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Abstract

An agent makes the decision whether to acquire an object. Before making this decision, she
can discover, at some cost, some attributes of the object (or equivalently, obtain some signals
about the object’s value).

We aim to characterize the optimal set of attributes to be discovered; and if the agent
is allowed to discover attributes sequentially, the ordering in which the attributes should be
discovered.

We provide such a characterization in some special cases. For example, when the attributes
are ordered by second-order stochastic dominance, and the costs decrease either sufficiently slow
or sufficiently fast with this ordering. The optimal sets (in these special cases) can be computed
by pseudo polynomial-time algorithms.

Under sequential discovering, we provide a complete solution to the case of two attributes
distributed symmetrically around their means, and the outside option no higher than the sum

of means.

1 Introduction

Many economic decisions have the following form: An agent considers acquiring an object, which
is characterized by several attributes. The agent knows the distribution of each attribute in the
population, but not the particular realization of attributes for the object at hand. Before making
the decision whether to acquire the object, the agent can at some cost discover the realization of each

attribute; the cost of discovering can vary across different attributes. Examples abound, ranging
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from everyday goods to marriage and labor markets. For instance, a potential spouse is characterized
by intelligence, beauty, personality, etc.

Recent studies in decision theory provide additional support to the attribute approach. These
studies argue that decision makers often use sequentially several rationales to discriminate among
the available alternatives. (See, for example, Manzini and Mariotti (2007); and Tversky (1972) for
the basic ideas.)

We study two versions of our decision problem: In one version of the model, the agent must
decide up front which attributes to discover, and then, knowing the realizations of these attributes,
decide to accept or reject the object. In the case of acceptance, the agent obtains utility u(z1, ..., ),
which is a function of the realizations of all attributes. In the case of rejection, the agent obtains an
exogenous reservation utility V.

When attributes are ordered by second-order stochastic dominance, and the cost of discovering is
the same for all attributes, the optimal set consists of most dominated attributes. When attributes
are ordered in a slightly stronger sense (second-order stochastic dominance away from the mean)
and the differences in the benefits from discovering single attributes are equal to the differences in
the costs of discovering them, the optimal set consists of most dominant attributes. As a conclusion,

we derive the following principle:

An agent who considers obtaining signals from several sources should be inclined to obtain less

informative but cheaper signals compared to the agent who obtains a signal just from one source.

We characterize the optimal set also in some other special cases. The optimal sets in these special
cases can be computed by a pseudo polynomial-time algorithms. We show, however, that polynomial-
time algorithms may not exist. In addition, it is an open question whether the optimal set can be
computed by a pseudo polynomial-time algorithms in more general cases.

In the other version of the model, the agent is allowed to discover attributes sequentially: she is
allowed to stop discovering, and to accept or reject the object at any time. In this case, we character-
ize the optimal decision rule in the case of two attributes which are distributed independently, and
symmetrically around their means, and the reservation utility equal to the sum of these means. The
solution resembles Gittins’ indices (see Gittins and Jones (1974) and Gittins (1989)) and Weitzman’s
(1979) Pandora rule. Each attribute is attached an index, determined by this attribute only, and
independent of the other attribute, and the agent is prescribed to discover first the attribute with
the higher index.

Weitzman (1979) studied a problem similar to the sequential version of our multi-attribute model:



Suppose an agent opens sequentially boxes containing a reward of unknown value. It is costly to
open each box and discover the value of the reward contained in the box. And the agent can take
only one reward. Weitzman shows that the optimal strategy (Pandora rule) assigns to each box
a reservation price, independent of the other boxes, and prescribes to search next the remaining
box with the highest reservation price. The agent terminates search when the highest reward from
already sampled boxes exceeds the highest reservation price across remaining, closed boxes.

Weitzman’s model is almost identical with our multi-attribute model for the utility function
w(x1, ey Tp) = max{xy, ...,y }. The only difference comes from the fact in Weitzman’s model, the
agent must take the reward from an open box, whereas in the multi-attribute model, the agent’s
utility is affected also be the realizations of the attributes she decided not to discover. This feature
makes the problem studied in the present paper more complicated. In particular, a minor adjustment
of the proof of Proposition 5 yields the Weitzman result.

The celebrated literature on multi-armed bandits is also closely related. This literature inves-
tigates situations in which an agent chooses which arm to pull in each single period. The reward
obtained in this way depends on the state of the pulled arm, which then transits to another state.
The state of all the other arms remain unaltered. Gittins and Jones (1974) (see Whittle (1980) and
Weber (1992) for simpler proofs) showed that one can attach an index to each arm, which depends
only on the state of that arm, and that pulling an arm with the largest index at any point in time
is an optimal strategy.

Chade and Smith (2005) study a problem similar to the simultaneous version of our multi-
attribute model: An agent selects a number of ranked stochastic options. The inclusion of each option
to the selected set is costly. Only one option may be exercised from those that succeed. A leading
example is a student applying to many colleges. They show that the celebrated greedy algorithm
finds an optimal set. Chade and Smith’s model is the simultaneous version of Weitzman’s model,
and so is almost identical with our multi-attribute model for the utility function w(z1,...,z,) =
max{xy, ..., T, }, where each x; takes value 1 (success) with probability p;, and value 0 (failure) with
the remaining probability. Again, the problem studied in the present paper is more complicated. In
particular, it cannot be solved by applying simple schemes such as the greedy algorithm.

The first study of attributes in a context similar to ours is Neeman (1995). Neeman is interested
in an optimal strategy in the following stopping problem: An agent faces a sequence of i.i.d. multi-
attribute products, and can observe only one attribute of each product. At each stage the agent has

to decide whether to stop, taking the best product so far, or to continue by observing an attribute



of the next product. One of Neeman’s main results resembles our Proposition 1. Namely, he shows
that if the distribution of some attribute second-order stochastically dominates the distributions of

all other attributes, then the agent should always choose to observe this attribute.

2 Model

The problem we are studying in this paper can be formulated in the following two equivalent ways:

2.1 Attribute version of the model

An agent must decide whether to accept or reject an object that has been offered to her. The object
has n attributes, represented by random variables x1, ..., ,,, whose realizations are initially unknown
to the agent. These random variables are distributed according to some cumulative density function
(in abbreviation, cdf). The distribution is known to the agent. The agent’s utility of having an
object with attributes 1, ..., 2, is denoted by u(z1,...,x,), and the agent’s reservation utility, i.e.,
the utility the agent obtains when she rejects the object, is denoted by V. Before making a decision,
the agent can discover the realization of each attribute z1, ..., z,, of the object at the cost cy, ..., ¢,
respectively.

We consider two scenarios. Under one of them, the agent discovers the attributes simultaneously.
That is, she decides which set of attributes S C {1,...,n} to discover. After learning the realizations
w;, i € S (at the cost ) ;5 ¢;), she makes the decision whether to accept or reject the object.

Under the other scenario, the agent may discover the attributes sequentially. That is, she decides
which attribute (if any) she wants to discover first, and contingent on the realizations of the attributes
she has already discovered, she decides which of the remaining attributes (if any) to discover next.
After the discovering of each attribute, the agent may stop the process of learning the realizations
of attributes, in which case she may accept or reject the object. She may also decide to continue
the process, and discover the realization of one of the remaining attributes. Every time she decides
to discover an attribute, she pays the cost associated with this attribute.

Under sequential discovering, one might also study the setting in which the agent decides first
about the ordering in which she will discover attributes. She is allowed to interrupt this process, and
accept or reject the object without learning the realizations of the remaining attributes, but she is
not allowed to change the ordering. That is, the agent is allowed to discover attributes sequentially,

but the ordering of attributes may not depend on the already discovered realizations. The junior



recruiting in economics closely resembles this form of extracting information. However, we will not

study this setting in the present paper.

2.2 Signal version of the model

Suppose that instead of having multiple attributes, the value of the object is uncertain. The agent
has a prior over the value of the object offered to her, and before making the decision to accept
or reject it, she can consult with several sources of information. Fach available source i = 1,...,n
provides a signal x; at a cost ¢;. The agent knows the value-dependent distributions of signals, and
therefore for any set of signals z;, i € S C {1,...,n}, she can compute the expected value of the
object. Again, the agent may consult with the sources of information simultaneously or sequentially.

This model is formally equivalent with the model in which objects have attributes. However,
some assumptions, or payoff functions that are easy to interpret in one version of the model may
be less reasonable in the other version. In this paper, we will focus on the attribute version of the

problem.

2.3 Assumptions

Throughout the paper, we assume that x1, ..., z, are distributed independently with cdfs Fi, ..., Fy,,
respectively,

WLy ey Tpy) = T1 + oo + Xy

The results of this paper easily extend to the utilities of the form w(zq,...,z,) = ayzy + ... +

and

QnTp, Where aq, ..., o, are some positive real numbers; in this case, the assumptions regarding the
distributions of x1, ..., £, must be replaced with analogous assumptions regarding the distributions of
x1/a1, ..., Tn/a,. The research on related topics (e.g., Gittins’ indices, see Gittins and Jones (1974),
Gittins (1989), or Weitzman’s (1979) Pandora rule) suggests that the analysis would not generalize,
and would be rather intractable without the independence assumption regarding the distributions
of attributes.

The assumption that the means of x1, ..., z, are all equal is of course only a convenient normal-
ization. However, the assumption that the reservation utility V is equal to these means is binding.

Propositions 1, 3, and 4 hold true for an arbitrary value of V, but the assumption that V' = 0 is



essential for Propositions 2 and 5. Moreover, it may be interesting to endogenize the value of V', e.g.,
by assuming that the agent searches a sequence of objects, and decides whether to accept the current
object and stop searching, or to reject the current object and search for another one. However, we

will not explore the model with endogenous V' in the present paper.

2.4 Auxiliary concepts

We write that y =%° z when random variable y that is second-order stochastically dominated by
random variable z. We will often assume that x; 3%° ... 3%° x,, i.e., that attributes are ordered
by second-order stochastic dominance.

We will sometimes make even a slightly stronger assumption. Consider two random variables y
and z with the mean zero and with cdfs G and H, respectively. We will say that y is second-order

stochastically dominated by z away from the mean realizations if
G(z) < H(z)

for all x > 0, and
H(z) < G(z)

for all z < 0.! We will then write that z <% 3. Intuitively, the idea is that variable y is obtained
by moving the probability assigned by variable z from the center to the tails of the distribution.
Notice that y is positive first-order stochastically dominated by z, then it is also second-ordered
stochastically dominated. Proposition 6 in Appendix contains a characterization of second-order
stochastic dominance away from the mean analogous to the characterization second-order stochastic
dominance of in terms of mean-preserving spreads and the integrals of cdfs

Finally, we say that a random variable y with mean zero and the cdf G is symmetric around the

mean (or briefly, symmetric) if for every y > 0,

G(-y) =1-G(y).

2.5 Optimization problem

Under simultaneous discovering of attributes, the agent who checked the values of attributes from
set S will accept the object if ) ;g 2; > 0, and reject the object if . ¢ x; < 0. The agent’s tie-

breaking rule when ) ;¢ x; = 0 will be inessential for the analysis. Therefore, the agent’s objective

ISince we assume that the mean of all attributes is equal to zero, we define the auxiliary concepts also only for

distributions with zero mean.



function is

U(s) :/.../max (o,zxz) d][Fi(i) =) e (1)

i€s i€S i€S
The question we are interested in is whether there exists a “nice” way of describing the solution

of the agent’s maximization problem:

U(S). 2
s (S) (2)

More rigorous versions of this question includes: Can the optimization problem (1) be solved in
polynomial, or pseudo-polynomial time?>? Or, can we find an optimal set .S by computing U(S) only
at P(n) sets S, where P(n) is a polynomial function of the number of attributes n?

Under sequential discovering of attributes, we seek simple characterizations of optimal strategies,
i.e. rules that tell the agent the realization of which attribute to discover (or to stop the process
of learning, and to accept or reject the object), contingent on any history of already discovered

realizations.

3 Simultaneous Discovering of Attributes

3.1 Some “polar” cases

We provide two propositions regarding some special cases in which are able to find an optimal set

S, solving problem (2), by computing U(S) at only n sets S.

Proposition 1. Suppose the attributes 1, ..., 2z, are ordered by the second-order stochastic
dominance, i.e. 1 3% ... 3°° z,. Suppose further that ¢; < ... < ¢,. Then a set solving problem

(2) has the form S = {1, ..., k}; that is, it consists of a k most dominated attributes.

This proposition generalizes the observation that dominated distributions provide more valuable
signals about the object. Therefore, when the cost of discovering the realization is higher for domi-
nant distributions, the agent should discover the most dominated attributes. Proposition 1 follows

immediately from the following lemma:

Lemma 1. Let Gy, G; and G2 be the cdfs of random variables yq, y1 and ys. Suppose that all

three random variables yo, y1 and ys have mean 0, and y, second-order stochastically dominates y; .

20f course, we must restrict attention here to distributions with finite support.



That is, Fyg = Ey; = By, = 0 and y; 2°° yo. Then
// (Yo + y2) dGo(y0)dG2(y2) <
Yo+y220

< / / () GG )

This lemma says that the benefit from discovering an additional attribute is higher for a stochas-
tically dominated attribute than for a stochastically dominant attribute. The rough intuition is very
simple. Before making the decision regarding the object, the agent prefers to resolve the uncertainty

involving high stakes to resolving the uncertainty which involves only low stakes.

Proposition 2. Suppose the distributions 1, ...,x, are ordered by second-order dominance

away from the mean, i.e. 1 3% ... 3%5% z,. Suppose further that

“+o00 —+o00
Ci = Cit1 Z/ z;dF;(;) */ Tiy1dFip1 (Tigr). (3)
0 0

Then a set solving problem (2) has the form S = {k, ..., n}; that is, it consists of a k£ most dominant

attributes.

Condition (3) can be interpreted as follows: Suppose the agent considers discovering only one
attribute. By Lemma 1, the benefit from discovering an attribute is higher for a stochastically
dominated attribute than for a stochastically dominant attribute. Condition (3) says that discovering
the stochastically dominant attributes is, however, less expensive, and that the differences in the
benefits are offset by the differences in the costs of discovering attributes. Proposition 2 says that if

this condition is satisfied, then the agent should discover the most dominant attributes.

Proposition 2 is a consequence of the following lemma. However, its proof is a little less immediate
in this case than in the case of Proposition 1. Therefore we relegate it, together with the proofs of

Lemmas 1 and 2, to Appendix.

Lemma 2. Let Gy, G; and G2 be the cdfs of random variables yq, y1 and ys. Suppose that all
three random variables yg, y1 and y» have mean 0, i.e., Fyg = Ey; = Fys = 0. Suppose further

that y; is second-order stochastically dominated away from the mean by ys, i.e., y1 3% y2. Then

+oo
/ / (5o + 1) dGolyo)dGi (1) — / ndGr () <
Yo+y1>0 0

+o00o
< // (Yo +y2) dGo(yo)dG2(y2) */ y2dGa(y2).
Yo+y22>0 0



Lemma 2 says that the marginal benefit from discovering any additional attribute together with
a stochastically dominated (away from the mean) attribute is lower than the marginal benefit of
discovering this additional attribute with a stochastically dominant attribute. One interpretation of

this lemma is the following principle:

An agent who considers obtaining signals from several sources should be inclined to obtain less

informative but cheaper signals compared to the agent who obtains a signal just from one source.

The following example illustrates Lemmas 1 and 2.

Example 1. Suppose y, with cdf G, is distributed uniformly on the interval [—a, a], and y
with cdf Gy is distributed uniformly on the interval [—b, b], where b < a. That is, y, is second-order
stochastically dominated away from the mean, and so is second-order stochastically dominated by

yp. Then

= o

+oo a +oo
[ widGutw) = [ miGulan) = 7.
0 0

and
// (ya b) dGa(ya)dGb( b) (1)
oty >0 Y Y 4 12@

Suppose first that yo = ya, and y; = yp, for some by < by < a. That is, y1 3% yo. Lemma 1, in
this case, says that (4) increases in b.

Suppose now that yo = yp, and y; = y,, for some b < ag < ay. That is, y; 3% ys. Lemma 2,
in this case, says that

b2

+oo
/ / (v + 91) dCla ()G — / YadGa(ya) =
a+ys>0 0 12a

decreases in a.

It follows immediately from the proof of Proposition 1 that this proposition would hold true even
when the agent’s reservation utility V' was not assumed to be equal to 0, i.e., the mean of attributes.
Whereas, this assumption is essential for Proposition 2. More precisely, it is essential to assume that

the reservation utility is no higher than the sum of attributes’ means.

3.2 Other cases, open questions

Propositions 1 and 2, together with Lemmas 1 and 2, deliver algorithms for finding an optimal set

S which requires computing U(S) only at a polynomial number of sets S also in some other cases:



Corollary. Suppose that all attributes have binary distributions, i.e., x; = a; with probability
p; and z; = —b;, where a;,b; > 0, with the remaining probability,® and the costs of discovering them
are equal ( ¢; = ... = ¢, = ¢). Suppose further that either values a; and b; or probabilities p; belong
to some finite, independent of n set. Then there exists an algorithms for finding an optimal set S
which requires computing U(S) only at P(n) sets S, where P(n) is a polynomial function of the

number of attributes n.

Indeed, suppose for example that p; € {.1,.2,...,.9} for ¢ = 1,...,n. Then, for a given p the set
S, of attributes with p; = p is ordered by the second-order stochastic dominance. By Lemma 1, the
optimal set S contains only most dominated attributes from this set. Thus, we have to compute

U(S) only for
n 9
1;[ 5,0 < (3)

sets S in order to determine a set solving problem (2).
We conjecture that for general distribution of attributes and costs there is no algorithm for
finding an optimal set S which requires computing U(S) only at a polynomial number of sets S. A

little more specific is the question regarding binary distribution of attributes:

Question. Suppose that the distribution of each attribute x; is binary, i.e., x; takes value a;
or —b;. Does there exist an algorithm for finding an optimal set S which requires computing U (.5)

only at a polynomial number of sets S?

One may also wonder whether for any r < 1, there exists an approximate algorithm of approx-
imation ratio r which requires computing U(S) only at a polynomial number of sets S; or such a
pseudo-polynomial time algorithm. Recall that an approzimation algorithm A with an approzimation
ratio r is an algorithm with the property that for any set of parameters of the model,

UU:VST,

where U* := maxgcq1,... n} U(S) and V denotes the returned value of algorithm A.
We do not know the answers to these questions even in the case of equal costs, ¢; = ... = ¢, = ¢,

when attributes are not ordered by second-order stochastic dominance.

3By the assumption that the mean of each attribute is equal to zero, we must have that

b — Pi%_
1—pi

10



3.3 Greedy algorithm

The greedy algorithm is a standard method of solving optimization problems in the discrete convex
analysis, in which the objective function U : P(N) — R is defined on the set P(N) of all subsets
of some finite set N = {1,...,n}. The greedy algorithm recursively defines a subset S C N by
the following procedure: Suppose we have already defined a subset S; we begin with S = . We
compare the value of U at the set S and all sets S U {k} for all k ¢ S. If

U(S) > U(SU{k})

for every k ¢ S, then the algorithm stops and returns the set S as the output. Otherwise, we take
an arbitrary

k U(SU{k
€ argmax (SU{k}),

replace S with S U {k} and repeat the procedure.

The greedy algorithm requires computing the value of U(S) at only 1 + n(n + 1)/2 sets S.
It turns out that the greedy algorithm does not solve problem (2), and it seems instructive to
discuss intuitively the reason. When the agent picks the first attributes to discover, she may prefer
stochastically dominated attributes, even if discovering them is more costly, because discovering
them resolves the uncertainty involving high stakes. (See Lemma 1.) However, when the agent
keeps adding additional attributes to the set of attributes to discover, the benefit of resolving these
higher stakes becomes offset not only by a higher cost of discovering, but also by a lower benefit
from discovering the additional attributes. (See Lemma 2.) Therefore in the process of adding the
additional attributes, the agent may reach the point in which she no longer wants the stochastically
dominated attributes, which were initially included, into the set of attributes to discover. The

following example illustrates this observation:

Example 2. Suppose x; takes values a and —a, each with probability 1/2; and zo, 23, and x4
take values b < a and —b, each with probability 1/2. Suppose further that the cost of discovering
attribute x; is ¢ > 0, and the cost of discovering each of the remaining attributes is 0 < d < c.

Finally, take the parameters such that

1 1
5&*6>§b*d. (5)

Then the greedy algorithm returns S = {1}. Indeed, condition (5) guarantees that attribute 1 is
included during the first step of running the algorithm. And the algorithm stops after the first step

11



by the assumption that b < a and d > 0, because even if the agent discovers an additional attribute
(together with attribute 1), the optimal decision whether to accept or reject the object depends only
on the value of attribute 1.

However, the payoff to discovering attributes xo, x3, and x4 is
3
Zb — 3d,

and can be higher that a/2 — ¢. Moreover, if a is in addition much higher b, the optimal set of

attributes to discover consists of attributes 2, 3, and 4.

3.4 Polynomial-time algorithms

A naive algorithm solving problem (2) would be to compare the values of our objective function
across all sets S C {1,...,n}, and select the highest, but this would take 2™ time, and would be
impractical except small values of n. We would prefer to have an algorithm whose time of running
is polynomial in 7.

The running time of an algorithm depends not only on the number of values U(S) we have
to compute, but also on the parameters of the model. These parameters include the number of
values each random variable z1, ..., z, is allowed to take, the size of these values, measured by the
number of digits in their 0 — 1 expansions, and the size costs ¢y, ...,c,. Suppose the size of the
parameters is commonly bounded by a number M. Then, an algorithm that is polynomial in M
and n is called pseudo polynomial. To be truly polynomial, an algorithm must have running time
that is independent in M and polynomial in n (strongly polynomial), or polynomial in log M and
n (weakly polynomial). Polynomial-time algorithms (strongly or weakly) are considered practical in
discrete convex analysis, while pseudo polynomial time algorithm are practical only for restricted
sets of parameters. We refer the reader to McCormick (2008) or Fujishige (2005) for a more-detailed

discussion?.

Proposition 3. There is no polynomial-time algorithm solving problem (2) even in the case in
which each z; has a binary distribution taking value a; with probability 1/2 and value —a; with

probability 1/2.

4These texts are to large extent devoted to the discussion of polynomial-time algorithms for minimization of
submodular functions, or equivalently, the maximization of supermodular functions. In turn, there may not exist
polynomial-time algorithms for maximization of submodular functions. Our objective function is (in the general case)

neither supermodular nor submodular.

12



Note that binary distributions taking value a; with probability 1/2 and value —a; with probability
1/2 are ordered by second-order stochastic dominance. Therefore by Proposition 1, there exist
algorithms which deliver an optimal set .S, solving problem (2), by computing U(S) at a polynomial
number of sets S. And Proposition 3 follows from the fact that the computation of U(S) for some
sets S cannot be performed in polynomial time.

More precisely, let g(n) denote the expected value of

max (0, i: xi> .
i=1

In the proof of Proposition 3, we show that if there was a polynomial-time algorithm for evaluating
g(n) for every positive natural numbers ay, ..., a,, then it would be the case that P=NP. This result
in turn follows from the fact that the following problem of partitioning is NP-complete (see Garey

and Johnson (1979)):

Given positive natural numbers ay, ..., a,, is there an S C {1,...,n} such that

We relegate the details of the proof of Proposition 3 to Appendix. In contrast, pseudo polynomial-

time algorithms for solving problem (2) often exist.

Proposition 4. If there exists an algorithm solving problem (2) which requires computing U (.S)
only for P(n) sets S, where P(n) is a polynomial function of n, then there also exists a pseudo

polynomial-time algorithm solving problem (2).
This proposition follows immediately from the following lemma:
Lemma 3. There exists a pseudo polynomial-time algorithm for computing g(n).

The proof of the lemma is again relegated to Appendix. Of course, any pseudo polynomial-
time algorithm requires computing U(S) only for a polynomial number of sets S. Therefore all
the results and questions of sections 3.1 and 3.2 can be equivalently formulated in terms of pseudo

polynomial-time algorithms.

4 Sequential Discovering of Attributes

First, note that Propositions 1 and 2 generalize to the sequential discovering of attributes. That is,

if attributes are ordered by stochastic dominance, and costs are nondecreasing, then it is an optimal

13



strategy to discover second-order stochastically dominated attributes earlier; and if the costs satisfy
condition (3), then second-order stochastically dominant away from the mean attributes should be
discovered first.

We will solve the problem of sequential discovering even for attributes which are not ordered by
stochastic dominance, but only in the case of two symmetrically distributed attributes x1,z2. The
result generalizes to possibly asymmetric distributions, but the solution is much less elegant and
harder to interpret.

Let

+o0
x; =—ci + /x* (x] 4 x;)dF;(z;) (6)

7

for ¢ = 1,2. This equation is interpreted as follows: Suppose that the agent discovers attribute j
first and learn that its realization is x}. Then, the agent is indifferent between accepting the object
without discovering the realization of attribute ¢, and discovering the realization of attribute ¢ and
making then the decision regarding the object.

Notice that equation (6) is equivalent to the equation

+oo
0=t [ (o] +m)dFi). 7
Indeed, (6) can be rewritten as
+oo
siF(-ai) ==t [ idFw), (5)
—z
and (7) can be rewritten as
—+o0
ZL‘:[l - Fz(l‘:)] =—¢ + / CL‘lsz(ZL‘z) (9)
x¥

By the symmetry of z;, the left-hand sides of these two equations coincide. The right-hand sides
coincide as well; indeed, since the mean of x; is zero,

+z

—a
by the symmetry of x;.

Equation (7) says that when the agent discovers that the realization of attribute j is —z, she
is indifferent between rejecting the object without discovering the realization of attribute i, and
discovering the realization of attribute ¢ and making then the decision regarding the object.

Notice, if the distribution of z; is continuous, that this equation has a unique solution z} > 0,

provided that the agent prefers discovering attribute i to accepting (or, equivalently, rejecting) the

14



object without discovering the realization of attribute 4.5 Indeed, for z} = 0 the left-hand side of

(6) falls below the right-hand side when
“+o0
0< —¢ +/ I’idFi(Zl’i), (10)
0

and this condition means that the agent prefers discovering attribute 7 to accepting (rejecting) the
object without discovering the realization of attribute ¢. For sufficiently large values of z}, left-
hand side of (6) exceeds the right-hand side. And the difference between the left-hand side and the
right-hand side is increasing in z7. Thus, condition (10) guarantees, that equation (6) has a unique
solutions.

Notice finally that the value of =} is determined only by attribute ¢ (that is, by ¢; and F;), and

is independent of attribute j.

Proposition 5. According to every optimal strategy, the agent should discover attribute ¢ first

whenever z7 < zj. After discovering the realization x; of attribute 4, the agent should accept the

object whenever 7 < z;; she should reject the object whenever z; < —z7; otherwise, she should
discover the realization z; of attribute j, accept the object when z; + z; > 0 and reject the object

when z; +z; < 0.

5 Appendix

5.1 Proofs of Lemmas 1 and 2, and Proposition 2

Proof of Lemma 1. We need to show that the integral

//+ ., (yo + y3) dGo(y0)dG(y;)

increases when y; gets replaced with a second-order stochastically dominated variable. This integral
is exhibited in Figure 1(a).
Recall that any second-order stochastically dominated variable can be represented as a mean-

preserving spread of y;, that is, as the compound lottery such that in the first stage, we have a

5Tf this condition is violated, we may take xy =0.

61f the distribution of ; is discrete, then there exist ~z} and Tz} such that the left-hand side of equation (7) is
no higher that the right-hand side at ~z¥, and the left-hand side of equation (7) is no lower that the right-hand side
at Tz}

The analysis of this section can be replicated for the discrete, and even for general distributions. However, we

restrict attention to continuous distributions for the sake of simplicity.
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lottery ¥;; and in the second stage, we randomize each possible outcome of y; further so the final
outcome is y; + x, where the distribution of x has mean zero, and may depend on the outcome of y;.

It follows that if the integral was taken over the entire plane of outcomes (y;,yo), not only the
outcomes such that yo + y; > 0, replacing y; with a second-order stochastically dominated variable
would not affect the integral. Since we integrate only over the outcomes such that yg + y; > 0, the
integral may be affected. But the integral may only become higher. This can be easily seen from
Figure 1(a). If for an outcome of (y;,yo), all outcomes of = are such that yo+y; +2 > 0 (an example
of such a case is depicted in dashed arrows), then adding = to y; does not affect the integral. And
for the outcomes of (y;,yo0) such that yo + y; + < 0 for some outcomes of = (an example of such
a case is depicted in solid arrows), adding z to y; may only make the integral higher, because the

outcomes such that yo + y; + 2 < 0 are located out of the region of integration.

In the proof of Lemma 2, we will need the following proposition, which is a straightforward gen-
eralization of the characterization of second-order stochastic dominance in terms of mean-preserving
spreads and the integrals of cdfs.

Consider the following compound lottery: In the first stage, we have a lottery z, and in the
second stage, we randomize each possible outcome of z further so the final outcome is z + x, where
the distribution of z depends on the outcome of z. This randomization is required to satisfy the
following two conditions: First, when the outcome of z is positive, = takes only positive values;
and when the outcome of z is negative, x takes only negative values. Second, the randomization
preserves the mean of z, i.e., the mean of the compound lottery is zero. When a lottery y can be
obtained from lottery z in this manner for some x, we will say that y is a (mean-preserving) spread

of z away from the mean.

Proposition 6. Consider random variables y and z with the mean zero and with cdfs G and

H, respectively. Then the following statements are equivalent:
(i) y is second-order stochastically dominated away from the mean by z;

(ii) for any function f : R — R which is increasing on (—o0,0) and decreasing on (0, +00),

+o0 +oo
/_ F(y)dG(y) < / F(2)dH (2);

(iii) y is a spread of z away from the mean.

Proof of Lemma 2. Notice that

+o00o
// (yo +v:) dGo(yo)dGi(y:) */ vidGi(yi) =
Yo+yi >0 0
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-/ m (f G (1)) dGo(on) ~ [ OOO ([ wacistn) oo+
+ / / L dGolw)dGiy) =

- /O+°° (/Zo(yo eri)dGi(yi)) dGo(yo) +/°Oo </Oy°(y0 . yi)dGi(yi)) dGo(yo).

This last two integrals are exhibited in Figure 1(b). We need to show that these integrals become
lower when y; gets replaced with a variable which is second-order stochastically dominated by y;

away from the mean. This follows from Proposition 6. Indeed, consider the integral

/O+°° (/ZO (yo + yi)dGi(’yi)) dGo(yo)-

If a variable is a spread of y; away from the mean, then the values of yy + y; + = are always no
higher than the values of yy + y;, because y; < 0 over the entire region of integration. This means
that any yo + y; from the region of integration is replaced either with a still positive but no higher
Yo+ +2 (an example of such a case is depicted in Figure 1(b) in dashed arrows), or with a negative
Yo + yi + x, which is located out of the region of integration (an example of such a case is depicted
in Figure 1(b) in solid arrows).

An analogous argument applies to the integral

/ooo </Oy0(y0 - yi)dGi(yi)> dGo(yo).

Proof of Proposition 2. Suppose that some set 7" solving problem (2) does not have the form

T ={k,...,n}. Consider the set R obtained from T by replacing any i € T with any i < j ¢ T. By

o] e (o,zxi) o] s (0,2@) >

Lemma 2,

i€ER €T
+oo
Z/ SdeFj(SEj)*/ SﬁldFl(Sﬂl)
0 0

Indeed, apply Lemma 2 to

Yo = Z z; = Z T,

i€T—{i} i€R—{j}
y1 = x; and yo = ;.

By assumption,
+oo +oo
/ CE‘dej(CL‘j) —/ CL‘ZdFZ(ZI,‘l) 2 Cj — C;.
0 0
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Therefore, since the cost of the attributes in R and the cost of the attributes in T' differ only by
¢; — ¢i, it follows that the value of (1) for R is no lower than the value of (1) for T
Replacing recursively the attributes in 1" by attributes that stochastically dominate them, we

obtain a set of the form S = {k,...,n} for which the value of (1) is no lower than that for T'.

5.2 Proof of Proposition 3

Suppose that aq,...,a, are positive natural numbers. Let a = (a1,...,a,), @ = (a1, ..., G, Apt1),

where an,41 =1,
1 n
13
i=1
and for any @ # S C {1,...,n},

S) = Zai.

€S
Define M and @(S), for any @ # S C {1,...,n + 1}, in a similar manner.

Let u(a) stand for the number of sets S such that a(S) = M. The idea is to show that if we were
able to compute expression g(n) in polynomial time, then we would also be able to compute u(a) in
polynomial time. And then, by checking whether u(a) = 0, we would be able to solve the problem
of partitioning.

Assume, without loss of generality, that M is an integer. (Indeed, if M is not an integer, there
obviously exists no S such that a(S) = M.)

If S denotes set {i: z; = —a;} and T denotes set {i : z; = a;}, then

;x = ai—> ai= (Za Za> - ai= —22@1—1-2%,

€T €S €S €S i€S
and so
1 n
IRETRSD WIEE ) ort
€S i=1
Thus

( 22a1+2a1> @ #SC{1,...,n}, Zai S%iai]}

€S

( Zaz Zaz> @ # S C{l,..,n}, Zaigéiai]}.

€S
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Further, define

h(a) :=2""1. g(n) —

> ai= S (M —a®),

@#SC{1,....,n}:a(S)<M

N | =

fla) == > 1,

@#SC{1,...,n}:a(S)<M

h(a, —1) = 3 (M —1—a(8))

@#SC{1,...,n}:a(S)<M-1

and

fla,—1) = > 1.

G#SC{1,...,n}:a(S)<M—1
If we were able to compute g(n) in polynomial time, then we would able to compute h(a) and
h(@). We will now derive a nonsingular system of five linear equation with variables f(a), f(a),
f(a,-1), h(a,—1), u(a) and with constant terms including h(a) and h(a). Solving this system, we
will find the value of u(a).
Since all numbers a(S) are integers, M —a(S) = 0 in the expression for h(a) unless a(S) < M —1.
This yields that
h(a) = h(a,—1) + f(a,—1). (11)

Further, observe that
—1=f(a) + f(a,-1) - f(@). (12)

Indeed, f(@) is the number of nonempty sets S C {1,...,n+ 1} such that @(S) < M. There are three
types of such sets S: (i) If n+1¢ S C {1,...,n+1}, then@(S) = a(S) < M = M+1/2 & a(S) < M;
(ii) f n+1€ S # {n+1}, then for S := S — {n+1}, we have a(S) = a(S)+1 <M =M +1/2 &
a(S) < M — 1; (iii) If S = {n + 1}, then @(S) = 1. This yields that f(@) = f(a) + f(a,—1) + 1.

Similarly,
h(a) = > (M —a(S)) =
2#5C{1,...n+1}a(S)<M
= > (M —a(S)) + (M —a(S)+ (M—-1) =
@#SCc{1,...,n}a(S)<M {n+1}eSc{1,...,n+1}:a(S)<M, S#{n+1}
= > (M +1/2 —a(S)) + (M —1/2 —a(S)) + (M —1/2) =
o#SC{1,...,n}:a(S)<M o#SC{1,...,n}:a(S)<M-1

= h(a) + %f(a) + h(a,—1) + %f(a, -1+ M-1/2.
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This is equivalent to
2(h(@) —h(a)+1/2—M) = f(a) + f(a,—1) + 2h(a, —1). (13)

Clearly,

u(a) = > 1= > 1- > 1= f(a) - f(a,—1);

@#SC{1,....,n}:a(S)=M F#SC{1,....,n}:a(S)<M o#SC{1,....n}:a(S)<M-1

that is,
0=—u(a) + f(a) = f(a,—1). (14)
Finally,
> 1+ > 1+ > 1=2"—1.
@#SC{l,....n}:a(S)<M-1 @#SC{1,...,n}:a(S)=M @#SC{1,...,n}:a(S)>M+1
Since a(S) <M —1 < a(T) > M + 1, where T stands for the complement of S,
2 > 1+ > 1=2"—1;
@#SC{1,....,n}:a(S)<M-1 @#SC{1,....,n}:a(S)=M
that is,
2" —1=2f(a,—1) + u(a). (15)
We can now solve the system of equation (11)-(15), and compute f(a), f(a), f(a,—1), h(a,—1),

u(a) as a function of h(a) and h(a). Indeed, the matrix

0 0 1 1 0
1 -1 1 0 O
1 0 1 2 0
1 0 -1 0 -1
0 0 2 0 1

is nonsingular. Therefore, if we were able to compute h(a) and h(a) in polynomial time, then we

would also be able to compute u(a) in polynomial time.

5.3 Proof of Lemma 3

Suppose that x;, i =1, ..., n, takes values a; in a finite set S;.

Fort =1,...,n and a' = (a4, ...,a;), define

pt(at) = HPT {Sﬂi = ai}7
i=1
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and for any t = 1, ..., n, define

Vi(b) = Z{m(at)- (ia) :iai > b}.

i=1

We will develop a recursive definition of V;(b):

Vi(b) = Z {pt(at) : (at +iai> : Zai > b} =

i=1

t—1 t
= Z {pt(at) ca; + Pr{z; = a;}pi_1(a’™1) - (Z ai> : Zai > b} =
=> {pt(at) capy a;> b} + ) Priz = a}Via(b— ay).
1=1 at

Let
Uy (b) := Z {pt(at) cap: Zai > b} )
i=1
Then o
Ui(b) = Zat Pr{z: = a;} - (Z {ptl(atl) : Zai >b— at}> .
at 1=1
Let .
z¢(b) := Z {pt(at) : Zai > b} .
i=1
Then

2(b) = ZPr{xt =a} - (Z {Ptl(at_l) : iai >b-— at}) =

=1

= ZPr{xt =ar} - z—1(b— ay).

Therefore z;(b) can be computed recursively, and so U;(b) and V;(b) can be computed recursively.
The recursive definition of V;(b) provides an algorithm for computing g(n) = V,,(0) whose running
time is polynomial in n,

s:= max |5,
n

i=1,...,

and the common bound on the size of a; € S;, i =1, ...,n.
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5.4 Proof of Proposition 5

The only nonobvious part of Theorem 1 is the rule regarding which attribute to discover first.
Suppose that z7 < 5. The payoffs contingent on any possible pair of realizations of the two
attributes are exhibited in Figure 2(a). The top row in each area is the payoff from discovering
the realization of attribute 1 first, and playing the optimal continuation strategy contingent on any
realization of this attribute. Recall that according to this strategy, the agent should accept the object
whenever x5 < x; she should reject the object whenever 21 < —23; and when —x3 < x; < 235, she
should discover the realization xo of attribute 2, accept the object when x1 4+ x2 > 0 and reject the
object when z1 + x5 < 0.

The bottom row is the payoff from discovering the realization of attribute 2 first, but then
playing the suboptimal continuation strategy, according to which the agent should accept the object
whenever x5 < z2; she should reject the object whenever zo < —x3; and when —z5 < x9 < 73, she
should discover the realization x; of attribute 1, accept the object when x1 4+ x2 > 0 and reject the
object when x1 4+ x2 < 0. (The optimal continuation strategy would have threshold =7 not z3.)

We obtain Figure 2(b) from Figure 2(a) by deleting the common components of corresponding
top and bottom payoffs. Finally, we obtain Figure 2(c) from Figure 2(b) by means of (6) and (7).
Notice that for any given value of x1, the component —cy appears in the bottom row of Figure 2(b)
either for every single value of z5 or for no value of x5. The component —cg appears for every single
value of o when z; > 25 or when 1 < —x5. In the former case, we can replace —cy with x4 + 9
for o < —z5 and with 0 for x5 > —z5. This does not affect the integral of the bottom row payoft
across all pairs of realizations of the two attributes, because by virtue of (8) and the fact that

~+o0 +a +oo —z3
/ xodFy(x9) = / xodF3(22) —l—/ xodFy(xo) = —/ xodFy(x3),
—a} —x} +x —0
which follows from the symmetry of x2. Similarly, we can replace —co with x4 — z2 for o > x5 and
with 0 for xo < 23 in the latter case, without affecting the integral of the bottom row across all pairs
of realizations of the two attributes, by virtue of (9).

We replace —c; in the top row of Figure 2(b) in a similar fashion. More precisely, the component
—cy appears for every single value of x; when zo > x5 or when xy < —x3. In the former case, we
replace —cy with x5 + 1 for z; < —z% and with 0 for 1 > —z5. And in the latter case, we replace
—cy with 5 — z; for 27 < —23 and with 0 for 1y > —a%. This will increase the integral of the
top row across all pairs of realizations of the two attributes by (8) and (9). Indeed, we would not

affect the integral by replacing —c; with a7 + z; for 1 < —27 and with 0 for 1 > —z7 in the
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former case, and replacing —c; with 2] — z; for 1 < —27 and with 0 for 1 > —z7 in the latter
case. However, 27 < z3, so the left-hand sides of (8) and (9) exceed the right-hand sides of the two
equations, respectively.

The entries in the top and bottom rows of Figure 2(c) coincide. This implies that the expected
payoff to discovering attribute 2 first, followed by playing a suboptimal continuation strategy is
no lower than the expected payoff to discovering attribute 1 first, followed by playing the optimal

continuation strategy.
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