early age. The only exception is marketing and advertisement where the objective is to change the views of individuals so
they will be inclined to buy a given product. In our case, we want to expose the individual and the group to the consequences of
their judgments and make explicit underlying disagreements among the group members. The goal is to offer them a chance to
view the implications of their estimates and be able to improve them and in turn those of the group composite as well.

In terms of the causality of the transitions of two-state variables (0 or 1, such as excitation states, unique events that occur or do
not occur, or validity states of true or false), the concepts of possibility and validity are the same with respect to the underlying
distribution function and the descriptive measures. One might also hypothesize that the increase of communications, at all levels
in our society, has made the self-fulfilling prophecy a modern reality for unique events. The marketing professional community has
always intuitively understood this. The resulting degree of beliefs about a plan or a future must, to a real extent, be validated by the
degree of competence of the estimators. This is something generally true of all Delphi studies.
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6. Concluding remarks

The days of discrete, periodic long term plans and short term plans are numbered. Planning today for most organizations has to
be made a continuous process. One needs to integrate the type of model described here into a complete planning environment.
This would provide the following:

1. A system for professionals in the organization to evolve and update the event set that could be used in various models to
evaluate various options for major decisions such as new or improved projects, mergers, investments, etc.

2. Participating groups of experts throughout the organization could enter their estimates about the interactions of the events for
which they feel confident in making such judgments.

3. Improving both subjective estimates and the models that events contain as new information provides improved intelligence for
the estimators.

Given the growing complexity of our world, the problems of dealing with a world economy faced with growing threats to
required resources and financial interactions that can lead to unpredictable results, we do need greatly improved methods to build
and evolve models that can exhibit the requisite variety to cope with such challenges. We have seen the fallacy of using highly paid
executives to make decisions based upon the intuition of one person who cannot, because of his or her status and pay, ask for
serious help from other humans. This might well explain the retreat from some of the promises of strategic planning
methodologies of the past by most non-technological corporations during the last twenty years.

In this sense, planning should not be a discrete event in an organization; it must be a continuous process that is integrated into
the fabric of an organization. Planning must also be a highly participative process by all the professionals that represent the
professional community of the organization. The current understanding of the strengths and weaknesses of the organization must
be understood by all the levels of management and this can only occur if the information of the professionals that carry out the
functions of the organization flows freely into the planning process. Given the speed at which things happen in our very highly
computerized environment, there is not an option to interrupt and put off work on short or long term plans. The distinction
between the two becomes meaningless.

The inputs of the events and initial conditions and the outcomes will be continually modified and evolved by an efficient Delphi
process to allow hundreds to thousands of professionals to supply and interpret new information for generating new options and
considerations to be incorporated into an organizational-wide model forming the basis of the planning process. The ability to test
future options by choosing to implement them within the model and see likely forecasts of the outcome consequences becomes
the essence of a continuous planning process with organizational wide participation. Collaboration and recognition that one of the
consequences of the network integration now possible of all the views of the contributors in the organization is what has brought
about a new age in society: The age of participation® [60]. Communications in any type of organization will allow collaborative
planning on an organizational wide basis. The communication structures to allow many minds to contribute to the examination of
complex problem solving and complex model construction are the major challenge in the design of future organizational systems.

To contribute to this aim, a new scenario generation methodology has been proposed. The CIA-ISM approach aims at allowing
researchers and practitioners to (1) handle complex systems; (2) obtain a set of plausible snapshots of the future; (3) analyze
interaction between events; (4) detect critical events. This scenario-generation method might have several potential applications
in scenario-planning, foresight, technology assessment, information systems and management. The main strong points of the
authors' proposal are:

. a strong theoretical background for the techniques on which the proposal is based;

. the possibility of working with large sets of events;

. tools for analyzing the key drivers of the scenarios;

. specific software is not needed for making the calculations (e.g. Excel);

. graphic output that gives a clear representation about the forecast;

. compatibility with other techniques such as the Delphi, fuzzy or multi-criteria methods.

DU WN =

Additionally, the introduction of the merger of cross-impact with ISM is a major extension in allowing the collaborative
development of scenarios out of much larger event sets and this ultimately reduces the complexity of foresight. In the typical large
scale event sets approaching a hundred events or more, estimation by groups will usually result in the need to subdivide the
estimation process among different areas of expertise. It is generally true in Delphi that one should encourage participants to
estimate or judge only those areas they feel confident in judging. We have provided an intelligent approach to the evolution of
scenarios from event sets which augments human judgment in an integrated manner for the direct construction of a structural
relationship model through the use of a computer in a true direct augmentation process without the need for intermediaries to
implement computer programs [19,44].

3 This was originally proposed as ‘the age of collaboration’ by Dr. Turoff but after discussion with Dr. Roxanne Hiltz it was felt that obtaining that was still
uncertain and what we do have at least is an ‘Age of participation’.
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7. Future research

There are a number of different activities we will be undertaking in the near future that are direct follow-ons to the work we
have done here. The first is extending the current program we have developed to include the next step in the use of this modeling
approach.

Once the users have agreed on what is the combination of mini-scenarios and basic events that should make up a model of
reduced complexity, we can take the original C;; matrix and the G;'s and actually combine events two at a time to form the reduced
Gjj matrix by adding together the two rows and two columns for each event pair and the respective two G; values until we create all
the chosen mini-scenarios. This would build a new model with a reduced set of events. It would be a foresight model that could be
used in a large number of different ways to create a conditional forecast or plan for the future.

Clearly we need to demonstrate larger models on the order of 50 to 100 events where different contributors would pick out the
subset of events they feel confident about and only estimate the interactions for that subset. The Chinese Delphi [47] is a good
example of needing that range to have a comprehensive representation of the problem we were treating here as an example.
Demonstrating a larger problem based upon professional inputs from a group is our second major objective. We welcome input
from others that have a set of events and can provide group inputs to further experiment with this modeling method.

Acknowledgments

The authors want to acknowledge Professor Starr Roxanne Hiltz for her helpful comments and writing style support. This
research has been partially funded by the Spanish Ministry of Science and Innovation by means of research grants TIN2009-11858
and TIN2010-19859.

References

[1] Futures Group, Scenarios, UNU's Millennium Project Feasibility Study, 1994.
[2] TJ. Chermack, Improving decision-making with scenario planning, Futures 36 (3) (2004) 295-3009.
[3] C. Harries, Correspondence to what, coherence to what? What is good scenario-based decision making? Technol. Forecast. Soc. Change 70 (8) (2003)
797-817.
[4] T.J. Chermack, Disciplined imagination: building scenarios and building theories, Futures 39 (1) (2007) 1-15.
[5] P.W.F. Van Notten, J. Rotmans, M.B.A. Van Asselt, D.S. Rothman, An updated scenario typology, Futures 35 (2003) 423-443.
[6] H.Grupp, HA. Linstone, National technology foresight activities around the globe: resurrection and new paradigms, Technol. Forecast. Soc. Change 60 (1999)
85-94.
[7] J.S. Armstrong (Ed.), Principles of Forecasting: A Handbook for Researchers and Practitioners, Kluwer Academic Publishers, Boston, 2001.
[8] J. Landeta., Current validity of the Delphi method in social sciences, Technol. Forecast. Soc. Change 73 (5) (2006) 467-482, June.
[9] H.A. Linstone, M. Turoff (Eds.), The Delphi Method: Techniques and Applications, Addison-Wesley, Reading, MA, 1975.
[10] TJ. Gordon, H. Hayward, Initial Experiments with the Cross-Impact Matrix Method of Forecasting, Futures 1 (2) December (1968) 100-116.
[11] S. Enzer, Delphi and Cross-Impact Techniques: An Effective Combination for Systematic Futures Analysis, Futures 3 (1) March (1971) 48-61.
[12] V.A. Baiiuls, J.L. Salmeron, Benchmarking the information society in the long range, Futures 39 (1) (2007) 83-95.
[13] U. Asan, C.E. Bozdag, S. Polat, A fuzzy approach to qualitative cross impact analysis, Omega 32 (6) December (2004) 443-458.
[14] K.T. Cho, C.S. Kwom, Hierarchies with dependence of technological alternatives: a cross impact hierarchy process, Eur. J. Oper. Res. 156 (2) (2004) 420-432.
[15] V.A. Bafiuls, J.L. Salmeron, A scenario-based assessment model—SBAM, Technol. Forecast. Soc. Change 74 (6) (2007) 750-762.
[16] M. Turoff, An alternative approach to cross impact analysis, Technol. Forecast. Soc. Change 3 (1972) 309-339.
[17] N.C. Dalkey, An elementary cross impact model, in: H.A. Linstone, M. Turoff (Eds.), The Delphi Method: Techniques and Applications, Addison-Wesley,
Reading, MA, 1975.
[18] J. Kane, A primer for a new cross impact language—KSIM, in: H.A. Linstone, M. Turoff (Eds.), The Delphi Method: Techniques and Applications, Addison-
Wesley, Reading, MA, 1975.
[19] J.N. Warfield, Societal Systems, Wiley, New York, 1976.
[20] A. Duval, E. Fontela, A. Gabus, Cross impact: a handbook of concepts and applications, Portraits of Complexity, Application of Systems Methodologies to
Societal Problems, Battelle-Geneva, Geneva, 1974.
[21] E. Novaky, K. Llorant, A method for the analysis of interrelationships between mutually connected events: a cross-impact method, Technol. Forecast. Soc.
Change 12 (201) (1978) 212.
[22] M. Ishikawa, M. Toda, S. Mori, Y. Kaya, An application of the extended cross impact method to generating scenarios of social change in Japan, Technol.
Forecast. Soc. Change 18 (217) (1980) 233.
[23] M. Godet, From Anticipation to Action: a Hand Book of Strategic Prospective, UNESCO Publishing, Paris, 1994.
[24] J.P. Martino, K. Chen, Cluster analysis of cross impact model scenarios, Technol. Forecast. Soc. Change 12 (1978) 61-71.
[25] J.P. Saxena, Sushil, P. Vrat, Scenario building: a critical study of energy conservation in the Indian cement industry, Technol. Forecast. Soc. Change 41 (1992)
121-146.
[26] W. Weimer-Jehle, Cross-impact balances: a system-theoretical approach to cross impact analysis, Technol. Forecast. Soc. Change 73 (334) (2006) 336.
[27] C.Choi, S. Kim, Y. Park, A patent-based cross impact analysis for quantitative estimation of technological impact: the case of information and communication
technology, Technol. Forecast. Soc. Change 74 (8) (2007) 1296-1314.
[28] J.N. Warfield, A.R. Cardenas, A Handbook of Interactive Management, Ajar Publishing Company, Palm Harbor, 1994.
[29] A. Mandal, S.G. Deshmukh, Vendor selection using Interpretive Structural Modeling (ISM), Int. J. Oper. Prod. Manage. 14 (6) (1994) 52-59.
[30] R. Bolafios, E. Fontela, A. Nenclares, P. Pastor, Using interpretive structural modeling in strategic decision-making groups, Manage. Decis. 43 (6) (2005)
877-895.
[31] V. Ravi, R. Shankar, Analysis of interactions among the barriers of reverse logistics, Technol. Forecast. Soc. Change 72 (2005) 1011-1029.
[32] M.N. Faisal, D.K. Banwet, R. Shankar, Supply chain risk mitigation: modeling the enablers, Bus. Process Manage. ]. 12 (4) (2006) 535-552.
[33] A. Agarwal, R. Shankar, M.K. Tiwari, Modeling agility of supply chain, Ind. Mark. Manage. 36 (443) (2007) 457.
[34] M.D. Singh, R. Kant, Knowledge management barriers: an interpretive structural modeling approach, Int. ]. Manage. Sci. Eng. Manage. 3 (2) (2008) 141-150.
[35] J. Thakkar, A. Kanda, S.G. Deshmukh, Interpretive structural modeling (ISM) of IT-enablers for Indian manufacturing SMEs, Inf. Manage. Comput. Secur. 16 (2)
(2008) 113-136.
[36] G.Wanga, Y. Wangb, T. Zhaoa, Analysis of interactions among the barriers to energy saving in China, Energy Policy 36 (1879) (2008) 1889.



1602 V.A. Baiiuls, M. Turoff / Technological Forecasting & Social Change 78 (2011) 1579-1602

[37] G.Kannan, S. Pokharel, P. Sasi Kumar, A hybrid approach using ISM and fuzzy TOPSIS for the selection of reverse logistics provider, Resour. Conserv. Recycling
54 (2009) 28-36.

[38] AH.L Lee, W.M. Wang, T.Y. Lin, An evaluation framework for technology transfer of new equipment in high technology industry, Technol. Forecast. Soc.
Change 77 (135) (2010) 150.

[39] Y.C. Lee, Y.H. Chao, S.B. Lin, Structural approach to design user interface, Comput. Ind. 61 (613) (2010) 623.

[40] J.N. Warfield, Toward interpretation of complex structural models IEEE transactions on systems, Man Cybern. 4 (5) (1974) 405-417.

[41] J.N. Warfield, Complementary relations and map reading, IEEE Trans. Syst. Man Cybern. 10 (6) (1980) 285-291.

[42] J.N. Warfield, Priority structures IEEE transactions on systems, Man Cybern. 10 (10) (1980) 642-645.

[43] D.W. Malone, An introduction to the application of interpretive structural modeling, Proc. IEEE 63 (3) (1975) 397-404.

[44] G. Lendaris, Structural modeling, IEEE Trans. Syst. Man Cybern. 10 (12) (1980) 807-840.

[45] W.S. Torgerson, Theory and Methods of Scaling, Wiley, Hoboken, NJ, 1958.

[46] 1]. Good, Weight of evidence: a brief survey, Bayesian Stat. 2 (1985) 249-270.

[47] S. Liu, J. Zhang, M. Keil, T. Chen, Comparing senior executive and project manager perceptions of IT project risk: a Chinese Delphi study, Inf. Syst. J. 20 (4)
(2010) 319-355.

[48] D. Rubinstein, Standish Group report: there's less development chaos today, Softw. Dev. Times 169 (1) (2007) 2.

[49] X. Yao, M. Turoff, S.R. Hiltz, A field trial of a collaborative online scenario creation system for emergency management, Proceedings of the 7th Annual
Information Systems on Crisis and Response Management, ISCRAM, Seattle, U.S., 2010

[50] M. Turoff, S.R. Hiltz, X. Yao, Z. Li, Y. Wang, H. Cho, Online collaborative learning enhancement through the Delphi method, Turk. Online J. Distance Educ. TOJDE
7 (2) (2006).

[51] M. Turoff, The past, present, and future of Delphi, Futura 4 (2009) 32-44.

[52] M. Turoff, C. White, L. Plotnick, Dynamic emergency response management for large scale decision making in extreme hazardous events, in: F. Burstein, P.
Brezillon, A. Zaslavsky (Eds.), Supporting Real Time Decision-Making: The Role of Context in Decision Support on the Move (Annals of Information Systems),
Springer-Verlag, New York, 2010.

[53] L. Plotnick, E. Avey-Gomez, C. White, Furthering development of a unified emergency scale using Thurstone's law of comparative judgment, A Progress
Report Proceedings of the 4th Annual Information Systems on Crisis and Response Management, ISCRAM, Delft, Netherlands, 2007.

[54] C. White, M. Turoff, B. Van de Walle, A dynamic Delphi process utilizing a modified Thurstone scaling method, Collaborative Judgment in Emergency
Response Proceedings of the 4th Annual Information Systems on Crisis and Response Management, ISCRAM, Delft, Netherlands, 2007.

[55] N. Dalkey, Toward a theory of group estimation, in: H.A. Linstone, M. Turoff (Eds.), The Delphi Method: Techniques and Applications, Addison-Wesley,
Reading, MA, 1975.

[56] A.Hendela, M. Turoff, S.R. Hiltz, Cross impact security analysis using the HACKING game, Proceedings of the 7th Annual Information Systems on Crisis and
Response Management, ISCRAM, Seattle, USA, 2010.

[57] S.E. Asch, Effects of group pressure upon the modification and distortion of judgment, in: H. Guetzkow (Ed.), Groups, Leadership and Men, Carnegie Press,
Pittsburgh, PA, 1951.

[58] L.Zadeh, Fuzzy sets as the basis for a theory of possibility, Fuzzy Sets Syst. 1 (1978) 3-28, (Reprinted in Fuzzy Sets and Systems 100 (Supplement): (1999) 9 34).

[59] G. Shafer, A Mathematical Theory of Evidence, Princeton University Press, 1976.

[60] H.A. Linstone, M. Turoff, Delphi: a brief look backward and forward, Technol. Forecast. Soc. Change (2010), doi:10.1016/j.techfore.2010.09.011.

Victor Baiiuls is an Associate Professor at the University Pablo de Olavide. Dr. Bafiuls led various R&D projects and has several publications on foresight models,
information systems for emergency management, evaluation of information systems and hybrid learning, as well as a book about Information Systems Foresight.
Dr. Bafiuls has also been Visiting Research Scholar at the New Jersey Institute of Technology (NJ, USA) and the Information Management Department at the
University of Tilburg (The Netherlands). Corresponding author.

Murray Turoff is a Distinguished Professor Emeritus at the New Jersey Institute of Technology. He is a co editor of a recent book on Emergency Management
Information Systems (M.E. SharpE 2010). Besides his early and continuing work with the Delphi Method, he spent most of academic research career in the design
and evaluation of Computer Mediated Communication systems. After 9/11 he turned his attention back to his early work in Emergency Management and in 2004,
he was a cofounder of the international organization ISCRAM (Information Systems for Crisis Response and Management).


http://dx.doi.org/10.1016/j.techfore.2010.09.011
https://www.researchgate.net/publication/307475795

	Scenario construction via Delphi and cross-impact analysis
	Introduction
	Methodological background
	Cross-Impact Analysis
	Interpretive Structural Modeling

	Bulding scenarios with a CIA–ISM approach
	Cross-Impact Analysis
	Structural matrix model
	Multilevel diagraph
	Interpretive structural model
	Scenario analysis

	Major extensions to cross-impact models
	The problem
	Source events
	Dynamic events
	Outcome events

	Cross-Impact Analysis
	Scenario analysis
	Clustering summary
	Outcome events analysis
	Requirements for associated Delphi processes
	Interaction

	Philosophical issues
	Concluding remarks
	Future research
	Acknowledgments
	References


