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Consider a rational decision maker (DM) who must acquire a finite amount of information sequentially
online from a set of products. The DM receives signals on the distribution of the product
characteristics. Each time an observation is acquired, DMs redefine the probability of improving upon
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characteristics observed, the number and potential realizations of the remaining observations, and the
type of signal received. We construct two functions determining the information acquisition behavior of
DMs and illustrate numerically the importance of the characteristic on which signals are issued.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction
1.1. Motivation

The elimination of the uncertainty faced in most real-life
decisions and its transformation into risk constitutes one of the
main incentives for the design of information acquisition
algorithms [13,43,44]. Consider the search problem faced by a
decision maker (DM) who must sequentially acquire information
on a set of products whose main characteristics are grouped into
two differentiated categories. The acquisition of information by
rational DMs constitutes a fundamental subject of analysis in a
wide array of disciplines, ranging from consumer behavior and
economics to psychology, management and operations research.
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Each discipline provides its own approach to the problem involving
a DM who must generally decide when to stop gathering
information based on the last observation acquired and some
simplifying (martingale-based) assumptions regarding the value of
the potential expected realizations [8].

The standard framework of analysis that both the management
and operations research literature build upon considers the
introduction of a new technology to the market [35-37,41,58].
The algorithms designed in these papers determine the informa-
tion acquisition incentives of the DMs and their stopping rules
based on the expected value of the next characteristic realized
and the information acquisition costs faced by the DM [31,54,58].
The use of standard dynamic programming techniques to illustrate
the existence of information acquisition thresholds requires
imposing several formal restrictions on the corresponding return
functions.

In these models, three important constraints are generally
imposed on the algorithms that determine the information
acquisition behavior of the DMs, namely,

1. The DM seldom considers recalling previous partially observed
products (Shepherd and Levesque [53] are an exception).
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2. The information acquisition incentives of the DM do not depend
on the number or the potential realizations of the observations
remaining to be acquired.

3. The DM does not consider the set of potential improvements
that may be realized relative to the products observed
previously.

A similar intuition applies to the technology acceptance models
based on the subjective perception of the DM when observing
different characteristics of a given product [10,23,59]. At the same
time, the previous models do not consider the strategic quality
inherent to the process of information transmission [9,28,29,47].
In other words, the operations research literature generally
overlooks the strategic implications that different signaling
strategies regarding the value of unknown technological char-
acteristics have for the information acquisition and choice
behavior of the DM.

An important exception is given by the game theoretical branch
of the operations research literature [50]. This research area
concentrates on the strategic incentives driving the diffusion of
technology but does not consider the information acquisition
process of the DM when defining his technology adoption
decisions. This line of research has been further developed by
the economics and the consumer choice literature, which have
both formally and empirically described the strategic effect that
signals have on the information acquisition and choice incentives
of the DM [8,40].

The potential applications of these algorithmic structures lie
within the decision support and the consumer choice literature. As
in the corresponding theoretical settings, the applications of these
information acquisition models rely on simplifying assumptions
that allow for the use of dynamic programming techniques to
obtain optimal sequential choice policies. These simplifications
range from heuristic mechanisms that limit the number of
alternatives evaluated by the DM [19] and the elimination of
recall [34] to the absence of optimal information acquisition
thresholds or analysis of their behavior [5,49,62].

1.2. Contribution

The current paper studies the information acquisition behavior
of a rational DM who is sequentially gathering n € N observations
from a set of products whose attributes have been grouped into
two differentiated categories. This simplification is applied in
several disciplines, which concentrate on a small number of
characteristic categories when describing the products available to
the DMs. For example:

e consumer choice analysts utilize quality and preference [30],
e economists consider performance and cheapness [38], and
e operations researchers concentrate on variety and quality [6].

The defining quality of our paper relies on the formalization of
the information acquisition process of the DM, which will be
defined for each observation available on the following criteria:

o the values of all the characteristics observed previously,

e the number and potential realizations of all the remaining
observations, and

e all possible combinations of the potential realizations of the
remaining observations and the characteristics observed.

These criteria together prevent the use of standard dynamic
programming techniques in the design of the information
acquisition algorithm. In particular, the information acquisition
incentives of DMs will be based on:

o the number of observations that remain to be acquired,

o the potential values of these observations, and

e the subjective probability that these values allow the DM to
observe a product that delivers a higher utility than the best
among the ones observed.

These incentives must be redefined each time an observation is
acquired, as suggested, for example, by Saad and Russo [51].

Given the value of the realizations observed and the number of
observations remaining to be acquired, the information acquisition
behavior of the DM will be determined by the following:

e a continuation function describing the utility that the DM
expects to obtain from continuing to acquire information on a
partially observed product, and

e a starting function defining the expected utility the DM expects
to obtain from starting to check the characteristics of a new
product.

Fig. 1 illustrates the possibility spaces that must be considered
by the DM when defining his information acquisition process. The
variable x; (i=1, 2) represents the first and the second character-
istic of the initial product; x}! refers to a new second product, while
x{‘“ refers to a new third product. Fig. 1a describes the two-
observation scenario, where the spaces of potential realizations to
be considered by the DM are bidimensional. Fig. 1b shows that in
the three-observation setting, the DM must consider one three-
dimensional space versus the union of three different three-
dimensional spaces. Similarly, in the case with four observations,
the DM will have to consider the union of two four-dimensional
spaces (when continuing) versus the union of eight different four-
dimensional spaces (when starting). This figure highlights the
non-recursivity of the information acquisition process analyzed in
the current paper.

Fig. 1 also illustrates the increase in the dimensionality of the
problem faced by the DM as he considers acquiring additional
observations. More precisely, the setting that would result from
considering more than three observations cannot be analyzed
directly. We synthesize the information acquisition incentives of
the DM within two real-valued functions that determine the
expected utility derived from the potential use given to the
remaining observations. That is, we simplify a problem requiring
the analysis of a multiple-dimensional continuous environment
into a two-dimensional one, which makes it tractable and allows
for a verifiable analysis of the behavior of the DM.

Moreover, firms will be allowed to issue signals on the
characteristics defining their products, thus prompting the DM
to update his expected search utilities following both Bayesian and
subjective learning rules. Each time an observation is acquired, the
DM has to modify the probability of improving upon the products
already observed with the remaining observations available and
also account for the distributional implications derived from the
signal.

We will illustrate how the characteristic on which the signals
are issued plays a fundamental role in determining the information
acquisition incentives of the DM. This will be the case even if the
signals are considered reliable by the DM and indicate improvement in
one of the characteristics of the product. In particular, issuing signals
on the second characteristic may have the opposite effect of that
intended by the firm.

Given the number of observations that are expected to be
acquired by the DM, our model allows firms to forecast the
information acquisition behavior of the DM as well as the
probability of having their products inspected and considered
for purchase. This possibility introduces an important strategic
component, particularly in the formalization of online search
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environments and the subsequent design of decision support tools
to guide the information acquisition process of the DM [1,22,57].

The paper proceeds as follows. Section 2 addresses the standard
notation and basic assumptions required to develop the model.
Section 3 defines the expected search utility functions within a
reference two-observation and three-observation environment.
Section 4 introduces signals and the Bayesian learning process in
the search utility functions of the DM. Section 5 extends the
analysis to a search environment with signals and four observa-
tions. Section 6 numerically illustrates the main results. Section 7
describes the sequential information acquisition process of the
DM. Section 8 summarizes the main findings and highlights their
managerial significance, and Section 9 concludes. An appendix
explicitly describes the information acquisition process of the DM
when accounting for the signals issued by the firms.

2. Basic notations and main assumptions

The main assumptions on which the expected search utilities
are built correspond to those described by Di Caprio et al. [14]. To
keep the current paper self-contained, we restate them below.

Let X be a nonempty set and = be a preference relation defined
on X. A utility function representing a preference relation = on X is a
function u : X — R such that: -

VX, yeX, xr=ysux) >uy) (1)

The symbol > will be used to denote the standard partial order
on thereals. When X C Rand > coincides with >, we say that uisa
utility function on X. o

The set of all products will be denoted by G. We let X; and X,
represent the sets of all possible variants for the first and second
characteristic of a product in G, respectively. It should be noted that
these characteristics can be interpreted as categories composed of
different attributes chosen from the taxonomy of the product. The
DM evaluates each characteristic numerically after he acquires
information on the corresponding attributes of the product.
Additionally, X=X; x X5, so that every product in G can be
described by a pair (xq, x2) in X. X;, with i=1, 2, is called the ith
characteristic factor space, while X stands for the characteristic space.

We make the following technical assumptions, which will be
required to define the expected search utility functions.

Assumption 1. For every i =1, 2, there exists an «;, B; > 0, with
o; # B, such that X; = [«;, B;], where «; and S; are the minimum and
maximum of X;. 1l

Hence, the set of all products, G, is identified with a compact and
convex subset of R%.

Assumption 2. The characteristic space X is endowed with a strict
preference relation ~. 1l

Assumption 3. There exists a continuous additive utility function
u representing -~ on X such that each one of its components
u; : X; — R, with i=1, 2, is a continuous utility function on X;. Il

Recall that a utility function u:X; x X, — R representing a
preference relation = on X; x X5 is called additive (Wakker [60]) if
there exists u; : X; — R, withi=1, 2, such that V (X, x ) € X1 x Xa,
u({x1, X2 )) = ug(x1) + ua(x2).

The additive separability property of the utility function follows
naturally from the sequential information acquisition process of
the DMs. We could, however, consider products that require a non-
separable utility representation due to their complementarity
among characteristics. In this case, we could interpret the
relationship between both types of characteristics in such a way
that the second dimension represents the portion of the second

characteristic that is not explained by the first one. Thus, each
characteristic could also be interpreted as a category encompass-
ing several related properties of a product [56]. As a result, search
processes would be defined by observable (X;) and experience (X3)
components, the latter requiring a more detailed inspection of the
product to be verified [45].

Assumption 4. For every i=1, 2, u;: X;— [0, 1] is a continuous
probability density on X;, whose support, the set
{x; € Xi : ni(x;) # 0}, will be denoted by Supp(/.;).H

The probability densities @, and p, account for the subjective
“beliefs” of the DM. That is, for i=1, 2, ui(X;) is the subjective
probability that a randomly observed product from G corresponds
to an element x; € Y; C X; as its ith characteristic. The probability
densities 11 and ., are assumed to be independent. However, the
information acquisition structure described in this paper allows for
subjective correlations to be defined among different character-
istics within a given product. Considering a correlated environ-
ment would not modify the main theoretical structure built in this
paper, although it would lead to different quantitative results from
the numerical simulations.

We follow the standard economic theory of choice under
uncertainty and assume that the DM elicits the ith certainty
equivalent (CE) value induced by w; and u; as the reference point
against which to compare the information collected on the ith
characteristic of a given product. Given i< 2, the certainty
equivalent of u; and u;, denoted by ce;, is a characteristic in X;
that the DM is indifferent to accept in place of the expected one
obtained using p; and u;. That is, for every i <2, ce; = u;y 1(E),
where E; denotes the expected value of u; The existence and
uniqueness of the ith certainty equivalent value ce; are guaranteed
by the continuity and strictly increasing nature of u;, respectively.

In our theoretical framework, after observing the value of the
first characteristic from an initial product, the DM has to decide
whether to check the second characteristic from the same product
or to check the first characteristic from a new product. In this
regard, DMs are tacitly assumed to have a well-defined preference
order both within and between characteristics. That is, the first
characteristic will be assumed to be more important and, as a
result, provide a higher expected utility to the DM than the second
one.

3. Acquiring observations without signals

In this section, we begin by describing our online search
algorithm in the case of two observations without signals.
Afterward, we introduce the “improvement probabilities”, which
are the key to computing the enhanced expected utilities when
considering any number of observations. Finally, we discuss the
three-observation case as a way of understanding how the
improvement probabilities are implemented in the search algorithm.

3.1. The basic case: acquiring two observations without signals

Consider the case where the DM is allowed to acquire two
observations. Note that the DM always starts by checking the first
characteristic of any product.

We show below that the decision to allocate the second
available piece of information depends on two real-valued
functions defined on X;. The DM considers the sum E;+E,,
corresponding to the expected utility values of the pairs (uy, (1)
and (uy, (o), as the main reference value when calculating both
these functions.

Assume that the DM has already checked the first characteristic
from an initial product, x;, and that he uses his remaining piece of
information to observe the second characteristic from this product,
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X,. Clearly, the expected utility gain over E; + E; varies with the
observed value x;. Thus, for every x; € X, let:

P*(x1) = {x2 € Xa NSupp(i1,) : uz(X2) > Eq + Ex—u1 (%1)} (2)
and
P~ (x1) = {x2 € Xa NSupp(iL,) : U2(X2)<E1 + Ea—u1(x1)} (3)

P*(x1) and P~(x;) define the set of values x, from the initial product

such that their combination with x; delivers a higher or lower

equal utility, respectively, than a randomly chosen product from G.
Let F: X; — R be defined by:

Fo [ waloa)(n () + 2 02)) e

+ / . [LZ(Xz)(E] +E2)dX2 (4)
P™(x1)

F(x,) describes the DM’s expected utility derived from checking the
second characteristic of the initial product after observing that the
value of its first characteristic is given by x;. Note that if
uy(xq) + ux(x2) < Eq + E;, then choosing a product from G randomly
delivers an expected utility of E; + E; to the DM, which is higher
than the utility obtained from choosing the initially observed
product, which is uq(xq) + ux(x2).

Now consider the expected utility that the DM could gain over
the initial (partially observed) product if the second piece of
information is used to observe the first characteristic from a
different product, x. For every x; € Xy, define H : X; — Ras follows:

H(x) (uy (x1) + E2) + C (5)
with
C ey (8 <x1) (By + E2) + oy (60 > x1) (u (x1) + E3) (6)

H(x,) describes the expected utility derived from checking the first
characteristic of a new product after observing x;. If x{ <x;, the new
product observed by the DM does not deliver a higher utility than
the initial one, and the payoff obtained from such an event is set
equal to E; + E,. This reference value has been chosen to generate a
similar payoff environment to the one defined by the function F(x;).

Note, however, that the payoffs assigned to the outcomes
X1 > X > cey and ce; > X} >x; within C may seem counterintuitive.
In the former case, the new observation is located above the CE
value but does not improve upon the initial product, leading to a
payoff of E; + E,. A similar intuition applies when considering the
latter case, with the new observation located below the CE value
but its expected utility accounted for as a payoff (because x| > x1).

The current approach to the information acquisition behavior of
DM s considers only potential improvements relative to the initial
reference product, whose value is determined by x;. In this case,
the function F(x;) completely eliminates any uncertainty regarding
the initial product, while DMs only observe the initial product
partially within H(x).

However, the function H(-) allows for an additional product to
be observed relative to F(-). This observational advantage distorts
the incentives of DMs when a small number of observations are
considered. Larger amounts of observations thus eliminate the
resulting effect, as intuition prescribes and the numerical
simulations will illustrate.

To account for the set of potential improvements based on the
number of remaining observations, we rewrite the expression for C
within H(x;) in the following way:

C= ‘(/f](lﬂovl"‘ﬂ)(El +E2) + I»//1 (11 17/""1)(“1()‘?) +EZ) (7)

where 1, stands for the binomial distribution that will be
introduced in the following section.

Finally, note that the expected utilities F and H determine the
information acquisition behavior of the DM. That is, after observing
X1, the DM will either continue acquiring information on the initial
product or start acquiring information on a new one depending on
whether the function F or H takes the highest value at x;. It can also
be that F(x;) = H(x}) ata given x; € X;; thatis, the DM is indifferent
between continuing with the initial product and starting a new
one. These x; values behave as information acquisition thresholds
that partition X; into subintervals whose values induce the DM to
either continue acquiring information on the initial product or to
switch and start checking a new one.

3.2. Potential improvement probabilities

The information acquisition setting with bidimensional pro-
ducts and two observations described in the previous section has
been extensively analyzed by Di Caprio and Santos Arteaga [11], Di
Caprio et al. [14] and Tavana et al. [56]. It provides a useful set of
guidelines in environments with information-constrained DMs as
well as the basic framework on which to add sophistication to the
assimilation capacities of the DM. We remain constrained within
a bidimensional product environment but require the DM to be
sophisticated enough to forecast the expected improvements that
may arise from any of the remaining observations available. These
improvements are relative to a given reference product whose
value may change as additional information is acquired.

A general formulation will be sketched after introducing two
intuitive settings with three and four observations. Before describing
these settings, we must define the forecasting capacities of the DM.

A binomial distribution determined by the number of
observations remaining to be acquired by the DM will be used
to define his sequential dynamic behavior. The probability that [
among the remaining n observations improve upon the observed
characteristic x; and deliver an expected product better than the
one that has been partially observed is given by the following
binomial distribution:

VAL 0> x0) = ([ a6 =) (- =20 (8)

where 141 (x] > x;) is the probability that a new randomly selected
product is endowed with a better first characteristic than the
currently observed one, which is endowed with x;.

Similarly, when the second characteristic is considered, all
possible combinations delivering an improvement over the initial
partially observed product should be accounted for by:

WZ(TL lv Mz(’g €P+(X1)))

= (] )2t P ) (111308 € P )"

(9

where (1, (X3 € P*(xq)) is the probability that a new, randomly
selected product has a second characteristic belonging to the set
P*(x1) determined by the observed x; realization.

The combination of yy(n, I u;(X]>%1)) and ¥,(n,1, 1,
(X3 € P*(x1))) determines the probability that a randomly selected
product is endowed with an expected set of X; and X5 characteristics
that are better than the partially observed product defined by (x;,
P'(x1)).

To simplify the notation, we will refer to both these binomials
by ¥r1(n, I, ;1) and ¥rx(n, I, o), respectively, while accounting for
the corresponding values of n and L

3.3. Acquiring three observations without signals
We now introduce the information acquisition scenario with

three observations to provide some basic intuition on the
sequential structure of the decisions faced by the DM.
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Consider the information acquisition problem faced by a DM
after having gathered the first observation from an initial product,
given by x1, when a total of three observations can be acquired. In
this case, the DM must calculate two enhanced versions of the
original functions F(x;) and H(x;). These new functions must
account for the two observations left to be acquired by the DM
and the probability that such observations provide a product that
is better than the initially observed one, which will be used
throughout this section and the following one as the main
reference value. When calculating the enhanced function F(x,), we
must account for the fact that the DM uses the second piece of
information available to acquire x, and observe the initial product
fully, i.e., the DM observes (x1, x»). As a result, the payoff obtained
by the DM depends on the expected realization of x, and that of x,
i.e., the first characteristic from the new product observed, with the
following combinations being considered regarding the third and
final observation:

(1-0) This option corresponds to the subcase defined by the 1/4(1,
0, @q) binomial probability. It implies that after fully
observing the initial product, the final observation x] does
not provide a characteristic higher than x;. As a result,
because the final observation does not improve upon the
initial one and the DM has not yet observed x,, the expected
outcome following from this event is defined by the CE
product: v¥1(1, 0, @1)(E; + Ez). That is, the default payoff
derived from an unsuccessful search is assumed to be given
by the CE product.

(1-1) This option corresponds to the subcase defined by the 1/4(1,
1, 1) binomial probability. It implies that after fully
observing the initial product, the final observation x|
provides a characteristic higher than x;. As a result, because
the final observation improves upon the initial one and the
DM has not yet observed x,, the expected outcome following
from this event is given by: v¥;(1,1, uq)(ui (X]) + E).

When defining the enhanced version of function H(x;), we must
account for the fact that the DM has one more observation left to
acquire than in the F(x,) setting, as the second observation has not
been used to acquire x,. Thus, the sets of possible combinations
that must be considered when defining the enhanced versions of
function H(x;) always include one observation more than those
defining the enhanced F(x,) setting. The following combinations
arise from the set of two observations that the DM has left to
acquire in this case, with the notation describing the same type of
sequential pattern as the one introduced in the subcases above.
(2-0) This option implies that none of the two observations left

provides a x| > x;. Therefore, the expected outcome follow-

ing from this event is defined by the certainty equivalent
product: ¥r((2, 0, 1) (E1 + E3).

(2-1) This option implies that only one of the two observations left
provides a x| > x;. It also implies that the observation leading
to x| >x; must be the second one. That is, if the observation
providing x} > x; had been the first one, the second observa-
tion would have been used by the DM to acquire x}, leading to
the (1-1) subcase described below. Thus, the DM ends up with
a partially observed product (x], ce;). The resulting expected
payoff is therefore given by: ¥, (2,1, i) (ui (x}) + Ez).

(1-1) This option implies that the first observation acquired
leads to a characteristic x] > x;, which allows the DM to
use the remaining observation to acquire xj, i.e., the
second characteristic from the new product observed.
This is trivially the optimal way to proceed because
Xx7>x; and all second characteristics are equally
distributed. Note that the set of possible outcomes
derived from observing xj is defined by (1-0) and (1-1).

The resulting expected payoff is therefore given by: 4,

(L1, u) [ (1,1, o) (w (x) + ua(x3)) + ¥, (1,0, i)
(E1 + E2)].

The basic reference product upon which the DM is expected
to improve as a result of the information acquisition process is
given by (x;, P*(x1)). That is, the characteristic initially observed
determines the reference point on which the information
acquisition process is based. The consequences for the information
acquisition process of DMs will become evident below, as we
describe the different sections that compose the algorithm. The
intuitive explanation for this assumption may range from framing
effects together with optimism or pessimism on the side of the
DMs [27] to subjective motivations based on the value of the
information being acquired [52]. Moreover, when acquiring three
or more observations, shifting the reference points to the CE
product implies forcing the DM to ignore combinations of products
that could potentially improve upon the CE product.

We are now able to write an expression for the functions F(x;)
and H(x;) in a setting with three observations. We will denote
these functions by F(x1|3) and H(x,|3), respectively.

Foa3) [ o) n ) + a0y + 4

+/ Mo (X2)(E1 + E2)dx; + B (10)
JOPT(x)

where

A= e (1.0.10)(Er + Ea)
P*(xq)

+ Y1 (1,1, 1) (Ur (x7) + Ez)]dx; (11)

B:/, o (X)W1 (1,0, uy)(E1 + E3)
JPT(x)
+ Y (1,1, ) (wn (XT) + Eo)]dx, a2

The reference value framework assumed in the current section
implies that the set of acceptable expected outcomes within B
relates directly to the potential realizations of x, € P*(x;). That is,
the realizations of the second characteristic from the initial
product have a reference effect on the resulting expected payoffs
derived from the posterior observations calculated within both A
and B. As we will see later, the current framework makes more
intuitive sense as the number of observations increases. This is the
case even though it may seem intuitively correct to define the
expected improvements to be achieved relative to the CE product,
that is, with the new characteristic x] being located above the ce,
value and the corresponding P*(x7) set requiring that x} > ce,
when added to x]. The requirements, x; > ce; and xj > ce;, also
imply that many potential combinations of characteristics that
lead to expected products with a higher utility than that of the CE
product would be eliminated. Clearly, in a sequential information
acquisition setting, as the DM observes products leading to a
higher utility than that of the CE product, the highest among these
products will be used as the reference on which improvements
must be defined. We return to this topic later in the paper. Now
consider the function H(x4|3).

Hxa13)E (1 (x1) + E2) + € (13)
where
C= ‘/ﬁ(zaoalh)(El +E2) =+ I»[/1(21 17/""1)(“1()‘1]1) +E2)

+ U (11, ) [ (1,1, o) (un (x7) + Uz (X3))
+v5(1,0, uy)(Er + E))] (14)



M. Tavana et al./Information & Management 53 (2016) 207-226 213

Note that in the function H(x¢|3), the improvements must be
calculated with respect to the partially observed product defined
by x,. The additional observation available to the DM modifies
the set of potential improvements when compared to the
function F(x;|3). The latter function is based on the weighted
average that follows from the expected realizations of x, and the
corresponding P*(x;) sets. Here, improvements are based on a
new observed product calculated with respect to the set P*(x;)
defined by the partially observed first product absent any
potential x, realization.

4. Signals and learning
4.1. Basic intuition

As already stated in the introduction, we will consider a
uniform density function when defining the subjective beliefs of
the DM. In addition to providing a simpler formal framework, the
uniform density reflects the total uncertainty and maximum
entropy faced by the DM when acquiring information [55]. The
analysis can be performed using any other continuous probability
function, but the main results obtained relating to the different
signal effects between X; and X, would remain unchanged.

The initial density function considered by the DM is therefore
given by:

if X; € [Oli, ,3,]

otherwise

1
Wi(Xi) = {ﬁi—af (15)
0

for i=1, 2. We assume that receiving a credible positive signal
implies that a percentage y of the probability mass accumulated on
the lower half of the distribution is shifted to the upper half. The
corresponding conditional density function is given by:

1 1 1+y o (it )
Bay Y By By " "'€< 2 P }
(6, yl) =
! -y T _ 127 i ye {av ai+’3i}
Bi—ar) " (Bi—ar)  (B—ay) T[0T 2

(16)

After receiving a positive signal, rational DMs update their
initial beliefs, given by 1;(x;), following Bayes’ rule. Therefore, if a
signal 0 is received, the updated beliefs of the DM will be given by:

(6, ylx) (%)
Hi(Xil6) = Jx, 70O, yIxi) pi(xi)dxi v

It may seem intuitively appealing to assume that positive
signals generating first-order stochastic dominant beliefs lead to
higher expected utility levels for all possible X; values. We will
show numerically that this is not necessarily the case. Moreover,
even if this were the case, signals will shift the respective threshold
values between the search utilities toward higher or lower Xx;
realizations depending on the characteristic on which they are
issued.

The belief functions defined above will be used to determine the
probability that | among the n remaining observations deliver a
better product than the one observed, which is given by the
following binomial distribution:

i o)) = (] ) s19)' (111,10 (18)
4.2. Updating the potential improvement probabilities

To add intuition to the presentation, we will assume that y =1/
2. Thus, the DM knows that if a signal 6 is received, the probability

of observing a characteristic from the upper half of X;, withi=1, 2,
is twice that of observing one from the lower half. Initially, we have
that:

3 . o + B
5TR if x;¢€ L B
ity — | 2P et (9)

1 ai+ B
2(fi—ai) 2 }

with i =1, 2. The conditional density 7(6|x;) that results from the
signal received is presented in Fig. 2.

As a result, after performing the corresponding Bayesian
update, the DM accounts for the signals received either on the
first or the second characteristic as follows:

if x;¢ {oe,-,

(@) i (x:)
M) = O s (ko (20)

wherei =1, 2. These probabilities will be used to define the weights
determining the initial A and B terms within the corresponding
function F. Moreover, as explained above, these are the probabili-
ties used to define the binomial improvements based on the initial
observed realization x;. However, these probabilities must be
adapted by the DM to compute the product expected to be obtained
from the potential improvements that may be achieved over the
initial partially observed product. Together with the first realization
observed, the DM knows that half the probability mass from the
realizations located on the lower half has been shifted to those on
the upper half. The DM must consider both the value of x; and the
resulting truncated distribution when calculating the expected
product that may be obtained after a given number of observations.
We describe this updating process in the next subsection.

4.3. Updating the expected search products

The probabilities incorporated into the search equation after
signals are received for either X; or X, must be based on the first
characteristic observed, x;, and the resulting potential improve-
ments over the corresponding updated CE products. Moreover, the
probability improvements over x; and the corresponding set P*(x;)
should depend on which one is the characteristic being signaled, as
they are generally defined over different domains. For example, in
the X; case, the signal divides the domain into two intervals that
are given by [xq, ce;] and [ce;, B1]. We explain below how the DM
shifts the probability densities that define the corresponding
expected search products. Adjusting the interval limits when
signals are received on X, allows the same analysis to be
performed.

When calculating the corresponding subjective probabilities,
note that the density on which the issued signal is based is given by
(0)x;), with i=1, 2. Consider a given x; € X; realization. To
simplify the notation, assume that the initial realization observed
by the DM is given by x € X;. When computing the new updated
densities necessary to calculate the expected value of the product
observed, the DM knows that the density of the lower half of the
distribution is given by (1/(2(8; — x))) and that this density is
defined over the domain [x, ((c; + 81)/2)]. This equation also
defines the probability mass that is shifted to the upper side of the
distribution, which is:

(@+B)/2) q _ (a1 +1)/2)—x
./x 2(,31*X)dxli 2(1—x) .

Note now that to calculate the density of each point located on
the upper side of the domain [((«; + B1)/2), B1], we have to divide
the entire mass of the upper part uniformly over all the values
within its domain. The probability mass located on the upper side
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Fig. 2. The conditional density 7(6]x;) as a result of the signal 6.
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of the distribution is given by (& 1/3’]‘)1;)/ 24 ((“‘Jg]ﬂﬁ)*x. where the

second part of this expression is the density mass shifted to the
upper side of the distribution depending on the value of the x € X;
realization observed by the DM.

We denote with s; the probability mass of each of the points
located in the upper domain of the density. Therefore, the
following equation must hold for each one of these points:

B _
[ - Be,
(@1 +B1)/2) Bi—x

(0 + B1)/2)—x
2B, x) (22)

which solves for:

1 (a1 +B1)/2)—x
+ 23
Bi—x " 2B —x)Bi~((en + B)/2)] 23
The process determining the shift in the probability mass
between domain intervals is summarized in Fig. 3 below.

S1 =

Consider, for example, the domains that will be assumed
through the numerical simulations for X; =[5, 10] and X5 = [0, 10].
The above process leads to the following densities subjectively
defined by the DMs based on the intervals where the domain is
located. These densities will be used to calculate the improved
product that is expected to be obtained by the information
acquisition process. Note that within a uniform setting and a risk
neutral environment with u;(x;)=x; such as those assumed
throughout this paper, we have that ce; = (o; + 8;)/2, fori=1, 2.

If the signals are issued on X;, the DM must consider two
possible cases. If x > ceq, then:

Eoulr(O) = g for < (x By (24)

1

Slalm(Ox) = g o

for x; € (ceqg + cea—x, B,]  (25)
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Fig. 3. Subjective probability mass shift based on the realization x.
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If x < ce; then:

1 CETA R
6~ | P 2B 0B (e By
2—(5 5 if x1 €[x, ceq]
] (26)

while the distribution on X, remains identical to the &(x,|7(60]x1))
just described. The variables ce;jp, with i = 1, 2, denote the CE value
of the i-th characteristic after a signal is received regarding their
distributions.

If the signals are issued on X,, the DM must also consider two
possible cases. If x > cey + cepg — cey, then:

variety of qualitative results determining the relative strength of
the shifts observed in the functions F and H. In this regard, the
effects of optimism or pessimism regarding the expected utility
derived from the potential product improvements can be easily
analyzed within the current framework.

The reallocation of probability if more than one improved
product is observed has been performed according to the following
equations, where all the expressions have been simplified to a
common denominator.

If the signals are issued on X;, the DM must consider the
following cases:

If x > ceq, then:

(1 +(n/100))

G if x1e<'312+x,,31}

E(x1|7(61x1)) = 1 31)
(1-(n/100)) . B +x
B @) =g for < @) (=100 gy, [x £ 2]
1 (o2 + By)/2)—x _
Eln(Oa)) = | P 2P IB((a 4 ) 2] i 2 & (cez, ol (28)
Z(IBZ_X) if x,€ [Cel + Ceyp—X, cey
(1+(n/100) . By + cerg + cea—x
E(ol (@) = | P10 —Ce2 X e (f ﬂz} -
2 1 w if x G{Ce +C€—XW}
By—ceyg +cex +x 1 110 2—X, )
If x < ceq, then
1 ((aq + B1)/2)—x 1n/100 n ' B, +x
{,31 —X+2(,31 —(’(‘)[/31 —é(f)Jl;z-)‘f- B1)/2)] +2(l/8{66()} (1 +m> if x1¢€ ( 2/3 7‘3]}
— a1+ Py —X n n . X
E(x1|T(O]%1)) = ﬂ1*x+2(,31fx)[,31*((a1 +,31)/2)]+2(,317x) (1 100 if x; € <C€17 5 ] (33)

(1-(n/100))
2(B1—x)

If x < ce; + ceyjg — cey, then:

Eoul(Oh) = g, for € (x By (29)

§(x2|m(Olx2)) = B

————— for x; € (cey + ceyp—X, 30
- 2 € (ceq 210—X, B, (30)

Finally, we allow for an additional reallocation of densities
between both intervals when more than one improved product is
expected to be observed through the information acquisition

if x;1 € [x,ceq]

The distribution on X, remains identical to the &(x,|7(6]x;)) just
described for x > ce;.

If, on the other hand, the signals are issued on X5, the DM must
consider the following cases:

If x > ceq + cepg — cey, then:

w if X]E(@,ﬂ]}

process of the DM. That is, being able to observe more than one E(x1|T(O)x2)) = B (34)
improved product should provide the DM with a different expected (1-(n/100)) .. Xp € (x By + X}
payoff, in this case one that is higher than observing a unique one. Bi—x T2
We have accounted for this effect in a subjective manner. We
are aware of the fact that different reallocation processes lead to a
1 (a2 + B,)/2)—x n/100 } ny o (,32 + cep + ceyp—x }
+ + 1+-—) if xpe(——F5—"—,
ng,x 2(B,—X)[By—((2 + B,)/2)] * 2(By—%) ( 100) ? 2 P
B 1 (a2 + By)/2)—x n/100 n . By + ceq + ceyp—x
E(xa|T(O]%2)) = { + 2 + 1-—) if xpe(cey,=———F = (35)
Ba—x " 2(B,—x%)[Br— (2 + B2)/2)] ' 2(B—x) (1-1g0) 1f 22 (cez 2

(1-(n/100))
2(B,—x)

if x; €[ceq + ceyp—x, ces]
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If x < ceq + cezp — cey, then:

(1+ (n/100))
By—cer—ceyp +x
(1-(n/100))

By—cer +ceyp + X

E|(0)x,)) = 2

if x; ¢ (ce1 + cezp—x,

The distribution on X; remains identical to the &(x|7(0]x2)) just
described for x > ceq + ceyp — ces.

To simplify the notation, we will denote the functions defined
above by &(x;), with the subscript i=1, 2 referring to the
characteristic on which the signal has been issued.

We use these density equations to calculate the expected
product received by a DM after observing a given signal on either
the first or the second set of characteristics. These equations
increase the utility derived from the expected product whenever
the DM expects to observe more than one improved product fully.

In this respect, n=0.5 if the DM expects to observe one
improved product fully and an additional one partially. A value of
n=1 is assigned by the DM when two improved products are
expected to be fully observed and so on, with any new fully
observed product adding a value of one to n; a partially observed
product adds a value of 0.5.

The reference value of 100 relative to which the improved
products shift probability could be modified to account for the
degree of optimism of the DM. Clearly, when n=100, the probability
mass has been fully shifted to the corresponding upper subinterval
of the domain. This redistribution of the density implies that we
have assumed that the DM accounts for the possibility of selecting
the best product among the potentially acceptable products
expected to be observed.

To provide additional intuition, we explicitly define the four-
observation case with signals based on the density functions
introduced in this section. The appendix provides an explicit
illustration of how the model actually operates when signals are
received on both X; and X, and how it is simulated when four
observations are considered.

5. Acquiring observations with signals

Assume that the DM receives a signal on the distribution of one
of the characteristic factor spaces. The DM has to calculate two
enhanced versions of the original functions F(x;) and H(x;). These
new functions must account for the number of observations left to
be acquired by the DM and the probability that such observations
provide a product better than the one initially observed, which
constitutes the main reference value. The DM follows an identical
pattern to that of the two- and three-observation cases when
defining the sets of combinations resulting from the search.
However, the potential improvement probabilities as well as the
expected products obtained from the search are both determined
by the initial observation and the type of signal issued by the firm.

5.1. The four-observation case

Now consider the information acquisition problem faced by a
DM who has gathered the first observation from an initial product,
given by x;, when a total of four observations can be acquired. We
will not provide a detailed account of the search payoff possibilities
as in the case with three observations, but a basic schema is
developed in the appendix.

When calculating the enhanced function F(x;|4, 6), we must
account for the fact that the DM uses the second piece of
information available to acquire x, and observe the initial product

. Ba +ceq + ceyp—x
if x¢€ (—‘, ,32}

B, +cer + CEz‘g—X:|

fully; i.e., the DM observes (X1, X2). As a result, the payoff obtained
by the DM depends on the expected realization of x, and that of x%,
i.e., the first characteristic from the new product observed. The
following combinations must be considered when calculating the
term A within the function F(x;|4, 6) based on three remaining
observations: (2-0), (2-1), and (1-1).

i M2 (X210) [ (2,0, 1y (%] > x110)) (B + E2|0)]dx,
(2 1 S0y M2 (X2 10) [V (2,1, 1 (%] > X110)) (11 (XT) +E2 [§(x;)) X2
© Ipr i M2 (%210) ¥ (1,1, 1 (X > X10))
(Y2 (1,1, iy (X5 € P (x110))) (u1 (¥]) + U2 (x3)[5(x;))
+ (1,0, 1o (X5 € P¥(x110))) (Ex + E2|6)]dx;

We have employed the notation (E;+E;|0) to define the
certainty equivalent outcome from the search process when one of
the certainty equivalent values is based on a signaled characteristic
factor space. Similarly, we will use (-|&(x;)) to indicate the
subjective expected product computed by the DM whenever the
potential improvements resulting from the search include at least
a u;(xj') term, with i=1, 2.

Note that the interval limits defining the term A are based on
the signal received by the DM. Consider, for example, a signal-
based improvement on the first characteristic:

P*(x110) = {X2 e Xa NSupp(iy) : uz(x2) > Eqjg + E2—u1 (%)} (37)
and
P™(x110) = {2 € X2 NSupp(uy) : Uz (¥2)<Eqp + E2—u1(x1)} (38)

P*(x1]60) and P~(x,|0) define the set of values x, from the initial
product such that their combination with x; delivers a utility that
is higher or less than or equal to a randomly chosen product from G,
respectively. We will use the same notation, namely, P*(x;|0) and
P~(x4|0), when considering the sets defining signal-based improve-
ment on the second characteristic, which are determined by
E;jo. The context within which the corresponding functions will be
used prevents any confusion between cases.

When defining the enhanced version of function H(x,|4, 8), we
must account for the fact that the DM has one more observation
left to acquire than in the F(x;|4, 0) setting because the second
observation has not been used to acquire x,. The following
combinations arise from the set of three observations that the DM
has left to acquire when computing H(x,|4, 6): (3-0), (3-1), (2-1),
(2-2).

(3-0) : ¥4 (3,0, (x] >x1|60))(E1 + E20)
(3-1): ¥ 3,1,y (x] > x110)) (uy (X]) + E216(x;))
(2-1): ¥y (2,1 .U~1(X”>X1|9 [Wra(1,1, o (x5 € PF(x16))) (1 (xF)
+ W () [EX:)) + Y2 (1,0, 1y (X5 € P (x110))) (E1 + E216)]
(2-2): ¥4(2,2, 1(X" >X1|9))W2(1717M2(X2 € P (x110)))max{(u; (x])
+ Uy (XD)|E(X)), (U (K1) + Ex|&(x;

+¥,(1,0, Mz(Xz €PT(x}16))) (s (X?“) + E2[§(xi))]

6. Numerical simulations

This section presents several numerical simulations illustrating
the information gathering behavior of the DM when acquiring any
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amount between two and five observations while receiving signals
on the first or the second characteristic. It should be emphasized
that a larger number of observations could be considered and a
general form derived for any positive (but bounded) number of
observations. Simulations will be provided for a risk neutral DM,
although a considerable set of potential settings can be analyzed
by applying the formal environment described in the paper. The
following parameter values will be employed throughout the
numerical simulations

(i) Characteristic spaces: X; =[5, 10], X5 =[O0, 10];
(ii) Utility functions: u(x1) = X1, uz(x2) = Xo; and
(iii) Probability densities: Vx; € Xy, q(x1)=1/5;
Ha(x2) = 1/10.

Vx, € X5,

We now illustrate the effect induced by positive signals
regarding the distribution of X; and X, on the information
acquisition behavior of the DM. A formal explicit analysis can be
found in the appendix. To facilitate comparisons among the
threshold values generated within the different scenarios, the
support of the respective signal-induced probability functions will
remain unchanged throughout the simulations. In all figures, the
horizontal axis represents the set of x; realizations that may be
observed by the DM, with the corresponding subjective expected
utilities defined on the vertical axis.

The basic reference risk neutral setting with two observations
and signals issued on the first and the second characteristic is
represented in Fig. 4a and b, respectively. Observe the dominance
throughout the whole domain of the function H(x;) over F(x;) and
of H(x,|0) over F(x;|0). We will maintain this simplified notation
throughout the simulations to differentiate the signaled from the
unsignaled settings. As we will see in the rest of the numerical
simulations, this initial dominance effect wears off as a higher
number of observations become available to the DM. Clearly, when
only two observations are acquired, continuing with the initial
product observed implies ending up with a unique product: either
the initial one if it provides a utility higher than (ce;, ce;) or a
randomly chosen product if the utility derived from the initial one
is below that of (ceq, cey).

However, when acquiring information on a new product, the
DM will have two products to choose from, the initial and a new
one, both partially observed. The new product is added to the total
utility of the DM, who biases his incentives toward observing a
product other than the initial one.

This effect is eliminated in Di Caprio and Santos Arteaga [11],
where a unique final product is accounted for in the choice set of
the DM through both functions F and H. The current framework is
designed to accommodate a large amount of potential observa-
tions and it is to be treated as such, with a large bias arising toward
diversification when a small number of observations are acquired.

Note that we have defined the set of potential improvements
upon the reference realization in terms of either the (x;, P*(x1)) or
the (x1, P*(x4]0)) pair. This assumption accounts for any framing
effect on the side of the DM that may be induced by the (partial)
observation of the initial product. At the same time, it conditions
any potential improvement on the information available to the
DM, who does not know the outcome from the second observation
but is able to compute the set of acceptable realizations.

We could also assume that the DM shifts the reference product
whenever the next potential realization is located above the
initially observed x;. In this case, the structure of the algorithm
requires adding a new dimension to the process, as the DM must
also account for the value of all the remaining observations while
conditioned by such a realization and the initial one. Thus, each
potential observation that the DM wants to consider as a
determinant of his search behavior adds a dimension to the
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Fig. 4. Information acquisition incentives with two observations.

information acquisition process, as has been shown in Di Caprio
et al. [15].

Fig. 5 illustrates how the three-observation setting delivers
information acquisition incentives that differ considerably from
those obtained when two observations are acquired. This setting
presents an important decrement in the Starting dominance
pattern obtained within the two-observation environment. That is,
the Starting option still dominates the Continuing option through
most of the X; domain but to a much lesser extent than in the two-
observation case.

Fig. 6 illustrates the case in which a fourth observation is
acquired. The DM will favor the acquisition of information on the
product initially observed over starting with a new product. At the
same time, note how the dominant Continuing tendency extends
over a wider interval in the X, signaling case when compared to the
X5 case. The exact interval values are presented in Table 1.

Now consider the case with five observations represented in
Fig. 7. Note that when signals are issued on Xj, the functions F and
H display lower expected utilities through a considerable interval
within the domain. This effect becomes more evident as we
approach ce; and is due to the increment in the CE value required
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Fig. 5. Information acquisition incentives with three observations.

by the DM, which shifts from 12.5 to 13.25. This increment in the
CE value decreases the probability of improving upon the initial
observation with the potential realizations from X,. That is, the
remaining observations must improve upon the initial reference
product determined by x; and P*(x;). This latter set shrinks when
signals are issued on X;, while its associated distribution remains
unchanged, excluding several X, realizations from constituting
acceptable products for the DM.

The simulations in Fig. 7 illustrate the upward shift that the
signals issued on X, cause on the search utilities of the DM
compared to the more intricate effect derived from issuing signals
on X;. This difference is derived from the fact that the DM

Table 1
Threshold values and continuation intervals (F(-) > H(-)).

Observations

2 3 4 5
Absent signals - [5, 5.6966] [5, 7.9294] [5, 7.0851]
[9.9030, 10] [9.8990, 10] [9.8968, 10]
Signals on X; - [5, 6.3125] [5, 8.6141] [5,7.2151]
[9.8963, 10] [9.8887, 10] [9.8846, 10]
Signals on X; - [5, 5.6500] [5, 7.8319] [5, 6.4025]
[9.9003, 10] [9.8960, 10] [9.8937, 10]
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Fig. 6. Information acquisition incentives with four observations.

eliminates (to a certain extent) the uncertainty associated with X,
after acquiring the initial observation, while the uncertainty
associated with X5 persists when deciding how to allocate the next
observation. As a result, we can see how positive signals issued on
the characteristics of a given product do not necessarily increase
the willingness of the DM to acquire such a product. Indeed, the
incentives of the DM to continue acquiring information on the
initially observed product decrease if the improvements are
introduced on X5, i.e., positive signals actually lead to a smaller
continuation interval when issued on X,.

7. The information acquisition process

The numerical simulations presented in the previous section
illustrate a subset of the potential pairwise comparisons
performed by the DM at different steps of the information
acquisition process. Some general remarks on the properties of
the information acquisition process of the DM follow.

(i) The comparisons performed by the DM will be generally based
on the expected utility derived from continuing to acquire
information on the partially observed product with the highest
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Fig. 7. Information acquisition incentives with five observations.

x1 and the utility derived from starting to acquire information
on a new product. As stated in Section 4, it is trivial to show
why the DM considers the partially observed product with the
highest x; over any other that is partially observed when
defining the corresponding function F.

(ii) If all the previous products have been completely observed,
the DM faces the information acquisition setting described in
Sections 4 and 5 but adapted to the number of remaining
observations. That is, the formal settings defined in both
sections describe the information acquisition incentives of the
DM either when he starts acquiring information or after
having fully observed a given number of products.

(iii) The reference product that the DM must improve upon is given
by the product that provides the highest utility among all
those previously observed. In particular, the functions F and H
will be conditioned by the first characteristic from the highest
utility-providing product that has been fully observed.

(iv) The information acquisition process must be adjusted as the
number of remaining observations decreases and whenever
the products observed modify the reference values considered
by the DM.

Table 2
The online information acquisition process of the DM: basic guidelines.

Continue

If F(x1|n, 8) > H(x1|n, 8), the DM acquires the second observation from the
initial product observed, i.e., x,. After acquiring x,, the DM will have
completely observed the initial product, (x4, x2), while being endowed with
n — 2 remaining observations. Trivially, the DM must observe the first
characteristic from a new second product, x7, and then decide once again
whether to continue with the newly observed product or to start acquiring
information on a third one. His decision will be determined by the
corresponding functions F(x{|n—2,60) and H(x [n—2, 0). These functions are
based on the x7 observed, and their reference values will be defined with
respect to the initial fully observed product if it provides a utility higher
than the certainty equivalent one. The same continuing versus starting
decision must be made by the DM after acquiring the next observation.

Start

If F(x1|n, ) < H(x1|n, 6), the DM acquires information on a new product. In
this case, he will have observed two products partially, whose first
characteristics are given by x; and x}, while being endowed with n -2
remaining observations. The DM must now decide between continuing
with either x; or x| and starting to acquire information on a new product.
As already stated, he will consider the highest value between x; and X7,
denoted by x¥, in order to define the corresponding functions F(x}/|n—1,0)
and H(x}[n—1,0).

Continue

If F(x}!|n—1,0) > H(x}'|n—1,6), the DM fully observes the product with the
highest first characteristic; i.e., he observes x}, and then, he once again
faces the problem of either continuing with the remaining partially
observed product or starting with a new one. This decision must be
conditioned on the n — 3 remaining observations.

Start

If F(x¥|n—1,0) < H(x}|n—1,6), the DM will observe the first characteristic
from a third product, i.e., x}*1. Given the potential realizations of this
characteristic, the DM must again define the resulting functions F and H
based on the number of remaining observations and the highest value
among all the partially observed products.

Fig. 8 provides an intuitive description of how the information
acquisition process of the DM evolves sequentially.

Initially, the DM has n observations left to acquire. After
acquiring the first observation, x;, the DM must choose between
continuing to acquire information on the product observed and
starting to acquire information on a new product. His decision is
based on which function, either F or H, provides the highest
expected utility. The information acquisition process of the DM
proceeds according to the guidelines described in Table 2 until he
exhausts all of his available information.

It should be emphasized that the information acquisition
setting described in the current paper can be defined to account for
any positive number of available observations.

8. Managerial implications

Consider the immediate consequences derived from our model
regarding the strategic quality of the sequential information
acquisition process of the DM. Note that this process has also been
shown to condition the production plans of firms, given the
considerably different reactions of the DM to improvements
introduced on the first and the second characteristic. Our model
can be used to

e Develop decision support and expert systems as optimal
sequential information acquisition strategies, where information
is only acquired if the benefits derived from the information
exceed its cost [42,52]. A similar remark applies to the design of
the information dashboards guiding managerial decision making
processes [2,21,24].

o Extend papers in a heterogeneous direction, as in Li and Zhu [32],
where a group of homogeneous experts must be hired to forecast
the stochastic market demand for a new product that is about to
be introduced in the market.
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Fig. 8. The sequential information acquisition process of the DM.

e Design dynamic extensions of standard multiple-criteria deci-
sion making models [ 7], accounting for the fact that in our model,
the DM considers the set of potential realizations expected to be
observed and modifies his threshold values after acquiring each
observation.

e Formalize the information acquisition and choice processes
considered by the consumer choice literature, where frictions in
the acquisition of information, such as limits in the cognitive

capacity of the DM, the existence of context effects, and the
transmission of superfluous information, have been described
but not formalized [4,5,16,46].

e Analyze the effect of memory capacity and previous experi-
ence in determining the payoffs expected to be received and
the resulting information acquisition behavior of the DM,
i.e., study the generation of a potential base of loyal consumers

[3].
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e Study the equilibrium implications derived from the strategic
transmission of information within imperfectly competitive
scenarios, extending into the game theoretical branch of
operations research [50,39,18]. That is, the results displayed
by an online search engine can be interpreted by the DM as
bidimensional objects, composed of a succinct description and
additional information that can only be obtained after accessing
the corresponding website. In this respect, our model provides a
formal reference framework to study online search processes
and, for example, compute the probability of accessing a given
website based on its relative position within the ranking
displayed by the search engine. Following this particular
approach would complement the results obtained by papers
such as those of Wang et al. [61], who propose a method to
estimate the probability that a product is purchased after being
observed by a DM, and Dou et al. [17], who analyze how firms can
use their position in the ranking delivered by online search
engines to differentiate their products from those of rivals. The
main implications of the current paper for this research area are
described below.

(i) Consider an online search environment where the DM must
evaluate search and experience goods. Huang et al. [26]
illustrate how observing experience goods requires a greater
amount of time per page, leading to a lower number of pages
being evaluated than when observing search goods. As
already indicated, our second characteristic can be inter-
preted as an experience component that complements the
first one. When considered in terms of costs, improvements
in the second characteristic have a negative effect on the
expected payoffs of the firms. At the same time, due to their
effect on the threshold values computed by the DM,
improvements in the first characteristic may also be used
to limit the total number of products observed by the DM.

(ii) Finally, consider the online recommendations provided to a
DM based on his purchasing history [63,25,33]. Recommen-
dation agents are software agents who, after eliciting the
preferences of individual consumers, make recommenda-
tions accordingly. These recommendations involve the
description of a series of characteristics from an unobserved
product by unknown third parties. Absent credibility and
trust considerations [20] and strategic reporting [12,48], the
DM must choose which recommendation to follow. The
(subjective) evaluation of the considerable amount of
consumer reviews available to the DMs online provides a
similar set of implications [64].

8.1. Memory capacity and search costs

Consider the set of implications relating the current model to
the scenarios faced by a DM who is performing online searches. In
this type of environment, the full memory capacity with which the
DM is endowed when defining his search strategy is a fundamental
property of our model. That is, the capacity of the DM to remember
and compare the characteristics of the products observed with the
potential realizations resulting from the search should be a
fundamental requisite of any online search model. As stated in the
introduction, the management and the operations research
literature concentrate on computing stopping search rules based
on the expected value of the next characteristic and the
information acquisition costs faced by the DM. This focus on the
costs deviates attention from memory, a relation that should be
inverted when analyzing online search environments. That is, the
cost of shifting among different online results is relatively small,
while the first characteristics of the alternatives displayed by an
online search engine are easily observable, increasing the capacity
of the DM to remember previous realizations from the search.

It should be noted that the introduction of information
acquisition costs within the current search process is straightfor-
ward. Given the findings of Huang et al. [26], three possibilities
could be considered depending on the level of sophistication
required from the DM. One possibility would consist of assigning a
given cost to each of the remaining potential observations of the
first characteristic and a higher cost to those of the second
characteristic. These costs should then be added to the corre-
sponding functions F and H. A similar, though less demanding,
approach would be to assign a fixed cost incurred by the DM when
acquiring the next observation and compare it to the expected
utility derived from the search. Finally, an intermediate possibility
would consist of assuming that continuing requires the DM to
assume a higher cost than starting. This would lead to a downward
shift in both functions F and H. However, the size of the shift would
be larger for F, decreasing the corresponding continuation regions
in all the figures.

The capacity of our model to incorporate diverse types of
information costs based on the number and type of remaining
observations confers an advantage over other models that rely
uniquely on a given fixed cost.

9. Conclusions

We have studied the information acquisition behavior of a
rational DM who is gathering a sequentially finite number of
observations from a set of products whose attributes have been
grouped into two main characteristics. The introduction of signals
within our formal setting has allowed us to determine the strategic
consequences that issuing different types of signals has on the
information acquisition behavior of the DM.

Consequently, the model introduced in this paper can be
applied to any of the research areas linked by their analysis of the
optimal information acquisition behavior of rational DMs, such as
economics, consumer choice and the decision and game theoretical
branches of operations research. Applications to knowledge
management and decision support systems follow immediately
from our formal setting, particularly when considering the
introduction and acceptance of novel technological products and
when analyzing online search environments.

From a formal point of view, the main extension of the current
model should aim to increase the dimension of the products on
which observations are acquired. As the dimension of the product
increases, the set of potential combinations and expected payoffs
that must be considered by the DM also increases, which
increments the sophistication required on the assimilation
capabilities of the DM.
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Appendix A. Appendix

Explicit calculations

Consider the expression for the functions F and H in the setting
with four observations and signals

- (,16) 12%) (XZ ‘9) (Ul (Xl ) + Uy (XZ ) ‘E(Xi))dxz

F(x;|4,0)% /P

+AT / 112210 (1 + E;|0)dx, + B
P~ (x110)
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where
A= /M ‘Q)Mz(xz\Q)[% (2,0, 141 (X >x1|0))(E1 + E2|0)
. X1

T Y121, 1y (X7 > x110)) (ua (X7) + E2[§(xi))
+ Y (L1, (37> x110)) [ (1,1, i (%3 € P (x1160))) (us (x7)
+uz(X3)[E(x1)) + ¥ (1,0, 112 (x5 € PT(x116))) (E1 + E2|6)]]dx,

B:/l 1 (32 0) (W1 (2,0, iy (%} > x116)) (1 + E26)
P~ (x110)

+ (2,1, 1 (X7 > %116)) (ur (X7) + E2|5(x))
+ ¥ (1,1, 1y (X7 >x1|0)) [¥2 (1,1, o (3G € P (%116))) (wa (x7)
+ U2 (X5)[E(xi)) + Y5 (1,0, o (X5 € PT(x110))) (Eq + E2|0)]]dx>
Note that both the A and B terms define potential improvements
over the CE product, with the new characteristic x{ >x; and the
corresponding P*(x;|0) set based on all the potential realizations of

X;. This latter set requires x} to deliver a product that is better than
the CE product, (E; + E2|6), when added to x7.

H(x114,0)% (13 (x1) + E2|0) + C

C=91(3,0, 1 (x7 >x116))(E1 + E2|0)
+ 9131 (X7 > x110)) (un (%) + E2|§(xi))
(2,1 10 (X7 > x110) Yo (1,1, i (x5 € P (x116))) (u (%)
+u2(x3)[E(X0)) + ¥2(1,0, i (%3 € P (x116))) (Ey + E210)]
+ Y122, 1 (X7 > x110)) [, (1,1, (X3 € PT (x16)))max{ (us (x7)
+ Uz (X5)[E(X:)), (t () + ExlE(xi)) )
+Y2(1,0, 1y (X5 € P¥(x110)) (ur (X7 1) + E2[(xi))]

The additional observation available to the DM modifies the
set of potential improvements when compared to the function F,
which is determined by a weighted average based on the
expected realizations of x, and the resulting sets P*(x;|6) and
P~(x1]0).

Below, we explicitly illustrate what the model actually
simulates when signals are received on both X; and X, within
the four-observation setting.

(
(

Signals on X;

Throughout this
ceyjp=38.125 and

subsection, we have ce;=7.5 ce,=5,

P (x1|0) = {x2 € X3 NSupp(it,) : Uz (X2) >Eqg +Ex—ui(x1)}

P~ (x1]0) = {x2 € Xa NSupp(iL,) : Ua(X2)<Eyg + Ex—uq (1)}

The binomial distribution determining the potential improve-
ments within X; for a given initial observation x; is given by:

n—I

i 100 5g] [ 11000
7.

n[75-x 75 (75-x 75
1|10 " 10 10 1

Yi(n, 1, (X7 >x00)) =

This binomial describes the probability mass accumulated
within the interval [x;, 10] defined by the x; observation.

The corresponding binomial accounting for potential improve-
ments within X, is given by:

Vo (n, 1,y (x5 € PT(x116)))
ol [10-(13.125-x;)]' 1 10-(13.125-x) -l
~ Ii(n=I)! 10 10 ’
VX1 €[5,10]

We are taking as a reference point the product defined by the
initial x; realization observed. Thus, all improvements are defined
over the interval [x;, 10] of X; and over the interval
[B2 — [(ceqo + ce2) — x1], 10] of X,. The expected utilities determin-
ing the information acquisition behavior of the DM are based on
these intervals, which define the probability mass available for
expected improvements over the initial partially observed product
that are contained within the set P*(x;]6). These probabilities are
subjectively calculated by the DM and were defined in Section 5 as
&(x1|m(0]%1)) and &(x2|7(O)x1)).

Subjective improvements are computed with respect to the risk
neutral ce; value within the interval [5, 10] on which the first
characteristic is defined. Truncating this interval affects the
product that is expected to be obtained by the DM. Note that
observing a particular x; realization modifies the expected utility
received by the DM in terms of the product that is expected to be
obtained. That is, the initial observation conditions the potential
improvement realizations contained within the interval [x;, 10].
Therefore, for each x; observed, the DM must calculate an expected
payoff such that the interval [x;, 10] contains a probability mass
equal to one and accounts also for the truncated distribution
defined after receiving the signal.

We provide an explicit calculation for the expression below:

V(1,1 iy (X7 > X110) 2 (1,1, o (X5 € P (x116))) (w1 (x7)

+ U (X5)[E(xi)) + Y(1,0, Uy (X5 € PT(x110))) (Eq + E2|0)]
defined within the set P*(x,]|@) and composing the term A. The
expression must be divided into two separate parts depending on

the realization of x, observed by the DM. In this case, for x; € [7.5,
10], the expression is equal to:

/1:125xl<11_0>{ﬁ{(w—xl)%}1{1_(10_X1)13_0}1-1ﬁ

. [10-(13.125-x,) ! 1. 10-(13.125-x) -
10 10

I T T 1T 1!
“\ /s 107x1"1d"1*/13,125%><173.125"2d"2 a1
=1 110-(13.125-%))°

0/(1-0)! 10

x :(10—x1)13—0r {1—(10—&)3—0}

r 1-0
x 1’%} (8.125 +5)}dx2

if x; €(7.5,10]

)}nf, if x; €[5,7.5]
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while for x; € [5, 7.5], we have

/-10 <l> 1! {75 x1+75}
131255 \10/ | TI(A=1)I | 10 10
1o (75X 75\ 1 [10-(13.125-x)]
10 10 1(1-1)! 10

13 125 X1 )}H

1012.5-%1 ;0

( ]50 5x d1+/ X[ dX]
13.
5-

7.5 50—5x1
1!
o xlxl—3125 d"2> -1y

5 )]

o
et

1-0
x {17%} (8.125 + 5)}de

Note that the main difference between both expressions is
defined in terms of the product that is expected to improve upon
the initial partially observed one. For x; € [7.5, 10], improvements
in terms of the expected product are determined by two standard
uniform probabilities defined by the corresponding functions
E(xq|m(B]x1)) and &(x2|m(6]x1)). The product that is expected to be
observed involves more complex calculation when the initial
observation is given by x; € [5, 7.5]. In this case, the improvements
over the initial observation must be calculated in terms of the
truncated uniform distribution defined between [x;, 7.5] and
(7.5,10]. The analysis of the X, setting below explicitly describes
how a truncated distribution affects the calculation of the expected
utilities of the DM.

Signals on X5

Throughout this subsection, we have ce;=7.5 ce;=5,

cezj9=6.25, and

P*(x110) = {x2 € Xa NSupp(it,) : Uz (x2) > E1 + Exjp—u1 (x1)}
P~ (x1]0) = {x2 € Xa NSupp(iL;) : Ua(X2)<E1 + Eyp—u1 (1)}

The corresponding binomial distribution determining the
potential improvements within X; is given by

Vi, 1, 14 (X7 > x116))

— “(’ﬁl)! []O;X‘}l {1 - (105—.x1)} nil, Vx; €[5,10]

while the binomial determining potential improvements within X,
is divided into two subsets

n!

Yo (n, 1, (X5 € P*(x110))) = I(n-1I)!

Ii(n—)! 20 *20

o [(10,(13‘75,&)2%}’{17(107(13.7541))%]

—(13.75—%1) 15)}

The same intuition as that of the previous X; setting applies in
this case. However, in this case, the truncated distribution affects
X, and, therefore, the calculation of the expected utility received by
the DM when he continues to observe the initial product. The
resulting expressions are somewhat more complex than those in
the X; case described above because the modified probability
enters the calculation of the function F. This can be observed in
particular when computing the expected improvements for
x1 €[8.75, 10]. In this case, the realizations of the second
characteristic may be located either within the interval
[13.75 — x4, 5] or the interval [5, 10]. This fact will determine
the value of the function w;(x2|0) considered by the DM when
defining the terms A and B within the equation F;(x;|0).

As in the case with signals on X;, we provide an explicit
calculation of the expression

V(11 1 (6 > x110) (Y5 (1,1, 1o (x5 € PT(x116)))
x (u () + 2 () [E(Xi)) + ¥ (1,0, o (x5 € P (x116))) (Ex + E26)]

defined within the set P*(x,|0) and composing the term A. This
expression must be divided into three separate parts depending on
the realization of x; observed by the DM and the expected
realizations of x,. In this case, for x; €[5, 8.75], the above
expression is equal to:

[ G w57
x [p(lo;’“ﬂl_l 1!(]111)! [(10 (13.75 xl))230}1

377171
X {1-{(10—(13.75—&))%”
10 1 ~10 1
X ———x"dx? +/ x5dx5
</x1 10—x, 1! 13.75 %, X1—3.75 75" 2)

s[5 ()] o

x {(107(13.757;(1))230}0

1-0
x {1_ {(10_(13.75_&))23_0” (7.5 +6.25)}dx2
while for x; €[8.75, 10] and x, € [13.75

Jro ) e 5] (552 ot

5 {5 (13.75— x1)+15} {17{5—(132.35—x1)+%”1‘1

20 20
10 1 5 5

n n n n

“\ /), Tox it +/13‘75,X1 100-10(13.75—x;) 292

10 15-(13.75-X1) 4 .n 11 [10—x;]"
5 T00-10(13.75—x) 2 %2 +m{ 5 }

- {1_<10;x1>}“‘ R ;‘5’}

y {17{5—(13.75—&)

— X1, 5], we have:

+

157710
50 +ﬁ” (7.5 + 6.25) bdx,

n—I

ifx; €[5,8.75]

ifx; € 8.75,10]
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and for x; € [8.75, 10] and x; € [5, 10], we have:

INIEEST '{“’s’“H (“’ N

L [5-(13.75-x) + 1 1 [p-(13.75- x1)+15
20 20 20

10 1 5 o aen
x </X1 10, 194 +/13»75—X1 100-10(13.75—x7) 2%

10 15-(13.75-X1) ;1 son 1 10—x;1"!
/5 100—10(13.75—x1)x2d"2)+1!(1—1)![ 5 }

1 (10-x = 5—(13.75—x1)+EO
5 O'(l—O)' 20 20
(13.75-x;) 15

’{T %0 (7.5+6.25) dx,

It should be noted that the expressions defining the expected
product improvements within A and B are identical in both the
X2 € [13.75 — x4, 5] and the x;, €[5, 10] cases for x; € [8.75, 10]
because these realizations of X, take place in expected terms and
are therefore not observed at the time the DM makes the
information acquisition decision. Thus, as in the previous X; case,
expected product improvements are determined by the intervals
defined by the initial x; realization and the resulting set P*(x;|60).

The difference between the X; and X5 signaling settings should
be evident from the simulated equations described above.

+

X

x |1
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