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Abstract

We are interested in aggregating forecasts of multinomial
problems elicited from multiple experts. A common ap-
proach is to assign a weight to each expert, then form a
weighted sum over their forecasts. Theoretical studies sug-
gest that an important factor in such weighting is the diver-
sity among experts. However, diversity is intrinsically a
pairwise measure over experts, and does not lend itself natu-
rally to a single weight that can be applied to an expert’s
forecast in a weighted average. We suggest a way to take
advantage of such pairwise measures in aggregating fore-
casts.

Introduction

Important decisions in many domains (national policy,
business strategy, economic forecasting) are based on ex-
pert opinions. There is empirical evidence that a position
that aggregates multiple opinions will be more accurate
than a single opinion (Surowiecki 2004). Developing better
aggregation methods is the object of IARPA’s program on
Aggregative Contingent Estimation (ACE), under which
this research is being conducted.

Consider a concrete example. Imagine that we have ten
forecasts on the question, “Will Bashar al-Assad remain
President of Syria through 31 January 2013? (Yes/No).”
Each forecast i assigns a probability distribution 8; over the
possible outcomes. Our n = 10 forecasters assign the fol-
lowing values to the “Yes” outcome: 0.7, 0.9, 0.8, 0.1, 0.2,
0.6, 0.8, 0.7, 0.9, 0.5. The simplest aggregation is the un-
weighted linear opinion pool, which is just the average of
these values: }}; 0;/n = 0.63. Can we do better?

Our immediate intuition is that all forecasters are not
created equal. Perhaps we should weight some of the fore-
casts more than the others: ), w;0;/n. A common ap-
proach to aggregation is to determine appropriate weights
w; for forecasters by regression over past problems.
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Hong and Page (Hong and Page 2009) suggest that, ce-
teris paribus, a more diverse forecaster pool should outper-
form a more homogeneous one. The underlying intuition is
that different forecasters may think about problems in dif-
ferent ways, and any single forecaster is unlikely to grasp
every facet of the problem. In the case of our sample prob-
lem, one forecaster may be an expert on the economic and
social dynamics of social unrest, a second on the politics of
international alliances, and a third on the internal politics
of closed organizations. If eight of our forecasters all think
in terms of international alliances, they will likely conclude
that Russia’s strong support will keep al-Assad in power,
accounting for the eight predictions at 0.5 or higher in our
example. The lower estimates might come from forecasters
with alternative views of the problem. Perhaps we should
try to assess the differences in their models, and weight
their forecasts to recognize the diversity of models. In that
case, we might end up crediting the eight high scores with
only a single vote, and average {0.59, 0.1, 0.2} to get an
aggregate forecast of 0.21.

Testing this theory requires addressing two challenges:

1. How can we estimate forecasters’ model diversity
(an internal, subjective state that may not even be
conscious) from external observables?

2.  How should we weight the individual forecasts 6; to
reflect this diversity, so that forecasts from many
similar forecasters do not swamp out forecasts from
a few more diverse forecasters?

We address the first challenge in a full paper submitted
to MAGG 2012 (Parunak and Downs 2012), and briefly
summarized in the first section below. The second section
proposes an answer to the second challenge.

Measuring Diversity

We wish to estimate the diversity among forecasters with
respect to the mental models by which they generate fore-
casts. On psychological grounds, we propose the Ansatz of



a Narrative Generator (NG), a set of statements about the
world (as in a Bayesian network) with weighted transitions
among them (as in a Markov network). How can we meas-
ure how similar the NGs of various forecasters are? Here
are several options (Parunak and Downs 2012).

1. Given a forecaster’s responses to an IFP, we can fit
transition weights to a skeleton NG generated by
SMEs, and use the resulting vector of weights to
characterize the forecaster.

2. We can look at differences in the temporal correla-
tion of forecasts with world events that align with
statements in the NG, or more generally with the
IFP.

3. We can look at differences in forecasters’ responses
to the IFP in question, as well as to other IFPs.

4. We can look at which IFPs forecasters elect to an-
swer.

All of these indicators give some evidence of a forecast-

er’s internal model, and can be used to derive a measure of
diversity among forecasters.

Exploiting Diversity in Aggregation

Each of the measures above gives us an estimate of the
diversity J; of two forecasters 7,j. All but the last can be
applied either to a single problem (the within-IFP diversity
w;) or across all IFPs (the cross-IFP diversity c;, naturally
computed as the average of w;; over all IFPs on which both
i and j offer forecasts). The latter may be interpreted as an
indication of the overall similarity of two forecaster’s men-
tal models. Of particular interest is the ratio of these quan-
tities
yo= Lutd)
7wy +9)

where ( is a small constant, 0.1 in our work, that avoids
singularities. y; ~1 indicates the unremarkable circum-
stance that similar models yield similar forecasts, and dis-
similar models yield dissimilar ones. However, when y; >
1, dissimilar models are yielding similar forecasts, surely
meriting additional attention to their common estimates.
Conversely, y; < 1 indicates that even though forecasters
share a common model, they disagree on a given problem,
suggesting that their shared model offers no purchase on
this particular question, and encouraging us to discount
their forecasts. Thus y; recommends itself as a weight for
various forecasts. How shall we apply it?

Naively, we might use y; to weight forecasts in a linear
combination. Given forecasts ¢, ¢; on a given IFP, it is
natural to suggest the aggregation
2ivi(6: + 6))

0 =
2% Yij
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Since y; is symmetrical, we can define y; = ¥;¥;;, and the
last equation becomes

2iYib

2iYi

Of the possible ways to compute w;; and thus c;, we have
been experimenting on the third measure of diversity, a
normalized and symmetrized delta divergence between
forecasts (Parunak and Downs 2012). Applied to the final
forecasts from 77 IFPs from the IARPA ACE program, this
algorithm gives a lift of only 2.5%.

This approach reduces our pairwise measures to a single
user diversity for each forecast, averaged over all other
users, and thus throws away information contained in the
pairwise numbers. How can we take advantage of this in-
formation in aggregation?

One approach is hierarchical clustering, which works in
the following way:

1. Define a pairwise distance between all entities.

2. Find the “closest” two entities, remove them, and
replace them with a new entity. Different methods
for estimating closeness yield different clustering
algorithms. Ties are broken randomly; alternatively,
methods exist (Fernandez and Gomez 2008) to
combine more than two entities at a level, when all
of their pairwise distances are the same.

3. Find the pairwise distances between this new entity
and all the remaining entities. Again, different ways
of estimating this distance yield different clustering
algorithms.

4.  While more than one entity remains, go to 2.

Figure 1 shows a dendrogram of forecasters clustered by

a measure of their diversity (in this case, ¢; + wy). This
display reflects rich structure among the forecasters. Some
cluster together at very low distance (toward the right),
while others merge only at higher distances (to the left).
We would like our weighting scheme to capture this rich
structure. In effect, we want to aggregate forecasts starting
at the leaves, and follow the tree structure until we reach
the root. Each cluster of forecasters corresponds to an ag-
gregate forecast encompassing their individual forecasts,
appropriately weighted. By starting with pairwise measures
of forecaster separation, we can discount similar forecasts
from similar forecasters, and pay more attention to diverse
forecasters. We call this process “cluster-weighted aggre-
gation,” CWA.'

Actually, CWA is a family of algorithms, with many dif-
ferent alternatives at each step (Parunak 2012). Our initial
implementation has the following features:

e We use c¢; + wy as the distance measure to form the

dendrogram.

6=

>

' Pronounced like the French word “quoi,
“really, in fact.”

colloquially used to mean



e  We cluster using average linkage (Unweighted Pair
Group Method with Arithmetic Mean, or UPGMA)
e We form the dendrogram completely before begin-
ning aggregation.
e We associate a mass with each forecast and each
cluster of forecasts.
e Individual forecasts have a mass of 1.
e  The forecast of a cluster is given by
_ (mib; + my6;)
o omitmy
where 0; and 0; are the forecasts of the two items be-
ing clustered, and m; and m; are their weights
The weight assigned to the new cluster is
my =y (m; +my)
Applied to the final forecasts from 77 IFPs from the
ACE year 1 T&E program, this algorithm gives a lift of
17% with respect to ULinOP.

k

Conclusion

Some forecaster characteristics (notably, measures of di-
versity) are most naturally defined between pairs of fore-
casters. To support a conventional weighted average of
forecasts, the values for a single forecaster can be averaged
over the other forecasters with whom they are defined to
generate a single per-forecaster measure, but this process
discards the detailed pairwise information in the original
measure.

One way to exploit the pairwise information is to cluster
the forecasts hierarchically, and apply the pairwise features
at each level of the resulting cluster tree. One implementa-
tion of this approach (Cluster-Weighted Aggregation), ap-
plied to within-IFP and cross-IFP diversity measures, gives
significant gain over an averaged approach (17% vs. 2.5%
lift over ULinOP).
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Figure 1: Dendrogram from Forecaster Pairwise Diver-
sities
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