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1 Introduction

We introduce and implement a simple method of recovering attention costs from choice data. Under-
standing how these costs impact choice has long been central to economic analysis. Attention costs
are as important for demand theory as are costs of production for supply theory. They determine
consumer demand and consumer welfare just as a competitive firm’s costs determines its supply curve
and its profitability. Yet costs of attention have proven as hard to measure as they are ubiquitous.

Our recovery method therefore bridges a key gap between theory and practice.

Our method rests on making the analogy between a consumer’s costs of attention and a competitive
firm’s costs of production precise. There are two key links. First, we linearly scale up and down
attentional incentives just as the price faced by a competitive firm linearly scales its production
incentive. Second, we normalize utility by removing the confounding effect of incentives. This is like
measuring the output of a firm rather than its profit. Our incentive-based psychometric curve (IPC)
plots the linear incentive against normalized utility, just as the competitive firm’s supply curve plots
its chosen output level against the price of output. Costs of attention are recovered from this curve
just as a competitive firm’s total costs of production are recovered from its marginal cost curve, as

reflected in output choices at different prices.

The fact that costs of attention play precisely the same role in consumer choice as do a competitive
firm’s costs of production in its supply decision enables us to import the elementary microeconomic
toolbox wholesale. We can identify consumer welfare net of costs precisely as one can identify producer
surplus from the supply curve of a competitive firm. We can test for the existence of any rationalizing
cost function as one can use revealed profitability analysis (e.g. Varian [2014]) to test the theory of
profit maximization. We can extract rich qualitative information from each experimental observation
by noting that any strategies that achieve higher gross utility must be more subjectively costly. As

with profitability, we can also provide a lower bound on the incremental cost of unchosen strategies.

We illustrate our approach in a purpose-built experiment in which we vary both the linear incentive
and task difficulty. The incentive is implemented by assigning different probability points to different
rounds of the experiment. We implement probabilistic payment using the last digits of the computer’s

millisecond timer.

We confirm that the resulting experimental data satisfy simple behavioral tests for the existence of
a rationalizing cost function. We estimate these cost functions for each fixed level of difficulty. We
find that they can all be fit well by logit models with a common log-transform of the incentive level.
With the cost functions in hand we carry out welfare analysis, and assess the trade-off between task
complexity and rewards. We quantify the extent to which rewards would be sacrificed in moving from

a more challenging to an easier task.

One of our experimental treatments sets all incentives to zero. For that reason we are able to recover

not only the IPC, but also the classical psychometric curve in which all that varies is task complexity



(as in classical experiments dating back to Weber [1834] and Fechner [1860]). In that sense our
experiment is two dimensional. By varying both the incentive and stimulus strength we produce
a psychometric surface that quantifies the trade-off between task complexity and incentives. We

introduce iso-performance curves that capture this trade-off visually.

Just as economists analyze production costs as based on the inputs of labor, raw materials, and capital,
so psychologists analyze subjectively costly inputs that determine cognition, including processing time,
intensity of effort, energy use, etc. Psychological research on attention focuses in particular on the
drift-diffusion framework, in which the process of learning plays out over time [Ratcliff, 1978, Fehr
and Rangel, 2011]. In fitting with the process-based approach, we find that estimated attention costs
are highly correlated with decision time. As has been the case with costs of production, input-based
decompositions of the revealed costs of attention may make cost estimates portable between distinct

attentional challenges that call on common resources.

Our approach links with several contemporary lines of psychological research in which individuals are
seen as weighing the benefits of cognitive effort against an inherent cost. This includes the resource-
rational approach to cognition [Griffiths et al., 2015], the computationally rational approach [Gershman
et al., 2015], and algorithmic rationality [Halpern and Pass, 2011]. In fact psychologists have used
microeconomic tools at least since Navon and Gopher [1979] (see Botvinick and Kool [2018]). Even the
conceptualization of this effort as producing information is essentially identical: “To convert mental
effort into an approachable object of scientific study, a useful first step is to operationalize it [...] in

terms of information processing...” [Shenhav et al., 2017, p. 3].

Musslick et al. [2018] provided a telling indication of just how strong is the recent convergence of
interest between economics and psychology. For essentially identical reasons, they establish a recovery
result for a simple class of one dimensional tasks. Their result also rests on the assumption of risk
neutrality. Our recovery result applies more generally to all decision problems and is independent of

risk aversion.

Attentional effort is far from the only form of subjectively costly mental labor studied by psychologists
(see Griffiths et al. [2015] and Botvinick and Kool [2018]). Research on memory and attention is
particularly focused on the apparent costs of holding accurate memories of several items in working
memory. Traditionally, this has been explained as resulting from a hard constraint on available coding
resources (e.g. neural spikes). van den Berg and Ma [2017] develop and test a theory that is based on
flexibly trading off behavioral performance against neural costs in the style of RI theory. Our methods
may therefore be of broader value. We also advance research in the growing field of human-computer
interaction. Ease of use and usefulness of computer interfaces have been studied extensively in this
literature, largely based on participants’ own subjective ratings [Sonderegger et al., 2014, Venkatesh
et al., 2003, Zimmerman et al., 2011]. With our methods, these are separately recovered from choice
data.

In section 2 we introduce the IPC and the connection with competitive supply. In section 3 we establish



the recovery theorem and relate it to earlier recovery results (e.g. de Oliveira et al. [2017] and Caplin
et al. [2017]) and to the recent work of Musslick et al. [2018]. In section 4 we illustrate the value
of linking attention theory to elementary microeconomics. The experimental design is in section 5.
The experimental results are in section 6. Section 7 concludes. The Appendices include experimental

instructions and experimental robustness checks.

2 The IPC

Figure 1 presents the motivation for our approach. Figure 1a is a classical supply curve which provides
a geometric representation of total revenue, total cost and producer surplus for a competitive firm.
Next to it in figure 1b is the IPC, relating incentives that mimic prices and “attentional output”
that mimics firm output, with the axes flipped. By analogy with competitive supply the recovery
theorem will allow us to identify the equivalents of total revenue, total cost and producer surplus for

the attentional problem. In this section we define the axes and the IPC.
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(a) The competitive supply curve (b) The incentive-base psychometric curve (IPC)

Figure 1: Analogy with competitive supply

2.1 Attentional Incentives, 7

We introduce the general attentional problem and corresponding linear incentives that mimic the role
of output price in competitive supply. The attentional incentive is presented on the horizontal axis in
the IPC graph of figure 1b.

A decision maker (DM) is facing a problem with finitely many possible states, w € €. Prior beliefs
about the states are denoted by p € A(€Q2). A decision problem comprises a finite set A of N > 2
actions which yield utility u(a,w) € R to the DM when choosing action a in state w. No action is

optimal in all states, so that the DM has an incentive to learn the state.



We take advantage of the linearity of expected utility theory in constructing a general method of
scaling attentional incentives. Given decision problem A, we construct a family of decision problems
Ay, indexed by m > 0. We enumerate actions in A by a(n) for 1 < n < N and correspondingly each
action in A, by ar(n). Utility for each action is proportionate to that for action a(n) with factor of

proportionality 7. This defines the equivalent of price for a firm.

Definition 1. The linear family of decision problems generated by A is a set of decision problems,

{Ar}r>0, with Az having N actions ar(n) with state dependent utility for 1 <n < N satisfying,

u(ar(n),w) = mu(a(n),w) > 0. (1)

To generate A, for m € (0, 1] one can make use of lottery prizes. Specifically, define action ar(n) to
be a lottery. With probability 7 it yields a prize precisely as does action a(n) while with probability
(1 — ) it yields a prize that has zero utility.

2.2 Attentional Output, U(r)

We consider an observer who sees choice in each decision problem repeatedly and records the joint
probabilities over actions and states. As in Caplin and Martin [2015] and Caplin and Dean [2015], we
call this state dependent stochastic choice (SDSC) data. Decisions are not always perfectly matched

to the state, so that mistakes are potentially present in the data.

Definition 2. An SDSC data set P € P specifies probabilities P(a,w) > 0 over any state-action pair

consistent with the prior,
PecP < ZP(a,w) = p(w).
a

The set of all chosen actions is denoted by A(P) :={a € A| P(a) > 0}. Given any particular choice

set, A, we write P(A) C P as all data sets that are in principle consistent with this set of actions.

The ideal data comprises one observation of SDSC for each m > 0. We let P.(n,w) > 0 specify the
probability of choosing each possible action ar(n) € A, in each possible state. For each m > 0 we use

this dataset to compute the corresponding revealed expected utility,

U(r) =Y > ulax(n),w) Pr(n,w). (2)

We would expect U(7) to be increasing in 7 for two reasons. First, an increase in 7 raises the payoff
to each action in each state proportionately. Second, Pr(n,w) might place more weight on actions
with high payoffs as the larger differences in u (ar(n),w) across actions raise the incentive to choose
actions appropriate to each state. Our goal is to record the quality of the decision making, which

requires us to eliminate the first effect. To that end we divide expected utility by w. This is equivalent



to recording the expected utility that results from using the strategy for decision problem A, with
the rewards associated with A. It is the pure reflection of how the incentive impacts choice quality,
removing the direct effect of the scaled incentive. It therefore provides a unidimensional measure of

attentional output.

Oy = U0 3oy o) py = XS ulal ) Prfr) (3)

This is the attentional output depicted in the IPC graph of 1h. In what follows, we assume that U ()
is non-decreasing in the attentional incentive 7 just as in figure 1b. In proposition we show that

this is a property of rational inattention (RI) models.

2.3 Bounds

We turn now to defining the bounds on the IPC as depicted in figure 1b. U}* is the expected utility
when there are no information costs. In this case, the agent makes the optimal choice in each state.
With regard to the lower bound, Umln is the utility associated with inattention. In this case, the agent
chooses the action that is unconditionally best according to the prior. U(rw) is always weakly greater
than U™, In the observed data for m € (0,1] the bounds may be tighter, ranging from minimum

value U(0) to maximum value U(1),

U(0) := Tlr{% U(r) > = I;leajcz p(w (4a)
UQl) <UD = Zu maxu a,w). (4b)

3 RI and the Cost of Utility

It is intuitive that the IPC’s shape reflects costs. The curvature of U can be linked to the cost of moving
from a one expected utility level to another. For example, in figure 11 we see that U is relatively steep
close to Umln which means that a relatively small increment in the incentive increases the attentional
output substantially. To put it differently, increasing attention is relatively inexpensive. On the other

hand, the relative flatness of U at larger values of m means that increasing attention is expensive.

In this section we make this intuition precise by showing how the simple theory that information
is chosen to optimally balance the costs and the benefits of learning allows one to recover costs of
learning from the IPC. Again, there is a complete analogy with how one recovers costs of output from

the competitive firm’s supply curve under the assumption of profit maximizing behavior.

It is the theory that behavior reflects optimal choices that allows one to recover costs of production



from the supply curve. One maintained assumption is existence of a fixed underlying technology
for the production of output that is independent of the price of output. Assuming that the firm is
profit maximizing, this technology, together with the prices of inputs, determines the minimum cost
of producing any level of output, Q). In the simple differentiable case, profit maximizing choice of a
particular level of output at a given price reveals the marginal cost of that output level. Integrating

up marginal cost allows total cost to be recovered.

To pursue this analogy and derive the cost of attention from the IPC curve likewise involves a theory
to be imposed on the data. The theory is precisely analogous to the theory of profit maximization:
that choices are made to balance costs against benefits with a cost function that is not affected by
payoffs. This is the general theory of RI. In specifying this, we need to think about the domain of
choice. For the competitive firm it is easy: it is the output level (or vector of output levels when there
are many goods). In RI theory, the choice domain is more intricate. Indeed it can be specified many
equivalent ways: as choice of a signal structure; as choice of a distribution of posteriors; and as choice
of a joint distribution over actions and states consistent with the prior. For our current purposes, this
last approach, introduced by Sims [1998, 2003] and Matéjka and McKay [2015], is most convenient.
In this sense the feasible set of strategies is precisely the same as the set of possible observations of
SDSC.

The restrictive aspect of RI theory derives from the assumption that the cost function is fixed even
as the decision problem varies. In essence, RI theory involves fixing a technology of attention. This
is much as in the economic theory of production, in which technology does not per se depend on the

prices of inputs, at least in static environments.

An attention cost function, denoted by K, specifies a utility cost for each possible attention strategy.
We make the standard assumption that K is increasing in the Blackwell order. We assume also that
the inattentive strategy has no cost and allow the possibility that some attention strategies can be
prohibitively costly. Given the attention cost, an RI model assumes that the DM in arbitrary decision

problem A, solves the following optimization problem,

max )ZZu(aw(n),w) Pr(n,w) — K(Py). (5)

PreP(Ar

Assuming the solution exists we denote any maximizing SDSC strategy as P..

3.1 The Utility Cost Curve

When studying the optimizing decisions of a competitive firm with fixed input costs, economists have

found it of benefit to separate the optimizing decision into stages. First, the firm is seen as identifying

!Since the prior is held fixed, one can map the joint distributions to a collection of conditional distributions corre-
sponding to general statistical experiments. This allows us to apply notions defined for experiments such as Blackwell
informativeness (for a precise definition see appendix ) accordingly. Following Blackwell [1953] it is standard that one
statistical experiment is more informative than another if it yields a higher ex ante utility in any given decision problem.



from its technology how most cheaply to produce any given level of output. This defines the cost
curve. The firm then chooses an optimal level of output by equating marginal cost with marginal

revenue.

Such a perspective is of value in RI theory as well. However, the output in the attentional problem is
considerably more complex than a single quantity produced. The attentional output is the attention
strategy defining the distribution of chosen actions for each state. Its value is defined by the payoff
structure characterizing the decision problem. In order to exploit the simple marginal cost equals
marginal revenue logic for the attentional problem we define the attention cost of achieving a certain

level of expected utility.

Definition 3. Given P € P, U(P) is defined as the achieved expected utility

Z Z P(a,w). (6)

w acA(P
We call the cost function for the production of expected utility the utility cost curve. It is the
minimal cost of achieving any expected utility level u € [Uf{lin, Ugla"] in decision problem A.

Definition 4. Given K, decision problem A, and u € [Umm, ma"] the utility cost curve (UCC)
K 4(u) identifies the lowest cost of achieving this level of expected wutility,

Ka(u) = inf K(P). 7
AW = B sy KD @)

Note that K A(Ugﬂn) = 0, since the inattentive strategy achieves U} min Tt js intuitive that Blackwell
monotonicity requires that K 4(u) be non-diminishing in u. We prove this in appendix

The above construction is familiar in information theory. The UCC is a version of the information rate
distortion function, which has been thoroughly studied in information theory for the case of Shannon
mutual information [Cover and Thomas, 2006]. In the current application, the utility function plays

the role of the distortion measure and the cost function is a general version of mutual information.

3.2 Marginal and Total Cost

The problem of the competitive firm is to choose its output level given the price of output,

Q(p) := arg rél%pQ - C(Q). (8)

Elementary microeconomics shows how to recover the total cost of producing output Q(p) by equating

marginal cost to price,

C'(Q(p) =p-



In the well-behaved case, this relationship—together with the assumption that no production is

costless—allows us to recover the total cost. Given Q,

_ Q s iz
c@-= [ r@ae=mw - [ ewan
where p(Q) is the inverse supply curve.

We follow the same logic in rewriting the RI problem to recover the cost of attention. Using the UCC

we can write the DM’s problem (5) for any 7 > 0 as,

max mu — Ka(u). 9)

ue[Uipin, Uipax]

The key observation is that if a strategy P € P(A) yields utility u, then the corresponding strategy
P, € P(A,) yields utility mu and vice versa. This implies that K4(u) = K4_(7u). Hence one can
treat all decision problems A, as deriving from a choice in the original decision problem A with

correspondingly scaled incentives.

If K 4 is differentiable and convex, we can therefore characterize the solution to problem 9, @(r), by a
first-order condition,
K'y(a(m)) = .

How does () relate to the IPC? Assuming that the data reflects optimal choice, the gross utility
levels should coincide, 7U () = 7a(n). Hence, the IPC plots the maximizer of problem 9 parametrized
by ,

K\ (U(r)) = 7.

The recovery theorem shows this logic to be completely general.

3.3 Recovery

Theorem 1. The cost function for an RI DM can be recovered from the IPC as,

™

Ka(U(m)) = 70 () — / 0 (t) dt. (10)

0

The recovery theorem states that the cost of attention for any problem A, in the linear family is equal
to the area between the IPC and the normalized utility level. For the general cost recovery result there
is no need to assume that the UCC is well-behaved. We use results in convex analysis [Rockafellar,

1971] relating the IPC to the convex conjugate of the UCC to prove the theorem in appendix

2Note that the behavioral data generated by a UCC and its convex hull are indistinguishable from one another and
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Figure 2: Cost recovery and the IPC

Figure 2 illustrates the recovery and the net achieved utility in decision problem A, .

Our recovery theorem relates to earlier work in the literature. Caplin et al. [2017] present a recovery
result that requires stronger conditions and richer data. de Oliveira et al. [2017] produce a recovery
result based on a rich data set involving choice between choice sets. By constructing the linear family

our approach provides a fully general recovery method that is also readily implementable.

Dewan and Neligh [2017] provide a recovery result analogous to ours for a restricted class of decision
problems (“uniform guess tasks”) which are indexed by the utility of guessing the correct answer
from a set of options. They show how to recover the cost of being correct from the relationship
between the probability of being correct and the reward. In an experimental implementation they use
their approach to test a variety of models, including those with Shannon costs and with fixed cost of
attention. What allows us to produce a general recovery result that applies to all decision problems

is the change of variables that we introduce in section 2 above.

There is also precedent in the psychological literature. In particular Musslick et al. [2018] established
a recovery result that applies when DMs are risk neutral and the task is a guessing task a la Dewan
and Neligh [2017]. This convergence of interest is part of a growing literature on costly mental labor

incorporating the economic perspective to psychology [Botvinick and Kool, 2018].

We demonstrate and implement our approach in sections 5 - 6.

hence from data one can only recover the UCC up to its convex hull. An analogous statement would apply if the cost
function was not monotone in the Blackwell order. When data reflects optimal choice attention strategies observed under
higher incentive levels are always weakly Blackwell more informative. Hence, the recovered UCC is weakly increasing in
the Blackwell order.

10



4 Applications

In this section we show how to test for the existence of any rationalizing cost function. When such a
function exists, we show how to recover consumer welfare net of costs precisely as one would estimate
producer surplus from the supply curve. We also introduce a “revealed more costly than” binary
relation that extracts rich information from each experimental observation. Finally, we show how to
go back and forth between the IPC and the cost function.

4.1 Testing RI Theory

Just as in the case of revealed profitability conditions for the profit maximizing firm [Varian, 2014,
Chapter 19], one can check in data whether the DM behaves in line with the model of rational
inattention. There are two conditions that correspond to applicability of the RI model and rational
expectations. One is “No Improving Action Switches” (NIAS) [Caplin and Martin, 2015], which insists
on Bayesian expected utility maximization. The other condition, “No Improving Attention Cycles”
(NIAC) [Caplin and Dean, 2015], rules out switching attention strategies across problems in a manner

that increases overall utility. We restate them in a simpler form that also makes them independent.

Axiom A1l. No Improving Action Switches (NIAS): Given A and corresponding P,
A(P) = P = P a
a € A(P) ; (a, w)u(a,w) Igleagzw: (a,w)u(a, w),
Axiom A2. No Improving Attention Cycles (NIAC): Given a finite sequence of decision prob-

lems and corresponding SDSC data sets,

(Am)1§m§M7

-1

M-1 M
. S .
(Z max 2 Pm(a,w)u(a,w)> > Z max Y Pyyi(a,w)u(a,w) |,

acA
m=1 \a€An m=1 \a€Apmi1 ™o

Dean and Neligh [2017] introduce statistical tests of these conditions which we apply in our experi-

mental data.

4.2 Welfare

When the NIAS and NIAC tests are passed, the IPC decomposes gross expected utility into the

cost of information and the surplus. This provides a means for assessing the welfare implications of

11



different paths to achieving a given decision quality. The same level of decision quality in terms of
expected utility may be achieved through very different “technologies” of attention and information
processing. Just as higher sales revenue does not imply higher profits, judging simply by the quality
of the information reflected in the final decision may be misleading since it only takes into account

the gross utility and ignores costs.

Figure 3 illustrates two IPCs which yield the same level of expected utility at mp, but with very
different implications for net utility. Since Uj () lies above Uy () for all 7 < 7, the marginal cost
of information is greater over this range and the net welfare corresponding to U; is greater than that

corresponding to Us.

Net welfare

Net welfare

0.0 0.2 0.4 0.6 o 1.0 0.0 0.2 0.4 0.6 o 1.0

Figure 3: Net welfare

4.3 More Informative and Revealed More Costly

Based on the analogy with elementary production theory and revealed profitability [Varian, 2014] we
introduce the notion of an unobserved strategy being “revealed more costly” than a chosen strategy.
Given a rationalizing attention cost function, if an arbitrary strategy achieves a higher EU level than
an observed—and hence optimally chosen—strategy in a given decision problem, then necessarily that

strategy must have been more costly.

Definition 5 (Revealed more costly). Given decision problem A, an arbitrary strategy Q € P(A) is
revealed more costly than an observed strategy JSA € P(A) if it achieves a weakly higher EU level.

To illustrate the revealed more costly relation consider a symmetric binary decision problem with two
equally likely states and payoff structure given by u(a(1l),w;) = u(a(2),ws) = 1 and zero otherwise.
The line running through point ]3,4 in figure 4 below denotes the iso-utility curve corresponding to the
utility achieved by strategy ISA. The slope of the iso-utility curve is —1 since the payoffs and the prior
are completely symmetric. The gray region lying to the right of the iso-utility curve corresponding to
ﬁA collects all attention strategies that yield weakly higher expected utility. As a result, any other

strategy interior to the gray region, for instance strategy @, must have been more costly.

12
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Figure 4: Revealed more costly strategies

Note that the notion of revealed more costly is not vacuous—it is more restrictive than the Blackwell
order which ranks all strategies to the north-east of ]3,4 as more informative as marked by the dashed
line in the graph.” One can go beyond the qualitative binary relation and provide quantitative bounds
that apply to all unobserved strategies. The difference between the costs must be at least as big as
the difference in the corresponding expected utility levels as depicted by the iso-utility curves. Hence,

in figure 4 any rationalizing cost function must satisfy that for all @ lying in the shaded area,

~ ~

K(Q) - K(Pa) > U(Q) — U(Py).

This implies that using the incentive structure of the decision problem one can quantitatively compare
costs of unobserved strategies with the costs of those that are used. In figure 4 the observed strategy
yields expected utility level U (13,4) = .55 while Q yields U(Q) = .65. For any rationalizing cost
function, K, this implies a quantitative lower bound on the difference between the cost of these

strategies,

~

K(Q) — K(Py) > .1.

4.4 From Theory to Data and Back: Example

Before moving to the experimental implementation we show how to move from theory to data and
back from data to theory for the simple symmetric binary decision problem introduced above. The

payoffs for decision problem A, for m > 0 are,

3In the binary case one experiment is more Blackwell informative than another if it lies to the north-east of it [Weber,
2010, p. 269).

13



Since the problem is entirely symmetric, the mutual information cost function implies that the optimal
solution has to be symmetric as well. Correspondingly, to achieve any EU level u the SDSC strategy
has to satisfy P(a(1),w;) = P(a(2),ws) = u/2.

Substituting in the cost function we get the following UCC,

Ka (u) = ulog (u) + (1 — u)log (1 — u) — log (0.5) . (11)

The implied IPC has the following logistic form,

Now consider the inverse problem in which we observe the logistic IPC. The recovery theorem states

that the cost of the attention strategy in problem 7y can be recovered as,

0

K (U(mo)) = w0l (o) — / 0(t)dt.
0

0

e™o et J
= — t
emo 410 / et +1
0

e™o eo 1 1
= 1 —1 .5).
<e”0+1>10g <e”0+1>+<€”0+1> 0g (€ﬂ0+1> 0g (0.5)

This expression coincides with the Shannon cost evaluated at the symmetric posteriors putting mass
0
67?0 +1

associated with the Shannon cost in

on the more likely state. As the recovery theorem implies, this is indeed precisely the UCC

14



5 Experimental Design

Our experimental design implements the theoretical framework while addressing a number of key

practical considerations.

seven-sided 4 pOlnts Task 1/40 nine-sided

Row 1
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Figure 5: Example of an experimental task

As illustrated in figure 5 the task involves each subject being shown 24 geometric objects. Each shape
is one of four regular polygons, seven- to ten-sided. The subject’s task is to determine whether there
are more seven- or nine-sided polygons. The eight- and ten-sided polygons serve as decoys. Their
presence lets us vary the total number of non-decoy shapes across rounds while still showing subjects
24 shapes in total. This ensures that counting only one of the non-decoy shapes is never sufficient to

determine the realized state.

The choice of the geometric counting task is motivated by its universality across cultures. Having
both non-decoy polygons of the same parity is motivated by the symmetry in parallel sides—if one
of the shapes has parallel sides while the other does not, differentiating between the two is relatively

easy irrespective of the number of sides (as revealed in our pilots).

The location and rotation of the polygons as well as the total number of non-decoy shapes are generated
randomly as described in appendix B.1. Hence, no round carries information about any other round.
In each round any of the non-decoy shapes being more common has equal chance and subjects are

told this in advance. Details of the general design can be found in appendix B.2.
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Our general design provides several channels that allow us to adjust the difficulty of the task. We can
vary the total number of geometric shapes appearing on the screen; vary the difference between the
numbers of shapes to be distinguished; and vary the number of sides of the polygons. The difficulty

level of the task thus can range from trivial to virtually impossible.

In our experiment we varied the difficulty level of the tasks between subjects by setting the difference
in the number of non-decoy polygons. The difference in the numbers of the non-decoy polygons was
set at 1, 2, 3 and 6 constituting variation in our treatment of difficulty. Each subject faced tasks of a

fixed difficulty level only.

The payment scheme is designed with the recovery theorem in mind. Subjects who make a correct
decision are rewarded with points that count towards the probability of winning a fixed final prize of
$10. We vary the incentives according to a geometric scheme, the probability points can take values
of 0, 1, 2, 4, 8, 16 and 32. The numbers of rounds given incentive levels are shown in the table below.

Overall, the maximum score is 200.

Incentive level | Number of rounds
32 points 2

16 points

8 points

4 points

2 points

1 point

0 point

Total 40

o 00 00 O Ut W

Table 1: Incentive levels and number of rounds within a session

Subjects are not informed about their performance until the very end of the experiment, leaving them
with probabilistic beliefs regarding the evolution of their score during the experiment. The effective
incentives are thus set by the increments in the overall probability of winning. Since subjects only
know the increments but not the base in their score, the design is robust to moderate non-linearities

in expected utility as averaging in this form linearizes probability weights.

We wanted our subjects not to be rewarded for fully inattentive behavior. Since the polygons are
generated randomly with either of the non-decoy shapes appearing in higher numbers with equal
probability, the fully inattentive strategy of randomly answering in each round achieves a total score
of 100 in expectation. To reward only attentive behavior the probability of winning the final prize of

$10 is determined by the formula (achieved final score — 100)%. Subjects are informed of this.

Our design thus is a two factorial design varying both incentive and difficulty levels. Each subject
generated data for one difficulty level and all of the incentive levels. We followed a between subject
design and pooled across subjects when estimating attention strategies. Hence we recover the IPC

of a representative agent. This gives us the necessary power to pin down parameters with sufficient
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confidence while leaving each subject to answer a moderate number of questions to avoid fatigue.

Our subject pool consists of U.S. workers on Amazon Mechanical Turk with at least 100 prior completed
tasks with an overall approval rating of 95% or above. MTurk provides some desirable features for
our experiment. First, subjects may have less intrinsic motivation to complete the tasks relative to
an experimental lab. There is a clear opportunity cost of spending time on our experiment in terms
of completing other tasks. The experiment is also scalable to a large sample size which helps us in

providing the necessary statistical power for our analysis.

One challenge associated with the use of MTurk is our reliance on probabilistic rewards. Rewarding
our subjects with lotteries through an on-line platform requires the implementation of a credible
randomization device. In order to make the outcome of the lottery credible we let subjects stop the
built-in clock of their computer and record the time up to millisecond precision. The final clock device

is depicted below.

Figure 6: Example of the final clock device

The last two digits of the stopped clock—which are impossible to control intentionally—provide a
credible uniform distribution which is then used to implement lotteries based on subjects’ final scores.
For instance, if a subject achieves a final score of 167 points, then the subject has (167 —100)% = 67%
chance of winning the final $10 prize. This is implemented using the clock device. If the number based
on the last two digits of the clock the subject is asked to stop upon completion is below 67 the subject
wins the prize. Otherwise they win nothing. In the example shown in figure 6 the subject has to score
186 or above in order to win the final prize. Instructions and other screen-shots of the experimental

interface are shown in appendix

We test the clock device in appendix and confirm that subjects had no control over stopping the
clock and that empirical probabilities of winning the final prize generated by stopping the clock were

aligned with the achieved final score.

5.1 Attentive Subjects

We use a between subject design to recover the IPC of a representative subject. Hence, we wish to
confirm that the subjects we are pooling are homogeneous in their behavior to a satisfactory degree.
Taking a look at the distribution of response times we see that a non-negligible fraction of subjects
clicked through the whole experiment essentially participating in a low odds gamble. Our best proxy

for inattentive behavior is the total time spent on the 40 rounds. In recovering the cost function
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from experimental data we consider only subjects who spend at least 5 minutes in total on the whole
experiment. This threshold leaves us with 402 subjects out of the initial 814. In appendix we

detail how we set this threshold and conduct sensitivity analyses.

In order to test learning effects and fatigue, we study the dependence of average performance—the

probability of being correct in a given round—on the round rank for both the attentive and inattentive

subsamples.

attentive

inattentive
0.9
= 08
S 07
S 06

=

0.5
0.4

0 5 10 15 20 25 30 35 40

Round rank

Figure 7: Average precision across rounds

As seen in figure 7 we find that there is no significant variation in performance across time for either
the attentive or inattentive subjects. As expected the average performance levels are significantly

different for attentive and inattentive subsamples. We detail the analysis in appendix

5.2 Mapping the Experiment to the Theory

In this subsection we make explicit the mapping between the experiment and the theory. The state
space is 0 = {wr,wy} depending on which non-decoy shape is more common. We set p(w7) = p(wy) =
0.5 and convey this to subjects. In each decision problem there are two actions, A, = {a(7),a(9)}.
The state dependent stochastic choices for a given incentive level, 7, are denoted as Py (a(7),wy) and
symmetrically for nine-sided polygons.

For each task a subject can get reward points that count toward the probability of winning the final
prize of $10. In the experiment 7 can take values in 7 € {0,.01,.02,.04,.08, .16, .32}. Hence, the utility
function for a given incentive level is,

<
N
—
2
-
(S
~p
I
<

r(a(9),wg) = mu($10),
=(a(7),wy) =0

<
N
—~
=
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&
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The IPC is therefore,

U(m) = (1wr) Pr(a(T) | wr) + (o) Pr(a(9) | wo) ) u($10)
=: Pru($10). (12)

Equation 12 shows that in order to recover the IPC one only needs to estimate the average probability

of being correct due to the symmetry of the payoff structure.

5.3 Experimental Test of RI

Given the symmetry of the design, for a fixed difficulty level, the NIAS conditions collapse to,
Pr(a(7) | wr) = Pr(a(7) | wg) = 0; (13)

Py(a(9) | ws) — Pr(a(9) | wr) = 0. (14)

Since the probabilities have to add up to one, the two conditions imply each other. Hence for each
difficulty and incentive level effectively we have one NIAS condition to check. Four difficulty levels and
seven incentive levels leave us with 4 - 7 = 28 instances to check for the NIAS inequality. When the
incentive level is m = 0 the NIAS condition is vacuous, since without incentives rational subjects could
pick arbitrarily. This means that effectively there are 24 non-vacuous NIAS conditions to check. We
follow Dean and Neligh [2017] and compute the empirical counterparts of the inequalities to formulate

statistical tests. We report p-values for both the attentive and inattentive samples.

Diff. 1] 2 3 6 Diff. 1] 2 3 6

0 .018 | .012 | .448 | .001 0 .008 | .000 | .000 | .000
1 2311 | .598 | .010 | .000 1 .000 | .000 | .000 | .000
2 .089 | .024 | .000 | .000 2 .000 | .000 | .000 | .000
4 .028 | .003 | .015 | .000 4 .000 | .000 | .000 | .000
8 .003 | .245 | .030 | .007 8 .000 | .000 | .000 | .000

16 .069 | .007 | .005 | .000 16 .000 | .000 | .000 | .000
32 .837 | .095 | .033 | .000 32 .000 | .000 | .000 | .000
Table 2: NIAS test p-values Table 3: NIAS test p-values
Inattentive sample Attentive sample

Considering the attentive sample, all 24 non-vacuous NIAS tests are passed at the 1% significance
level. In the inattentive sample only 12 out of the 24 NIAS tests are passed at the 1% significance

level.
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Given the symmetry of the problem if the NIAS conditions hold, the NIAC conditions imply that the
average probabilities of being correct are increasing with the incentive level. RI theory doesn’t put
any restriction on how the different complexity levels should compare to each other, hence we only

test NIAC conditions for one difficulty level at a time.

We report the increment in average probabilities for the inattentive and attentive subsamples below.

A positive increment implies that the corresponding NIAC condition is satisfied.

Diff. Diff.
An 1 2 3 6 A 1 2 3 6
1-0 -.026 | -.045 | .037 | .007 1-0 108 | .121 | .056 | .123
2-1 .014 | .041 | .029 | .024 2-1 .050 | .044 | .042 | .002
4-2 015 | .022 | -.026 | .029 4-2 -.013 | .000 | .008 | .005
8-4 .019 | -.041 | -.002 | -.062 8-4 .010 | .022 | .012 | .026
16 - 8 -.016 | .055 | .029 | .075 16 - 8 023 | .012 | .049 | .038
32-16 -.072 | -.026 | -.008 | .018 32 -16 -.003 | -.005 | .017 | .003
Table 4: Inattentive sample Table 5: Attentive sample

We check the adjacent pairwise comparisons for each difficulty level separately. This leaves us with 24
tests to check for the NIAC condition. As expected we can see that there are fewer violations of the
NIAC condition in the attentive sample than the inattentive sample. In the attentive sample none of
the violations is significant at the 5% level while seven of the passed tests are significant at the 5%
level. On the other hand, in the inattentive sample there are 10 violations altogether. We report the

significance level of these tests in the on-line appendix.

Altogether, we confirm that the behavior revealed by the attentive subsample of the dataset is in line

with the basic assumptions of the RI model.

6 Experimental Results

In this section we empirically recover the IPC and use it in various applications. The key step is

estimating the relationship between the incentive level and the probability of a correct answer.

6.1 Estimating the IPC

To start our analysis we consider only one level of task complexity, the simplest task in our analysis,
when the difference between the numbers of non-decoy shapes is set to 6. Figure 8 depicts the
relationship between the probability of correct discrimination and incentives. Taking a look at the
intercept we see that even absent incentives subjects can distinguish the states more than 70% of the

time. This finding is in line with the psychological perspective in which the ability to discriminate is
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Figure 8: IPC for the simplest task

studied without any explicit incentives. As in many psychological tasks, we find that increasing the

extrinsic incentives also increases the probability of correct discrimination.

The recovery theorem implies that one can read off attention costs and net welfare from the above

graph.” This is illustrated in figure

We estimate the IPCs across all difficulty levels jointly. We find that a logit model with a log-transform
of the geometric incentive scheme provides a relatively good fit that also lends itself to interpretability
and easy calculations for costs and net welfare. Specifically, we estimate a linear model for the log-odds

ratio of the average probability of a correct answer given the covariates of observation 1,

P
log <1_R> =+ | Z apigDpif,i+
Diffe{2,3,6}

Brlog(mi+1)+ > PpirDpislog(m + 1), (15)
Diffe{2,3,6}

where Dpig; is a dummy variable indicating whether for observation 7 the difference between the
numbers of non-decoy shapes is Diff. The baseline difference in the model is Diff = 1. Note that the
log transform of the geometric incentive scheme is shifted to accommodate the non-incentivized case

(m; = 0) and that 7; is measured in percentages.

The estimated IPCs for the four difficulty levels—given by the difference in the numbers of non-decoy
shapes to be distinguished—are depicted in figure 9. We plot 95% confidence bands for each of the
estimated IPCs.

4 As noted before, since the payoff structure is binary and symmetric it is sufficient to estimate the average probability
of being correct across states. We check this asymmetry in appendix [© and find that conditional on the difference between
the numbers of non-decoy shapes being large enough, the state with more 9-sided shapes is slightly easier to identify
than the one with more 7-sided ones. Since the IPC only depends on the average probability this does not change our
estimation strategy.
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Figure 9: IPCs for all difficulty levels

Note that, for all levels of task complexity, subjects perform above chance even without external
incentives. The difficulty of the task does have an impact on the non-incentivized performance with
the probability of correct discrimination decreasing in difficulty. Note also, that for each difficulty
level higher incentive levels result in a higher probability of being correct with diminishing returns
to incentives. The joint differences across difficulty levels—intercept and slope—are significant for
each pair of tasks except between the difficulty levels corresponding to non-decoy differences of 2 and
3. The sensitivity analysis shows that the results are robust to setting different time thresholds for
the attentive sample included in the estimation. We provide regression tables showing the sensitivity

analysis and joint significant tests in appendix D.

An interesting feature is that the differences across difficulty levels are relatively stable across incentive
levels, implying that one can learn most of the differences by just looking at the intercept—the slopes

being similar.

6.2 Cost and Welfare

For each difficulty level we estimate the relationship between the incentive level and the average
probability of getting a task correct to compute the IPC. From this we recover net welfare and costs
corresponding to the same gross achieved expected utility under the four difficulty levels. We normalize
the utility of the final $10 prize to 1.

Figure 10 plots the estimated IPCs. For each of the IPCs we mark the point on the curve that achieves
20% of the utility of the final prize, u($10), and shade the area representing this gross utility. We
see that the higher the difficulty level of the task, the higher the incentive required to achieve the
20% level of gross utility. The higher incentives then require lower precision—probability of correct

discrimination—to result in the same gross utility.
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Figure 10: Estimated IPCs with equal gross utility (20% of u($10))

We use the recovery theorem to decompose total expected utility into welfare and cost components.
The cost of achieving a given gross expected utility level is given by the part of the rectangle that lies
above the corresponding IPC as discussed in section 3. We quantitatively gauge the welfare trade-off
between task complexity and incentives. Taking 20% of w($10) in gross utility, table 6 shows the
corresponding incentive levels, achieved probabilities of being correct, costs, and net welfare. Cost

and net welfare are expressed as percentages of u($10).

Incentive Probability Cost Net Welfare
7 (%) correct in w($10)  in u($10)
1 difference 26.43 75.66% 1.09% 18.91%
2 difference 24.29 82.33% 1.08% 18.92%
3 difference 23.69 84.43% 0.92% 19.08%
6 difference 21.77 91.83% 0.77% 19.23%

Table 6: Net benefits of achieving 20% gross utility (in terms of u($10))

The patterns are clear—the cost of achieving a level of gross utility is monotonically increasing in the

difficulty. Hence, net welfare is falling.

6.3 Psychometrics

In traditional psychometric experiments the probability of correct discrimination is plotted against
stimulus levels instead of incentive levels. In fact, in the majority of traditional psychometric exper-
iments subjects are not incentivized at all. Our experimental design allows us to plot the traditional
stimulus-based psychometric curve (SPC) varying the difference between the number of non-decoy

shapes. Figure 11 plots this traditional non-incentivized SPC using our experimental data.
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Figure 11: The SPC with no incentive

Figure 12 plots the SPCs as a function of discriminability for each incentive level. The lowest SPC
corresponds to the traditional non-incentivized case. As expected we see that in all cases as differenti-
ating between states gets easier the probability of giving a correct response gets higher. Furthermore,
higher incentive levels shift the whole SPC higher.

1.0

Probability correct

1 2 3 4

Difference in non-decoys

ot
(=)

Incentive = 0 —— Incentive = 4 —— Incentive = 16
—— Incentive = 1 —— Incentive = 8 —— Incentive = 32

—— Incentive = 2
Figure 12: SPCs under different incentive levels

Overall our experiment allows us to estimate the probability of a correct response as a function of
both the incentive and difficulty level.

Figure 13 plots the relationship between economic and psychophysical approaches to explaining the

24



probability of correct discrimination. By varying both task complexity and incentives in our exper-
iment we are able to quantify the trade-off between these two important features of a task through

simple iso-performance curves as depicted in figure 13b.
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Figure 13: Trade-off between incentive and task complexity

As we see in the graph, if task complexity increases the DM has to be compensated with higher
incentives to stay on the same performance level. In principle, analogous curves can be estimated for

all psychometric tasks.

6.4 Attentional Inputs and Their Cost

Our recovery theorem quantifies costs of attention purely from observed behavior without specifying
potential inputs entering the cost function. An important question is how our recovered cost relates to
psychological inputs that can be thought of as sources of attentional cost—e.g. time and neural activity.
In particular, time may be an important common source of attention costs in distinct attentional tasks
as in the “mental labor theory” of Botvinick and Kool [2018]. This is analogous to labor being an

important input factor in many production processes.

We correlate the recorded response times and our behavioral measure of cost to shed light on time
as a costly input to attention. For robustness we take both the mean and median response times of

subjects for each difficulty and incentive level and correlate them with the recovered cost using the
IPC.

5Since the probabilities of being correct in the data do not lie exactly on the IPC we use the predicted value from
the IPC directly.

25



Table 7 shows the correlations across all these variables.

probability correct mean time median time cost from IPC

probability correct 1.000 0.436 0.560 0.412
mean time 0.436 1.000 0.933 0.797
median time 0.560 0.933 1.000 0.880
cost from TPC 0.412 0.797 0.880 1.000

Table 7: Correlation between probability correct, time, and estimated cost

We see that the computed cost correlates highly with both measures of response time. As the table
shows there is a significantly stronger correlation between our behavioral cost measure and time than
between the probability of correct discrimination and time. Figure 14 plots the relationship between

median and mean response time per round and the recovered costs for each incentive and difficulty

level.
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Figure 14: Correlation between estimated cost and time taken

7 Concluding Remarks

We introduce and implement a simple method of recovering attention costs from choice data. Our
IPC allows costs of attention and consumer welfare to be recovered just as one can recover the costs
of a competitive firm. This link to competitive supply allows us to apply the standard microeconomic
toolbox to problems of attention. We experimentally implement our recovery method in tasks of
varying complexity. The data pass tests for applicability of our approach. We quantitatively assess
the welfare trade-off between rewards and task complexity. We relate the costs recovered from choice

data to decision time, an important psychological input.
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A Proofs

A.1 Definition of Blackwell Informativeness

Below we define the notion of Blackwell informativeness, a concept widely used in economics, on the

SDSC strategy space that we use.

Definition 6. For any P € P define the marginal probability of action, a, and the revealed posterior

at any action, a,

P(a):=>» P(a,w) Vac A(P); (16)
o (w) = L ](jz;‘)") Y(a,w) € A(P) x Q. (17)

For two SDSC datasets, P,Q € P, consistent with the same prior, P is Blackwell more informative
than Q, if and only if,

Yo o0 Pla) = Y ¢(35) Qa), (18)

acA(P) a€A(Q)

for every convex continuous function ¢: A(Q2) — R.

Note, that expected utility theory implies that choice based on a Blackwell more informative experi-

ment always yields weakly higher expected utility from an ex-ante perspective.

A.2 Blackwell Monotonicity and the UCC

min max

Proposition 1. Given K, Ka(u) is non-diminishing on u € [UA UL ]
Proof.

Suppose to the contrary that there exists U;‘nin <up < ug < UZF* such that [_(A(ul) > [_(A(ug). Take

P, € ar

P).

g min
{PeP(A)U(P)=uz2}

By the linearity of U there exists a ¢ € [0, 1] such that

U P+ (1 —t)P) = uy,
with P! being the inattentive strategy. By Blackwell monotonicity of K,
Ka(ug) = K(P) > K (tP2 + (1 — t)PT) > Ka(wy),

which contradicts Ka(ui) > Ka(usz). O
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A.3 Proof of Theorem

For any m > 0 define,

N(r) = ,w) P(n,w)— K(P). 19
() 5= e 3 wla(n) ) Plovwo) = K(P) (19)
Consider an arbitrary mg > 0. This is associated with net utility N (mo) and normalized expected
utility U(mp). Consider now any other = > 0. The optimal strategy at = must do at least as well as

applying Pr,;

~

N(r) 2> 3" Pry(a,w)u (ar(n),w) — K(Pr,)

— WU(ﬁFO> —K(

0

Al

o)

~

= 7U (o) — moU (mo) + moU (7o) — K (Pry)

~

:(7T—7T0)U(7T0)+N(7T0); (20)

where the second line follows from the definitions of u(a,(n),w) and u(a;(n),w), the third line involves
adding and subtracting moU (), and the final line applies the definitions of N (o) and U (o). It follows

immediately that N is convex and that U(n) is an element of the subdifferential of N at point 7,
U(r) € ON(x).
Rockafellar [1971] Theorem 24.2. states that given a convex function N and a function U satisfying

U(x) € ON(x) for all ,

™

N () :/U(t)dt+C, (21)
0

for some constant C' € R. This is a generalized version of the fundamental theorem of calculus.

To pin down C, note that,

lim N () = lim {U(P) - K(Pr)} = - lim K(Pr),

and  lim N(7) = l%/ﬁ(t)dt +C=C.
0

Hence, C' = —lim\ o K (]37r) But since the inattentive strategy is always available and costless in

order to maximize welfare we need that lim\ o K (ﬁr) = 0. We conclude that C = 0.

31



The definition of the IPC together with equation 21 and C' being zero gives

70 () — / U(t)dt = xU(x) — N(x).
0

Finally, since expected utility must be divided between net utility and information costs we have,

N(r) =U(x) — K(Py).

Rearranging and using equation 3 gives

K(P;)=U(P,) — N(x) = xU(x) — N(x),

which is the area above the IPC. O
B Experimental Design
B.1 Design

An experimental session consists of 40 rounds of randomly generated tasks of the same difficulty. A

task of fixed difficulty is described by the following algorithm and hyper-parameters.

N: the total number of polygons generated in each round

n: the number of different polygons to be present on the page
— specify their types — e.g. [7-gon, 8-gon, 9-gon, 10-gon]

m: the number of non-decoy polygons which the subject actually has to consider
— specify their types — e.g. [8-gon, 10-gon]

Amax L %(n — m): the difference between the highest number and any other shape within the
non-decoy class. This difference is assigned randomly to one of the polygons in the non-decoy

class.

Amud < % (%(n —m) — A™): shifts all the counts uniformly in the decoy class with a number

in the range [—A™9 A™d] picked randomly. Call the realization of this random number 6™,

With these specified parameters (and the random mudding) make the (n —m) decoy polygon(s)

so that everything sums to IV and the decoys are “as even as possible”. That is look for the

Amax+m6mud

. . N
closest integer assignment to o =m

Generate random degrees for rotating the polygons.
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Example:

e N=24

e n=4 [7-gon, 8-gon, 9-gon, 10-gon]

o m=2 [7-gon, 9-gon| (non-decoys)
8-gon 10-gon
~= ~=
"6, 6,6 , 6 ]

~—
7-gon, 9-gon

o AMX =2 %(n —m) = 12. Then randomly assign A™?* = 2 to one of the non-decoy polygons.

8-gon 10-gon
= ~=
"6, 86 , 6 |
~—
7-gon, 9-gon

Amd =3 < L (%(n —m) — A™#) = 5. Generate a random integer between [-3, 3]. Suppose

the realization is ™4 = 2. Shift all the non-decoys.

8-gon 10-gon
= =
("6, 10,8 , 6 |
——
7-gon, 9-gon
N Amax Jmud o
Now change the decoys, so that they are closest to - — =—F2— = 3. In the example, that
implies [3, 3]. Now the final numbers are
8-gon 10-gon
= =~
("3, 10,8 , 3 ]
——
7-gon, 9-gon

They sum to 24 as per algorithm.

B.2 Instructions

The experiment is available at http://distinguishshapes.herokuapp.com/welcome. Below we re-

peat the information found on the website.

You are about to complete an experiment and potentially earn money based on your performance. By
completing the experiment you will receive a participation fee of 5 cents; on top of the participation
fee you can win a $10 bonus based on your performance. Below is a description of the task you will

be facing.
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http://distinguishshapes.herokuapp.com/welcome

You will be shown a screen with 24 geometric shapes. There will be 4 different types of shapes, and

these are: seven-sided, eight-sided, nine-sided and ten-sided. Below are the 4 geometric shapes you

OO0

The Task: Even though there are 4 different types of shapes your Task relates to only two of them,

will encounter.

seven-sided and nine-sided shapes. There will always be [difference in non-decoys depending on the
complexity of the session] more than the other and your Task is to decide whether seven- or nine-sided
shapes are present in larger numbers. In each of the Tasks you face, these two shapes are equally likely

to be present in larger numbers.

Note that the eight-sided and ten-sided shapes on each screen are irrelevant to your Task. While all
Tasks are designed to be roughly equally difficult, the total number of these irrelevant shapes will vary

in a narrow range.
You will only receive feedback on whether you were correct or not at the very end of the experiment.

Example of the Task

Example. This example has only 5 shapes; in the real Task you will face a similar task with 32 shapes.

Please decide whether there are more seven-sided or nine-sided shapes on the screen.

seven-sided nine-sided
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You will face 40 of these Tasks during the course of the experiment. For each Task shapes are randomly
generated by a computer, and placed randomly on an eight-by-three grid. As a result, no Task carries
information about any other Task. You can spend as much or as little time on each Task as you wish,
but you have to complete all 40 Tasks in order to receive the participation fee and potentially earn a

bonus.
Reward

By completing the experiment you will receive a participation fee of 5 cents. You may also win a bonus
of $10 depending on the number of points you score. If you answer all Tasks correctly you will get 200
points, and you will have a 100% chance of winning the bonus of $10. More generally, if you achieve
more than 100 points, your probability of getting the bonus is given by the following formula: (total
achieved points - 100)%—so if you achieve 167 points, your final score will be 67, and your probability
of winning the bonus will be 67%. If you answer only one out of every two correctly, as you could by
guessing, you will get 100 points. If you score 100 points or below, there is no chance (0%) that you

will earn the bonus.
How to score points

In fact there are 7 different point levels that you can get for answering correctly: 32 points, 16 points,
8 points, 4 points, 2 points, 1 point and 0 points. In all cases, a wrong answer gives you 0 points,
so that 32 point rounds involve the highest reward for answering correctly, while 0 point rounds the

lowest reward for answering correctly.

The point level is known to you at the start of each Task: it will be bold in the center of the top line
of the screen displaying the Task.

In total, there are 2 Tasks offering 32 points for a correct answer, 3 Tasks offering 16 points, 5 Tasks
offering 8 points, 6 Tasks offering 4 points, 8 Tasks offering 2 points, 8 Tasks offering 1 point, 8 Tasks

offering 0 points. This means that in total, you will face 40 Tasks.

Note that the point scoring system and the experimental design explain why the maximum number

of points that you can earn is 200 and why guessing would be expected to get you 100.
Winning the Bonus

To determine if you win the bonus, we will let you stop the clock below. This is your computer clock,

presenting the time down to the millisecond (1/1000th of a second).

If the last two digits of the stopped clock are strictly less than your final score (this is your total

achieved points - 100) you win the $10 bonus, and if they are more, then you win nothing

Now, try to stop the clock showing the current time to millisecond precision. You should know that
it is impossible for you to control these last two digits of the millisecond clock because of the time it

takes the human brain and hand to respond. The purpose of this is to generate a random number,
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and match your probability of winning to your achieved score: the higher your score is, the more likely
you are to win the $10 bonus. To confirm this randomness, you can start and stop the clock as many

times as you want, to check if you can stop it at a number of your choice. Please stop the clock at

least 3 times.

18 :43:26:948

Stop the clock Start the clock

Continue

Your final score is the sum of all your points minus 100. The last two digits of the clock are 48. You

win the prize if your final score is above 48.

Now, let’s practice the Task. You will face 4 practice Tasks and then the final clock device to ensure
familiarity. Remember, your Task is always to decide whether there are more of the seven- or nine-
sided shapes. The shapes are surrounded by a black border. Please make sure that you can see this

entire border before trying to complete the Task. Depending on your device you might have to scroll
to see all of them.

seven-sided 4 points STASK/A0, sided

—~ — Pt ~ ~ — ~y N

- O O O O 0O 0O O
szl M\ 2 e N 7 ) Y
IO ONOGNONONONONG
Row3 | 7\ N N M\ N o Y (M
\/ / ./ / et J> k«/ /

4 points Task 1/40
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C Exploratory Data Analysis

Our design varies the difficulty level and the incentive level. The difficulty is set by the difference in

the total number of non-decoy shapes. Table & shows the number of subjects for each difficulty level.

Difficulty level | Number of subjects
(in difference of non-decoys)
1 223
2 195
3 208
6 188
Total 814

Table 8: Number of subjects

For each subject we have 40 observations, hence, the total number of observations—an observation

being a task with certain difficulty and incentive level—is 32,560.

C.1 Time Patterns and Types of Subjects

Even though our theory is silent on the relationship between time spent on a task and the corresponding

precision level achieved it is revealing to explore time patterns in the data.

First, we plot the distribution of time spent on all 40 rounds in the experiment. Since MTurk requires
a time limit on tasks, the limit was set at 3 hours, which provides participants ample time to go
through every round slowly and carefully. No participant was timed out as a result of this restriction.
Figure demonstrates the histogram—the number of subjects spending more than 80 minutes on

the experiment was 10 out of 814.

0.14 0.35
0.12 0.30
» 0.10 » 0.25
< 008 £ 0.20
o) .f.
Z 006 Z 015
& Z
A A
— 0.04 — 0.10
0.02 0.05
0.00 0.00
0 10 20 30 40 50 60 70 80 -3 -2 —1 0 1 2 3 4 5 6
Total time (minutes) Logarithm of total time

Figure 15: Distribution of time spent on the experiment

5Subjects who started but did not finish the experiment were dropped. There were 24 of them.
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There is considerable variation in the total time spent on the 40 rounds of the experiment across
subjects. This variation persists if we condition on difficulty level. The distribution of the logarithm
of total times is indicative of a bimodal distribution. In fact, many of the subjects seem to try their

luck and click through the experiment.

95 subjects spent less than 1 minute on the whole experiment—all 40 rounds without the instructions.
The histogram of their final scores together with the corresponding average and 95% confidence interval
is shown below. We can confirm that the inattentive strategy yields points matching the performance

of flipping a coin as shown in figure

10

Number of subjects

0 25 50 75 100 125 150 175 200
Final score

Figure 16: Histogram of final scores (<1 minute of total time)

As we increase the time threshold the average final scores start to increase as expected—our main trade-
off in setting the threshold is separating the behaviorally distinct inattentive subjects from attentive
ones while retaining power. We plot the evolution of scores with time spent on the experiment in
two ways. We graph the average final scores together with confidence intervals as we change the
threshold—first, we take the overall averages below a given threshold, then we compute the averages
for a 3 minute moving window. We see that below one minute of total time spent on the experiment
the average score is not significantly different from zero. Raising the threshold increases the achieved

score as expected.
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(a) Average score below threshold (b) Average score around threshold (3-minute window)

Figure 17: Expected final score and time spent on experiment

We set the time threshold to 5 minutes and carry out sensitivity analysis for thresholds varying between
1 and 10 minutes. The choice of threshold for splitting the sample according to total time spent on
the experiment affects the results in a relatively stable and monotone way. The higher the threshold
the higher the probability of being correct for each decision level. We provide details of the sensitivity
analysis with respect to the choice of the threshold in appendix .1 when we present the estimated

regressions.

The number of subjects who spend at least 5 minutes in total on the 40 rounds is 402.

Difficulty level | Number of subjects
(in difference of non-decoys)
1 112
2 97
3 90
6 103
Total 402

Table 9: Number of subjects spending at least 5 minutes on the experiment

The performance of the subjects who spend less than 5 minutes on the experiment overall is not

significantly better than pure guessing for any of the incentive levels.
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Figure 18: Average probability of being correct in a round (spending < 5 minutes in total)

The non-responsiveness to incentives can be seen in the median time spent on each round conditional
on the incentive level for the inattentive subsample. On the other hand, attentive subjects show

considerable variation as shown in figure 19.
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0 1 2 4 8 16 32 0 1 2 4 8 16 32
Incentive levels Incentive levels
(a) Inattentive sample (b) Attentive sample

Figure 19: Median times per round for each incentive level

C.2 Learning and Fatigue
There is no significant change in average performance in the order the tasks are presented pooling

across all incentive levels. The coefficient on the round rank is not significantly different from zero in

both attentive and inattentive subsamples.
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Table 10: Performance across rounds

Attentive Inattentive

Intercept 0.744%**  (.554***
(0.010) (0.008)
Round -0.000 -0.000
(0.000) (0.000)
Adj. R-squared 0.00 0.00
No. observations 16080 16480

Clustered standard errors in parentheses.
*p< .1, ¥ p < .05, FF*p < .01

Subjects in both the attentive and inattentive subsamples show a clear pattern of spending less time

per round in later rounds.

120 120
attentive

attentive

inattentive inattentive

100 100
80 80

60 60

Average time per round
Median time per round

0 5 10 15 20 25 30 35 10 0 10 15 20 25 30 35 10

Round rank Round rank

ot

Figure 20: Average and median time across round ranks

Together with the roughly constant precision this is indicative that subjects might be getting better
at the task as the rounds progress. However, they leverage this improvement by spending less time

while keeping the precision roughly at the same level.

C.3 The Clock Device and the Probability of Winning

To test the clock device conditional on being above 100 we check the expected number of winners just
by looking at the final scores. Denoting the final score of subject ¢ by x; we have,
) x; — 100
ted ber of = —— = 320.86.
expected number of winners | Z 100
i]xz;>100

The corresponding standard deviation of the sum of independent Bernoulli random variables is 9.33.

The actual number of winners in the sample is 313 which is within one standard deviation from the
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expectation and confirms that stopping the clock as a randomization device worked well.

D Regression Results

D.1 Regression Results for the IPC

Table 11 presents logistic regressions of being correct as a function of the differences in the number
of non-decoy shapes and the incentive levels. As in the figures the incentives are transformed as
log(m + 1).

Table 11: Regression results for the IPC

1 minute 2 minutes 5 minutes 12 minutes

Intercept 0.259***  (0.299***  (0.357**F*F  (.493***
(0.046)  (0.052)  (0.068)  (0.104)
C(Diff.)[2] 0.099 0.121 0.189* 0.194
(0.072)  (0.082)  (0.106)  (0.148)
C(Dift.)[3] 0.164%%  0.248%F%  (.387%%F (478
(0.075)  (0.085)  (0.118) (0.174)
C(Diff.)[6] 0.540%5% 0,623 0.740%FF  0.841%%
(0.088)  (0.100)  (0.126)  (0.177)
Incentives 0.134%FF (0. 158%FF  (.235%F*  (.469%**
(0.029)  (0.034)  (0.045) (0.079)
C(Diff.)[2]*Incentives  0.030 0.043 0.073 0.001
(0.043)  (0.049)  (0.069)  (0.114)
C(Diff.)[3]*Incentives 0.018 0.015 0.061 -0.040
(0.041)  (0.049)  (0.068)  (0.118)
C(Diff.)[6]*Incentives  0.104** 0.162%** 0.190** 0.161
(0.049)  (0.060)  (0.081)  (0.143)
Pseudo R-squared 0.01 0.02 0.03 0.05
No. observations 28760 23480 16080 10360

Clustered standard errors in parentheses.
*p< .1, ¥ p < .05, FFFp < .01
The results are stable and move monotonically with the time threshold across difficulty levels.

For the 5 minute threshold used in the main body of the paper the F-tests for testing the differences

between the IPCs are shown in the following table.

1-Diff. 2-Diff. 3-Diff. 6-Diff.

1-Diff. 0372 .0004  .0000
2-Dift. 2784 .0000
3-Diff. .0026

Table 12: F-tests (p-values) for the difference between difficulty levels (5-min. threshold)
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D.2 Regression Results for the SPC

Table 13: Regression results for the SPC

1 minute 2 minutes 5 minutes 12 minutes

Intercept 0.046 0.053 0.058 0.166
(0.058)  (0.064)  (0.079)  (0.109)
C(Incentives)[1] 0.121 0.200**  0.353%*FF  0.507***
(0.077)  (0.086)  (0.107)  (0.155)
C(Incentives)[2] 0.362***  0.404***  (0.649%**  (.884%**
(0.076)  (0.085)  (0.104)  (0.154)
C(Incentives)[4] 0.327***  (0.385%**  (.594%**  (.9T73H**
(0.083)  (0.093)  (0.118)  (0.174)
C(Incentives)[8] 0.336***  0.377***  0.616%**  1.031%***
(0.092)  (0.104)  (0.137)  (0.208)
C(Incentives)[16] 0.366%%*F  0.440%%%  0.640%**  1.252%%*
(0.109)  (0.125)  (0.163) (0.241)
C(Incentives)[32] 0.204%%  0.313%F  0.613%F%  1.168%**
(0.126)  (0.143)  (0.193)  (0.293)
Diff. 0.106***  0.126***  (0.155%** 0.164***
(0.019)  (0.021)  (0.027)  (0.037)
C(Incentives)[1]*Diff. 0.044* 0.043* 0.049 0.092*
(0.023) (0.026) (0.034) (0.049)
C(Incentives)[2]*Diff. 0.011 0.018 0.007 0.018
(0.023) (0.027) (0.033) (0.048)
C(Incentives)[4]*Diff. 0.028 0.037 0.027 0.028
(0.024) (0.028) (0.036) (0.055)
C(Incentives)[8]*Diff. 0.020 0.049 0.057 0.069
(0.028)  (0.032)  (0.044)  (0.067)
C(Incentives)[16]*Diff. ~ 0.067* 0.092%* 0.123%* 0.040
(0.034)  (0.042)  (0.054)  (0.079)
C(Incentives)[32]*Diff.  0.102%%  0.121%%  (.142%* 0.137
(0.042)  (0.048)  (0.067)  (0.095)
Pseudo R-squared 0.02 0.02 0.04 0.06
No. observations 28760 23480 16080 10360

Clustered standard errors in parentheses.
*p< 1, ¥ p <05, FFF p < .01

E Allowing for State Dependence

Table 14 presents regression estimates allowing for state dependence—the probability of being correct

when there are more 7-sided polygons and separately recording when there are more 9-sided polygons.
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Table 14: Allowing for state dependence

1 minute 2 minutes 5 minutes 12 minutes
Intercept 0.274%**  (0.295%**  (.420*** 0.667***
(0.072)  (0.079)  (0.096)  (0.131)
C(state)[9-sided] -0.030 0.008 0123 -0.363**
(0.104)  (0.108)  (0.124) (0.161)
C(Dift.)[2] 0.015 0.091 0.093 0.016
(0.098)  (0.109)  (0.141)  (0.179)
C(Diff.)[3] 0.052 0.186 0.192 0.187
(0.099)  (0.113)  (0.149)  (0.197)
C(Diff.)[6] 0.388%%% (0451 0.435%%%  (.308*
(0.123)  (0.136)  (0.164)  (0.208)
C(state) [9-sided]*C/(Diff.)[2] 0.162 0.056 0.183 0.295
(0.144)  (0.158)  (0.200) (0.251)
C(state) [9-sided]*C/(Diff.)[3] 0.226%  0.122  0.391%%  (.572%%
(0.133)  (0.142)  (0.172) (0.220)
C(state)[9-sided]*C(Dift.)[6] 0.327%%  0.354%  0.641%%%  (.805%%*
(0.167)  (0.182)  (0.223) (0.263)
Incentives 0.118%#FF  (0.153%FF  (.220%%*  0.290***
(0.038)  (0.044)  (0.059) (0.097)
C(state)[9-sided]*Incentives 0.032 0.010 0.030 0.158
(0.052)  (0.058)  (0.075) (0.102)
C(Diff.)[2)*Incentives 0.051 0.037 0.065 0.010
(0.055)  (0.063)  (0.086) (0.123)
C(Diff.)[3]*Incentives 0.017  -0.032 0.060 0.046
(0.052)  (0.061)  (0.081)  (0.128)
C(Diff.)[6]*Incentives 0.I57%%  0.204%%  (.278%%%  (.340%*
(0.065)  (0.077)  (0.106)  (0.163)
C(state)[9-sided]*C(Diff.)[2]*Incentives ~ -0.039 0.016 0.020 0.047
(0.077)  (0.089)  (0.120)  (0.155)
C(state)[9-sided|*C(Diff.)[3]*Incentives  0.004 0.100 0.004 -0.049
(0.071)  (0.081)  (0.111) (0.156)
C(state)[9-sided|*C(Diff.)[6]*Incentives ~ -0.106 -0.086 -0.186 -0.264
(0.086)  (0.100)  (0.143) (0.209)
Pseudo R-squared 0.02 0.02 0.04 0.05
No. observations 28760 23480 16080 11400

Clustered standard errors in parentheses.
*p <1, ¥ p< .05 FFFp<.01

For the easier tasks in which the difference between the numbers of non-decoy shapes is set either to
3 or 6, the state with more 9-sided polygons is easier to identify than the state with more 7-sided

polygons.
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