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Abstract

We consider a model of repeated online auctions in which an ad with an uncertain click-
through rate faces a random distribution of competing bids in each auction and there is
discounting of payoffs. We formulate the optimal solution to this explore/exploit problem
as a dynamic programming problem and show that efficiency is maximized by making a bid
for each advertiser equal to the advertiser’s expected value for the advertising opportunity
plus a term proportional to the variance in this value divided by the number of impressions
the advertiser has received thus far. We then use this result to illustrate that the value of
incorporating active exploration in an auction environment is exceedingly small.
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1. Introduction

In standard Internet auctions in which bidders bid by specifying how much they are willing
to pay per click, it is standard to rank the advertisers by a product of their bid and their
click-through rate, or their expected cost-per-1000-impressions (eCPM) bids. While this
is a sensible way to determine the best ad to show for a particular query, it is potentially
a suboptimal approach if one cares about showing the best possible ads in the long run.
In online auctions, new ads are constantly entering the system, and for these ads one will
typically have uncertainty in the true eCPM of the ad due to the fact that one will not know
the click-through rate of a brand new ad with certainty. In this case, it can be desirable to
show an ad where one has a high amount of uncertainty about the true eCPM of the ad so
one can learn more about the ad’s true eCPM by observing whether the ad received a click.
Thus even if one believes that a high uncertainty ad is not the best ad for this particular
query, it may be valuable to show this ad so one can learn more about the eCPM of the ad
and make better decisions about whether to show this ad in the future.

While there is an extensive literature that analyzes strategic experimentation in these
types of multi-armed bandit problems, the online advertising setting differs substantially
from these existing models. In online auctions there is a tremendous amount of random
variation in the quality of competition that an ad with unknown eCPM faces in the auction
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due to the fact that the ad is constantly competing in a wide variety of different auctions.
In these settings, there will always be a certain amount of free exploration that takes place
due to the fact that there will be some auctions in which there are no ads with eCPMs that
are known to be high, and one can use these opportunities to explore ads with uncertain
eCPMs. Almost all existing models of multi-armed bandits that can be applied to online
auctions fail to take this possibility into account.

This paper presents a model of repeated auctions in which an ad with an uncertain
click-through rate faces a random distribution of competing bids in each auction and there
is discounting of payoffs in the sense that an auctioneer values a dollar received in the
distant future less highly than a dollar received today. We formulate this problem as a
dynamic programming problem and show that the optimal solution to this problem takes a
remarkably simple form. In each period, the auctioneer should rank the advertisers on the
basis of the sum of an advertiser’s expected eCPM plus a term that represents the value of
learning about the eCPM of a particular ad. One then runs the auction by ranking the ads
by these social values rather than their expected eCPMs.

While there have been previous papers on multi-armed bandits that have proposed
ranking arms by a term equal to the expected value of showing an ad plus an additional term
representing the value of learning about the true value of that arm,! the value of learning in
the problem that we consider is dramatically different from the value of learning in standard
multi-armed bandit problems. In standard multi-armed bandit problems (Auer et al., 2002)
where there is no discounting of payoffs and no random variation in the competition that
an arm faces, typical solutions involve ranking the ads according to a sum of the expected
value of the arm plus a term proportional to the standard deviation in the arm’s value. By
contrast, we find that the value of learning in our setting is proportional to the variance
in an ad’s expected eCPM divided by the number of impressions that an ad has received.
Thus the incremental increase in the probability that a particular ad is shown varies with
k—g, where k denotes the number of impressions this ad has received so far. This is an order
of magnitude smaller than the corresponding incremental increase in standard machine
learning algorithms. In fact, we show that if we attempted to rank the ads on the basis
of the sum of an advertiser’s expected eCPM plus a term equal to a constant times the
standard deviation in the advertiser’s eCPM, the optimal constant would be zero.

Our baseline model considers a simple situation in which there is a single advertiser
with unknown eCPM that competes in each period against an advertiser with known eCPM
whose eCPM bid is a random draw from some distribution. But our conclusions about the
value of learning are not restricted to this simple model. We show that our conclusions about
the optimal bidding strategies extend to a variety of more complicated models including
models in which there are multiple advertisers with unknown eCPMs as well as models in
which there is correlation between the unknown eCPMs of multiple different advertisers
and information from showing one advertiser can help one refine one’s estimate of the
eCPM for some other advertiser. We also illustrate an asymptotic equivalence between

1. In addition, Iyer et al. (2014) illustrate that bidders may have an incentive to make a bid equal to
their expected value plus a term proportional to their value of learning about their value if bidders have
uncertainty about their own value. This paper differs from ours in that it considers an environment in
which bidders are attempting to learn their own values rather than an auctioneer attempting to learn
the eCPMs.
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the theoretically optimal strategies and the strategies that would be selected by a simple
one-step look ahead policy often referred to as “knowledge gradients” (Frazier et al., 2009;
Ryzhov et al., 2010, 2012).

A consequence of these small incremental changes in the probability that an ad is shown
is that the total value from adding active exploration in the online auction setting is ex-
ceedingly small. Not only does the incremental increase in the probability that a particular
ad is shown vary with k%, but on top of that, the expected payoff increase that one ob-
tains conditional on showing a different ad than would be shown without active learning
also varies with k% This implies that the total value of adding active exploration in the
setting we consider will vary with k% for large numbers of impressions k, an exceedingly
small amount.

We further obtain finite sample results illustrating that for realistic amounts of uncer-
tainty in the eCPMs of ads, the maximum total efficiency gain that could ever be achieved
by adding active learning in this auction environment is exceedingly small, typically only a
few hundredths of a percentage point. Finally, we empirically verify these findings through
simulations and illustrate that adding active learning in the auction environment we con-
sider only changes overall efficiency by a few hundredths of a percentage point.

Perhaps the most closely related paper to our work is a paper by Li et al. (2010). This
paper is the only other paper we are aware of that considers questions related to the value
of learning about the eCPMs of ads with uncertain eCPMs in a setting where there is
discounting in payoffs as well as random variation in the quality of the competition that
an ad faces from competing ads in the auction. Li et al. (2010) demonstrate that the value
of showing an ad with an uncertain eCPM will generally exceed the immediate value of
showing that ad because one will learn information about the eCPM of the ad that will
enable one to make better ranking decisions in the future. However, Li et al. (2010) do not
attempt to characterize the optimal solution in this setting, as we do in the present paper.

There is also an extensive literature in statistics and machine learning that addresses
questions related to multi-armed bandits (Audibert and Bubeck, 2010; Auer et al., 2002,
2003; Gittins, 1979; Hazan and Kale, 2011; Lai and Robbins, 1985; Mannor and Tsitsiklis,
2004; May et al., 2012; Slivkins, 2014) as well as some papers that focus specifically on the
auction context (Agarwal et al., 2009; Babaioff et al., 2009; Devanur and Kakade, 2009;
Wortman et al., 2007). However, none of these papers considers appropriate methods for
exploring ads in a context where there is random variation in the quality of the competition
that an ad faces in an auction. The optimal methods for exploring ads in such a scenario turn
out to be completely different from the methods considered in any of these previous papers,
and as such, our work is completely different from existing machine learning literature.

Finally, there is an extensive literature in economics related to questions on strategic
experimentation. Within economics, this literature has considered a variety of questions
including consumers trying to learn about the quality of various products (Bergemann and
Valiméaki, 1996, 1997, 2000), firms and sellers trying to learn about demand (Aghion et al.,
1993; Fishman and Rob, 1998; Ghate, 2015; Keller and Rady, 1999; Mirman et al., 1993;
Rusitchini and Wolinsky, 1995), learning to play repeated games (Anthonisen, 2002; Gale
and Rosenthal, 1999), learning about untried policies in political economy (Callander, 2011;
Callander and Hummel, 2014; Strulovici, 2010), learning from the actions of others (Banerjee
and Fudenberg, 2004; Gale, 1996; Vives, 1997), as well as general results on experimentation
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(Aghion et al., 1991; Banks and Sundaram, 1992; Bergemann and Valimaki, 2001; Bolton
and Harris, 1999; Brezzi and Lai, 2002; Keller and Rady, 2010; Keller et al., 2005; Moscarini
and Smith, 2001; Rothschild, 1974; Schlag, 1998; Weitzman, 1979). However, the economics
literature has not considered strategic experimentation in auctions, as we do in the present

paper.

2. The Model

There is a new ad with an uncertain eCPM that will bid into a second-price auction for
a single advertising opportunity with competing advertisers.? Throughout we let x denote
the actual unknown but fixed value (or eCPM) for showing the new ad, z denote the eCPM
bid the auctioneer places on behalf of this advertiser,® and let k denote the number of
impressions the ad has received so far. We also suppose that the highest eCPM bid that this
advertiser competes against may vary from auction to auction, and that in each auction,
this highest competing eCPM bid is a random draw from some cumulative distribution
function F'(-) with corresponding continuous and twice differentiable density f(-).

At any given point in time, the auctioneer does not necessarily know the exact value
of x. Instead the auctioneer only knows that x is drawn from some distribution. We let Z
denote a generic distribution corresponding to the auctioneer’s estimate of the distribution
of possible values of x. This distribution will evolve over time as an ad has received more
impressions and we have a better sense of the underlying eCPM of the ad.

Throughout we also let T denote an unbiased estimate of the true value of x given the
auctioneer’s estimate of the distribution of possible values of . We also let 0']% denote the
variance in our estimate of the eCPM for the new ad when the ad has been shown k times.

In the limit when k is large, o7 will be well approximated by = ( ) for some constant s 2(z)
h(:p)

that depends only on 7, and we assume that Uk = 52/& 2) +
differentiable functions s?(z) and h(T).

In addition, we let 6 € (0,1) denote the per-period discount rate so the auctioneer only
values advertising opportunities that take place at time 7' by a factor of §7 as much as
opportunities that take place at the present time period. Throughout we assume that the
auctioneer wishes to maximize total efficiency; that is, if vy denotes the total value of the ad
displayed in period ¢ (the true eCPM of this ad), then the auctioneer’s payoff is » ;2 Sty
Since online ad auctions are typically designed to select the efficiency-maximizing allocation,
this is a logical objective to optimize.

+ 0( kg) for some continuously

2. These second-price auctions for a single advertising slot are ubiquitous throughout the display advertising
industry. In such auctions, advertisers have an incentive to make a bid equal to their true value for a
click.

3. Typically advertisers bid by indicating how much they are willing to pay per click, and the auctioneer
then uses this cost-per-click bid as well as an estimate of the probability the ad will be clicked to calculate
an eCPM bid for the advertiser that the auctioneer then places on behalf of the advertiser in the auction.

4. This assumption will hold for most common priors about the distribution from which the uncertain
eCPM of the ad is drawn, such as a beta prior. It is also worth noting that the weaker assumption that

o =2 (z) + O(3%) for some constant s %(Z) is sufficient to prove our main result about the value of
£ (x) + h(x) + o(%z) is only used to further

prove that the value of learning is of the form k(karl) + o(7z) for some function v(Z).

learning belng oL 2z )- The additional assumption that o}
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3. Preliminaries

Before proceeding to analyze the precise model given above, we first address a closely related
question about the extent to which a particular advertising opportunity increases total
welfare if the eCPM of this advertising opportunity is known. In particular, we consider a
concept that we refer to as the long-term wvalue of a particular advertisement. The long-
term value of a particular advertisement gives the total increase in the auctioneer’s payoff
that arises as a result of this ad being in the system from the various auctions that take
place over time. Understanding the long-term value of a particular advertisement when the
eCPM of that ad is known will serve as a useful benchmark for understanding how one
should behave when there is uncertainty about the eCPM of the ad.

Theorem 1 If the eCPM of an ad is known, then the total long-term value of this ad is a
convex function of the eCPM of the ad and a strictly convex function for regions where the
eCPM of the ad is within the support of the distribution of the highest competing eCPM.

All proofs are in the appendix. The fact that the value for any particular advertisement
is a convex function of the eCPM of the ad if the eCPM of the ad is known indicates that
if there is uncertainty about the eCPM of the ad, then the expected long-term value of this
ad will be greater than the long-term value of the expected eCPM of the ad. From this it
follows that if there is uncertainty about the eCPM of the ad, then it will be optimal to
behave as if this particular ad had a known eCPM that is greater than the expected eCPM
of the ad. The precise additional amount that this advertiser’s bid should be increased
will be pinned down by the solution to the dynamic programming problem governed by the
game described in the model.

4. Dynamic Programming Problem

In this section, we formulate the value of a particular ad as a dynamic programming prob-
lem and use this formulation to derive the optimal bidding strategy. First we derive the
auctioneer’s payoff that arises in a particular period when the auctioneer makes a particular
bid on behalf of the advertiser with uncertain eCPM.

Note that if the auctioneer places a bid of z on behalf of the advertiser with uncertain
eCPM in the auction and the actual value of showing this particular ad is x, then the
auctioneer’s payoff from running the auction once is

u(es) = [ st dy+ /0 ) dy = - F@)E+ [ (1= F@) dy+oF ()
= 2(1-F(2))+ /00(1 — F(y)) dy + xF(z).

In general placing a bid of z rather than x in a one-shot auction will result in some
inefficiencies in the one-shot auction since it would be optimal for efficiency to place a bid
exactly equal to x on behalf of this advertiser in a one-shot auction. The payoff loss that
arises in a one-shot auction as a result of placing a bid of z instead of z is

L = u(z,x) —u(z,x)
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o

= z(1 - F(x)) +/

T
z

= (@-2)(1-F@)+ / (1- F(y) dy = / F(2) - F(y) dy.

T x

(1= F(y)) dy + xF(z) — 2(1 = F(2)) —/Oo(l—F(y)) dy — xF(2)

z

If we define the per-period reward to be the negative of this per-period loss, then the
auctioneer seeks to maximize the discounted sum of these per period rewards. Let Vi ()
denote the value of this discounted sum when the auctioneer follows the optimal bidding
strategy. Also note that, from the perspective of the auctioneer, z is a random variable that
can be expressed as x = T + o€, where o3 denotes the standard deviation in our estimate
of the ad with uncertain eCPM when the ad has been shown k times, and € is a random
variable with mean zero and variance one. We use this notation to prove the following:

Lemma 2 V() can be expressed as the value of a dynamic programming problem by

@) = s (maxE - [ P - P ay 4 S E V@) - @) )

THope

where T denotes the uncertain realization of T after an ad receives an additional impression.

By using the expression for the value of the dynamic programming problem in the
previous lemma, we can derive the bid that the auctioneer should place on behalf of the
advertiser to maximize the auctioneer’s payoff. This is done in the theorem below:

Theorem 3 The optimal bidding strategy in the dynamic programming problem when an
ad has been shown k times entails setting z = T + §(Egy [Vika1(T')] — Vi(T)).

Thus the optimal bidding strategy in this dynamic programming problem can be written
in a form where the bid the auctioneer makes on behalf of the bidder with uncertain eCPM
is equal to the bidder’s expected eCPM plus a term that represents the value of learning
about the true eCPM of that bidder, §(Ez[Vit1(Z')] — Vi(Z)). In order to calculate this
value of learning, we need to get a sense of the size of the Vi (Z) terms.

5. Value of Dynamic Program for Large Numbers of Impressions

In the previous section, we have given exact expressions for the value of the dynamic program
and the optimal bidding strategy that should be followed under this dynamic programming
problem. In this section, we seek to derive accurate estimates of the value of this dynamic
program in the limit when an ad has already been shown a large number of times.

The main purpose of this section is to illustrate that the value of learning term given in
the previous section will vary with k% for large k. We prove this by first showing that the
expected efficiency loss arising due to the uncertainty in the eCPM of the ad varies with %
for large k, and then use this to show that the value of learning term varies with % — k%rl,
which varies with 1%2 for large k.

When an ad has already been shown a large number of times, the value of o that
is estimated for the ad is likely to be very small. For small values of oy, we can use a
Taylor expansion to approximate the value of the above dynamic programming problem.
In particular, we obtain the following result:
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Lemma 4 E, [fm+a F(z)—F f F(z (y) dy + 10,%]’"( )+ a(x )aﬁ—i—o(aﬁ) for

some constant a(T) for large k:

Using the results from the previous lemma, one can immediately illustrate that Vj, must
be on the order of % for large values of k.

Theorem 5 V() = O(3) for large k.

To understand the intuition behind this result, note that the average error in the estimate
of the eCPM of the ad is proportional to the standard error of this estimate, o, which
varies with f’ so the probability that the auctioneer will display the wrong ad as a result

of misestimating the eCPM of the ad varies with ﬁ At the same time, conditional on

displaying the wrong ad as a result of misestimating the eCPM of the ad, the average
efficiency loss that one suffers varies with ﬁ Thus the expected efficiency loss that the

auctioneer incurs varies with %, which in turn implies the result in Theorem 5.

Theorem 5 suggests that we may be able to write Vi (Z) = ( ) ¢+ o(3) for large k,

where v is a function that depends only on Z. To prove that Vk( ) can be expressed this
way, it is necessary to show that £V (Z) indeed converges to a function of T in the limit as
k — oo. This is done in the following theorem:

Theorem 6 kVi(Z) converges to a function of T in the limit as k — oo. Furthermore, it
must be the case that kVi(T) = —2(11_5) s?() f(Z) + O(3) for large k.

From Theorem 6, it follows that we can express Vi(T) by Vi(Z) = —”(,f) + O(z) for
large k, where v is a function that satisfies v(Z) = ﬁsQ(E) f(@). In order to complete
our approximation of the solution the dynamic programming problem for large k, it is
also necessary to bound the expression E[Viy1(Z')] — Vi(Z) that appears in the dynamic
programming problem. This is done in the following theorem:

Theorem 7 Ey (Vi1 (T')] — Vi(T) = % + 0 (7z) for large k.

The intuition behind this result is that since the efficiency loss that the auctioneer
incurs due to uncertainty in the eCPM of an ad varies with +, the value of learning will
be proportional to the reduction in the future efficiency loss that the auctioneer suffers as
a result of learning more about the eCPM of the ad, meaning the value of learning will
vary with § — k%rl, which varies with 1%2 The fact that Fg[Vii11(T')] — Vi(T) varies with
,?12 indicates that the incremental increase in an advertiser’s bid also varies with k% in the
limit when k is large. This in turn implies that the incremental increase in an advertiser’s
probability of winning the auction will also vary with 1%2 for large k.

The result in Theorem 7 suggests that the optimal method for adding active exploration
will only rarely have an effect on which ad wins the auction as the probability that this
active exploration changes which ad is shown varies with ;5 for large k. This result about
the value of learning varying with 2 for large k stands i 1n marked contrast to algorithms
that have been proposed for active exploratlon in standard multi-armed bandit problems
with no discounting of payoffs and no random variation in the competition that an arm faces
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in a given period (Auer et al., 2002). In these types of algorithms, the value of learning
tends to vary with ik, which means the value of learning is an order of magnitude smaller
in our setting than in standard multi-armed bandit problems.

Ultimately we seek to use these insights to derive results about the change in payoff that
would result from incorporating active learning in this setting. Before doing this, we first
illustrate how the conclusions of this section about the value of the dynamic programming
problem and the optimal bidding strategy extend to a variety of more complicated scenarios
including settings where there are multiple different ads with uncertain eCPMs whose true
eCPMs may be correlated and we also illustrate a natural correspondence between the
optimal solution to the full dynamic programming problem and a simple one-step look-
ahead strategy. First we tackle the problem of computing the value of the dynamic program
when an ad with an uncertain eCPM has only received a small number of impressions.

6. Value of Dynamic Program for Small Numbers of Impressions

To calculate the value of Vi (%) for small values of k, we apply backwards induction. At
some large value of k, it will necessarily be the case that the incremental value of additional
exploration is so small that the advertiser simply bids z = T because the smallest possible
increment the advertiser would be allowed to adjust its bid exceeds the tiny incremental
value of additional exploration. Thus if K denotes the earliest stage at which an advertiser
always sets z = 7, then for all £ > K, it is necessarily the case that the value of learning is

zero, and Vi, (T) = 115 (EE [— ff F(z) - F(y) dyD ~ 0.

T+oe
For values of k < K, we have

(1-0)Vi(z) = E [— /Zk F(z) — F(y) dy] + 0F (21) (B [V (T')] — Vie(Z))

T+ope
Be |~ J25 o Fa) = F(y) dy) + 0F (20) By [Viys (@)
1—6+40F (2) .

Thus by empirically measuring the values of o} and F(-), we can apply backward in-
duction to approximate Vj(Z) for small values of k. We now address the question of what
these values of Vi () will be approximately equal to for an important class of advertisers.

Many ads that have only received a small number of impressions are ads that typically
fail to win auctions because the machine learning system is pessimistic about the ad’s true
eCPM. The estimated eCPMs for these ads may be several orders of magnitude smaller
than the typical eCPMs of the ads that have been shown many times. In these cases, even
if the percentage uncertainty in the eCPMs of these ads is quite high, the absolute amount
of uncertainty in the eCPMs of these ads will be small compared to the typical eCPMs of
the ads that have been shown many times. Thus in these cases, T will be close to zero, and
F(%) and o} will be close to zero as well. Under these circumstances, we have the following
result:

Theorem 8 IfZ (and o2) are close to zero for small values of k, then Vi (T) = —ﬁf@)a%—{—
o(f(®)o}) for small values of k.
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Theorem 8 indicates that even in small sample environments, it is still frequently rea-
sonable to approximate Vi () by writing Vi (Z) ~ —ﬁ f(@)o?, where o2 denotes the
variance in our estimate of the ad’s eCPM for a particular value of k. This theorem in turn
implies that if a machine learning system is quite pessimistic about the true eCPM of a new
ad, then there will be little value to actively exploring the ad because the value of learning

term, Ey [Viy1(Z')] — Vi(T), will be quite small.

7. Ads with Correlated Values

So far we have restricted attention settings in which we only seek to learn the eCPM of one
advertiser’s ad. However, in many situations we may seek to learn the eCPMs of multiple
advertisers’ ads and the eCPMs of the various advertisers may be correlated. In these
situations, information about one ad’s eCPM may help one learn about the eCPMs of other
related advertisers. On top of this, even if there is only ad for which we are uncertain
about the advertiser’s eCPM, this ad may bid in several different contexts where the ad has
substantially different eCPMs and the ad faces substantially different competing landscapes
of bids.? In these cases, information about an ad’s eCPM in one context may also help one
learn about the ad’s eCPM in other contexts.

To address how this affects the results, we extend the model to allow for the possibility
that there are multiple different ads that bid in multiple different contexts where we seek
to learn the eCPMs of the ads and these eCPMs may be correlated. In particular, we
suppose that there are m different ad-context pairs where we seek to learn the eCPM of
the ad in that particular context. For the ad-context pair a, we let x, denote the actual,
unknown value of the eCPM of that ad in that context, and we let © = (x1,. .., 2;,,) denote
the actual unknown eCPMs of the ads in all m contexts. We also let k denote the total
number of impressions that these advertisers have received in the various contexts and let
B, denote the fraction of these impressions that were received in context a. Thus we have
Z;nzl 5(1 =1

We again assume the auctioneer does not know the exact value of z, and instead the
auctioneer only knows that x is drawn from some distribution. We again let  denote a
generic distribution corresponding to the auctioneer’s estimate of the distribution of possible
values of . This distribution allows for the possibility that the auctioneer may believe there
is correlation in the unknown eCPMs of the advertisers in the different contexts, and the
distribution will again evolve over time as an ad has received more impressions and we have
a better sense of the underlying eCPM of the ad.

Throughout we also let T denote an unbiased estimate of the true value of x given the
auctioneer’s estimate of the distribution of possible values of x and we let T, denote an
unbiased estimate of the true value of z, given this distribution. We also let ag r, denote
the variance in our estimate of the eCPM of the ad-context pair a when there have been a
total of k, impressions in this ad-context pair. In the limit when k, is large, O'Zyka will be

2 (= 2 (4
well approximated by %f“) = % for some constant s2(Z,) that depends only on T, and

5. Contextual bandit problems in which an arm’s payoff may vary from context to context have appeared
in the literature before in different settings. See, for example, work by May et al. (2012) and Slivkins
(2014).
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2 _
we again let o2 ke = % + "géz;) + o(k%) for some continuously differentiable functions

52(%,) and h,(Z,). In addition, we let 6 € (0, 1) denote the per-period discount rate so that
the mechanism designer only values advertising opportunities that take place at time T by
a factor of §7 as much as opportunities that take place at the present time period.

In each period t, there is an auction for a single advertising opportunity. The auction
can involve any one of the m possible ad-context pairs for which we do not know the eCPM
of the ad in that context. We let 7, denote the probability that there will be an auction
involving ad-context pair a in any given time period. Thus we have Y " 1, = 1. We
further suppose that if there is an auction involving ad-context pair a, then the distribution
of the values of the competing advertisers is such that the highest eCPM for a competing
ad is a random draw from some cumulative distribution function Fg(-) with corresponding
continuous and twice differentiable density f,(-).

In this setting, the total long-term value of a particular ad-context pair is again a convex
function of the eCPM of the ad for the same reasons as in Theorem 1 and we can again
formulate this problem as a dynamic program. To do this, let k= (k1,...,km) denote
a vector that gives the number of impressions that have been received by the various ad-
context pairs 1,...,m. Also let Va,E(f) denote the value of the dynamic program when the
next auction involves the advertiser-context pair a, the eCPMs of the ads are T, and there
have been k impressions in each of the various ad-context pairs, and let Ve(T) = B, [VaE(f)]
denote the value of the same dynamic program unconditional on which ad-context pair is
involved in the next auction. By using similar reasoning to that in Lemma 2, we know that
Vz(T) equals

1
— E,

— [ Rl = Fuly) dy + 3R (B Vi (P (@) - V(@)

max F,
Za Ta+0a,kq€

|

where K (a, k) = (K|, ... k. is a vector that satisfies kj = ky for all b # a and kj, = k, + 1,
and 7'(a) denotes the uncertain realization of T if the advertiser-context pair a receives
an additional impression. Furthermore, the optimal bid z, if there is an auction involving
the advertiser-context pair a satisfies 2, = o + 0Fu(2a) (Ez(q) [VE'(a,E) (T'(a))] = V(7)) by
similar logic to that given in Theorem 3, and the result in Lemma 4 is just a general
mathematical result that holds regardless of the model we are considering. Thus natural
analogs of Theorems 1 and 3 and Lemmas 2 and 4 continue to hold in this revised model.

By using these insights, one can further show that V(Z) must be on the order of % for
large k. This is done in the following theorem:

Theorem 9 When there are multiple ads with correlated values, V() = ©(;).

While this result indicates that V(Z) varies with % for large values of k, this alone does
not guarantee the convergence of this function for large values of k. We verify that this
function does indeed converge for large values of k£ in the following theorem:

Theorem 10 When there are multiple ads with correlated values, kV;(T) converges to a
function of T in the limit as k — oo. Furthermore, it must be the case that kVE(T) =

*ﬁ > ae Waﬁ%tgg(fa)fa(fa) + O(%) for large k.

10
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Theorem 10 indicates that the results about the limiting value of kV(Z) derived in
Theorem 6 extend naturally to the case where there are multiple ads with possibly correlated
values. When there are multiple ad-context pairs that we must learn about, the value
function corresponding to that in Theorem 6 differs only in that we take a weighted sum over
the various possible advertiser-context pairs, where the weights are a function of the relative
probabilities with which each advertiser-context pair arises. Thus there is a clear analog
between the limiting properties of the value function when there are multiple advertiser-
context pairs and the value function in the main model.

By using the results in the previous theorem, one can further derive properties of the
limiting value of Ez (q)[V, (aF) (z'(a))] — V(%) that is proportional to the additional amount
that one should bid in the auction beyond the expected value that one has for the advertising
opportunity. This is stated below in the following theorem:

Theorem 11 When there are multiple ads with correlated values, Eg (q)[Vz, (@) (T (a))] —
Vi(7) = —WSZ(@)JZ(@) + o(3%) for large k.

The proof of this result is substantively identical to the proof of Theorem 7 and is
thus omitted. Theorem 11 illustrates that the substantive conclusions of Theorem 7 extend
to this alternative environment in which there are multiple ads with possibly correlated
values. When there are multiple ads, it remains optimal to increase one’s bid by an amount
proportional to the variances in our estimates of the eCPMs of the ads or k% for large k.

8. Knowledge Gradients

Throughout the paper so far, we have considered a standard dynamic programming ap-
proach in which the optimal decision at any given point in time is affected in part by how
this decision will affect future decisions when looking at the infinite horizon ahead. While
this is a standard approach to take in these types of problems, recently there has been work
considering an alternative approach often referred to as “knowledge gradients” in which
the decision one takes in a given period is the decision that one would take if one faced
an infinite-horizon game but this period was the last period in which the information one
learned could be used to inform future actions.

The main advantage of these knowledge gradients over the standard dynamic program-
ming approach is that they have the virtue of being much easier to calculate than the
optimal bidding strategy under the standard dynamic programming problem. This simplic-
ity does potentially come at a performance cost. However, various papers have illustrated
that using this simple one-step look-ahead approach can nonetheless achieve a performance
that is competitive with that of other standard methods in contexts unrelated to advertising
(Frazier et al., 2009; Ryzhov et al., 2010, 2012). In this section, we investigate whether this
alternative knowledge gradient approach can indeed achieve a performance comparable to
that of the theoretically optimal dynamic programming approach.

To address this question, for simplicity we consider the baseline model in which there
is one advertisement for which we are seeking to learn the eCPM of the ad, though similar
results can easily be derived under the more general model we have considered with multiple
ads and correlated values. Let U(Z) denote the value that one would obtain for the rest of

11
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the game when an ad has received k impressions so far, one’s estimate of the eCPM of the
ad is 7, and one will not be able to use information that one learns in the future to inform
future bidding decisions. Note that in this case, the optimal bidding strategy will be to
submit a bid of z = T in every remaining period, and the auctioneer’s expected per-period

payoff will be E, [— f; ope F(z) — F(y) dy} in every future period, where € denotes some
random variable with mean zero and variance one, and z = Z. The total value the auctioneer
will obtain for the rest of the game is then Uy(T) = 15 E [— [z F(z)— F(y) dy|.

T+ore
Also let Uy41(T) denote the value that one would obtain for the rest of the game when
an ad has received k£ + 1 impressions so far, one’s estimate of the eCPM of the ad is T,
and one will not be able to use information that one learns in the future to inform future

bidding decisions. The total value the auctioneer will obtain for the rest of the game is then
U1 (@) = 15 Be | = J2 0, ,c F(@) = Fy) dy).

T+ogk41€
Now consider the bidding strategy that one would employ if one faced an infinite-horizon
game but this period was the last period in which the information one learned could be used
to inform future actions. The auctioneer’s payoff from bidding z that arises in the current
z

period equals — [ ore F(z2) — F(y) dy. And the expected value that the auctioneer obtains
from future periods by bidding z in the current period is F'(2) Ez [Uy1(Z')]|4+(1—F(2))Ux(Z)
by the same reasoning used in the proof of Lemma 2. From this it follows that the expected

payoff from placing a bid of z in a given period is

E [_ / F(2) = Fly) dy + 5(F(2) By Uk ()] + (1 - F()U@)) |

T+oge

There is a clear similarity between this expression and the expression for the expected
payoff from placing a bid of z in the standard dynamic programming approach. The main
difference is that the terms Uy1(Z') and Uk (T) have replaced the terms Vi1 (Z') and Vi (T)
in the standard dynamic programming approach.

It is worth noting, however, that the payoffs that result from the one-step look ahead
strategies in the model in this paper take a different form than those given in other knowl-
edge gradient papers (Frazier et al., 2009; Ryzhov et al., 2010, 2012). The reason for this
difference is that in the model in our paper, there is a competing ad whose eCPM is known
in each period but is also a random draw from some distribution in each period. No such
random changes in the values of the arms from period to period are present in existing
knowledge gradient papers, so the payoffs and strategies in our paper are formulated differ-
ently than those given in existing knowledge gradient papers.

From the equation we’'ve derived for the auctioneer’s payoff from bidding z, we can
calculate the optimal bidding strategy under the knowledge gradient formulation. This
bidding strategy is given in the following theorem:

Theorem 12 The optimal bidding strategy in the knowledge gradient framework when an
ad has been shown k times entails setting z = T + §(Ex [Uk41(T')] — U(T)).

The proof of this result is substantively identical to that in Theorem 3 and is thus

omitted. This result indicates that in the knowledge gradient framework, the incremental
amount that one increases one’s bid beyond the immediate expected reward is again of the

12
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form §(Ey [Uk41(T")] — Uk (T)), the only difference being that Uy (T) corresponds to the value
of the dynamic program under the knowledge gradient framework.

To better understand the incremental amount that one would increase one’s bid, we
present two results that illustrate how the incremental amount that one would increase
one’s bid under the knowledge gradient framework compares to the incremental amount
that one would increase one’s bid under the full dynamic programming problem. First we
present a finite sample result about how these incremental bid increases compare in the two
frameworks.

In our first result, we consider what we refer to as the expected value of all future
learning. To reflect the fact that Vj(Z) gives the auctioneer’s payoff from the full dynamic
programming problem when the auctioneer is able to make use of additional information in
future periods, whereas Uy(T) gives the auctioneer’s payoff from the corresponding game in
which the auctioneer is not able to make use of information that he learns, we define this
expected value of all future learning term to be the difference between Vi (%) and Uy(T).
With this definition in mind, we obtain the following result:

Theorem 13 Suppose the expected value of all future learning is lower after the ad has been
shown k + 1 times than it is after the ad has been shown k times. Then the incremental
amount by which one would increase one’s bid under the knowledge gradient framework is
greater than it is under the full dynamic programming problem.

Theorem 13 indicates that the solution to the one-step look ahead problem will gener-
ally involve increasing one’s bid beyond the immediate expected value of the advertising
opportunity by a greater amount than one would do so under the full dynamic program-
ming problem. This makes sense intuitively. If the current period were the last period in
which one could ever use information that one learns to inform future actions, then one
would place quite a high premium on being able to learn this information while one still
can. By contrast, in the full dynamic programming problem, there will always be plenty of
opportunities to learn this information later, so there is relatively less incentive to substan-
tially increase one’s bid beyond the immediate expected reward. This explains the result in
Theorem 13.

Theorem 13 requires a technical condition that the expected value of all future learning
is lower if an ad has been shown k+ 1 times than if the ad has been shown k times, but this
is just a mild technical constraint that we would expect to hold in virtually any situation.
When an ad has been shown k& 4 1 times, one has more precise information about the true
eCPM of the ad than when the ad has only been shown & times, so there is less value to
learning more about the true eCPM of the ad.

While Theorem 13 suggests that one might increase one’s bid by too much under the
knowledge gradient framework compared to the strategy that one should follow under the
full dynamic programming problem, these differences in bidding strategies turn out to be
relatively small. We illustrate this by characterizing the value of Eyz [Uy1(T')] — Uk(T):

Theorem 14 In the knowledge gradient framework, Ey|[Ug+1(T')]—Ux(T) = k(vk@l) +o (%)

for large k, where v(T) = 2(171_(5)32(§)f(j),

This result also immediately implies the following corollary:
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Corollary 15 The ratio of the incremental amount by which one wants to increase one’s
bid in the knowledge gradient framework and the incremental amount by which one wants to
increase one’s bid in the standard dynamic programming approach becomes arbitrarily close
to 1 in the limit as the amount of uncertainty in an ad’s eCPM becomes arbitrarily small.

Thus using the knowledge gradient to formulate one’s bidding strategy will result in pay-
offs that are asymptotically equivalent to those that would result from using the theoretically
optimal bidding strategy. These results suggest that the knowledge gradient framework is
indeed an appealing framework for computing bidding strategies in an environment where
one wishes to learn about the unknown eCPMs of advertisers, as using this approach will
result in little loss from the theoretically optimal approach.

9. Learning About Multiple Advertisers in the Same Auction

In the analysis so far, we have assumed that in any given auction, there is only one advertiser
whose eCPM is unknown. But in many real-life auctions there may be multiple advertisers
with unknown eCPMs. In these cases, an auctioneer must decide both which advertiser with
unknown eCPM will have the highest bid as well as what bid to submit for this advertiser.

In this setting, it is not clear whether the decision maker’s optimal strategy can simply
be represented by submitting a bid for each advertiser that is equal to the sum of the best
estimate of the advertiser’s eCPM as well as a value of learning term. It may be the case
that the optimal bid for advertiser ¢ if advertiser ¢ submits the highest bid of the advertisers
with unknown eCPMs is higher than the optimal bid for some other advertiser j if advertiser
j submits the highest bid of the advertisers with unknown eCPMs, even though the decision
maker would prefer to submit a higher bid for advertiser j than for advertiser i. We address
whether this possibility can arise in this section.

To address this question, suppose that in each auction, there are n ads with unknown
eCPMs. The actual eCPMs of these ads are z1,...,x,, and we let z1,..., 2, denote the
bids placed by these advertisers in the auction. Also let ¢ denote the advertiser who submits
the highest eCPM bid amongst these n bidders and let j denote the advertiser who actually
has the highest eCPM amongst these advertisers. In each auction, these advertisers with
unknown eCPMs compete against other advertisers and the highest such competing eCPM
is drawn from a cumulative distribution function F(-) with corresponding density f(-).

Note that in this case, the utility that the decision maker obtains in a given period from
having advertiber i submit a bid of zl that is the highest eCPM bid amongst these n bidders
isu=z(1- )+ f dy —|— sz( ) At the same time, this decision maker
would obtain a utlhty of u = x](l — )+ f )) dy + x;F(x;) in a given period
from making the optimal decision in a glven perlod Thus the loss that this decision maker
obtains in a given period as a result of having advertiser ¢ submit a bid of z; that is the
highest eCPM bid amongst these n bidders is the difference between these two utilities or
L= — 2+ (5 —2)F(z) + [ (1= F(y)) dy = [ F(z) dy — [ F(y) dy.

Now let k; denote the number of impressions that advertiser ¢ has received so far, let
k= (k1,...,ky) denote a vector that gives the number of times each of these ads has been
shown, let T; denote our best estimate of the expected value of the eCPM of advertiser ¢,
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and let T = (T1,...,7,) denote a vector of these best estimates. Also let V;(T) denote the
value of the dynamic program as a function of these quantities.

By similar reasoning to that in the proof of Lemma 2, it follows that if ¢ denotes the
advertiser who submits the highest eCPM bid amongst the n bidders with unknown eCPMs,
K'(i) = (K,,... k.) is the vector where K} = kj for all j # i and k; = k;+1, and 7' (i) denotes
the uncertain realization of 7 if advertiser i receives an additional impression, then V()

equals

1

where the difference in the values of the dynamic programs is due to the fact that the loss in
a given period is now fxzz F(z) dy — fzzj’ F(y) dy. Similarly, the optimal bid for advertiser i
if advertiser ¢ submits the highest eCPM bid amongst the n bidders with unknown eCPMs
still satisfies z; = @; + 6(Ez(y [VE/(z‘) (T'(i))] — Vz(z)). We use these insights to prove the
following;:

| F dy— [ F ) dy+ SF ) B Vi @ 0)] - V@)

J 7

Theorem 16 Suppose the optimal bid for advertiser i if advertiser i submits the highest
bid of the advertisers with unknown eCPMs is higher than the optimal bid for all other
advertisers with unknown eCPMs if one of these other advertisers submits the highest bid
of the advertisers with unknown eCPMs. Then it is also optimal for advertiser i to have
the highest bid of all the advertisers with unknown eCPMs.

Theorem 16 guarantees that if there are multiple ads with unknown eCPMs, then one
can simply compute the optimal bids for each of these ads in the case where the ad in
question was guaranteed to have a higher bid than the other ads with unknown eCPMs.
The ad that has the highest such optimal bid will then be guaranteed to be the ad for
which the mechanism designer would want to submit the highest such bid. Thus even when
there are multiple ads in the same auction with unknown eCPMs, one can continue to make
optimal decisions by computing bids for the advertisers equal to their estimated eCPMs
plus a value of learning term for the ad and then rank the advertisers on this basis.

10. Performance Guarantees

We now return to the baseline setting in Section 2. The results in the previous sections
suggest a possible algorithm that will approximate the optimal bidding strategies for an
auctioneer who seeks to maximize long-run efficiency. This algorithm would compute the
expected eCPM for an advertiser with unknown eCPM, Z, the density for the distribution
of competing eCPM bids at this value of Z, f(¥), the variance s*(Z) in the eCPM for
an ad with estimated eCPM T that has only received one impression, and the number of
impressions k that the ad has received. One then decides which ad to show by computing
a score equal to T + mﬁ(i) f(@) for each ad, where ¢ is the auctioneer’s discount
factor, and showing the ad with the highest such score. We refer to this strategy as the
approzimately optimal bidding strategy, and in this section we address questions related to
the size of the performance guarantees that can be obtained by using this algorithm and
related algorithms.
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First we address questions related to how the algorithms we have considered in this
paper will compare to other plausible algorithms in the machine learning literature. One
other algorithm that is standard for multi-armed bandit problems involves ranking the arms
by a term equal to the expected value of the arm plus a term proportional to the standard
deviation in the arm (Auer et al., 2002). More generally, one can rank advertisers by a
term equal to the eCPM of the advertiser plus a term proportional to k% for any a < %,
where k denotes the number of impressions that the ad has received so far. However, these
algorithms are not well-suited towards the auction environment, as the following theorem

illustrates:

Theorem 17 Suppose the auctioneer uses a bid for the advertiser with unknown eCPM
of the form z =T + %, where a < % and ¢(Z) is a bounded non-negative constant that
depends only on T and the distribution of competing bids. Then the optimal constant c(T)
for any such algorithm is c(T) = 0 for sufficiently large k.

This result immediately implies that standard existing algorithms for exploration which
involve adding a term proportional to the standard deviation to the eCPM of the ad, such as
the UCB algorithm, are actually dominated by the simple greedy approach of always making
a bid equal to the eCPM of the ad. These existing algorithms do too much exploration,
and as a result, lead to lower payoffs than not doing any active exploration at all.%

Next we turn to the question of what guarantees can be made about the size of the
performance improvement that could be obtained by using the approximately optimal bid-
ding strategy rather than the simple greedy algorithm. Our next result illustrates that one
will indeed obtain a performance improvement by using the approximately optimal bidding
strategy, but the size of the performance improvement is likely to be very small.

Theorem 18 Suppose the auctioneer follows the approximately optimal bidding strategy.

Then the expected payoff that the auctioneer will obtain by using this algorithm will exceed

the expected payoff that the auctioneer would obtain by using the purely greedy approach by
2 . —

an amount Wsws‘l(x)f?’(x) + o(k%).7

Theorem 18 indicates that the performance improvement that can be obtained as a
result of using the approximately optimal bidding strategy is only on the order of k%, where
k denotes the number of impressions that an ad has received. This follows from the fact
that the incremental increase in the probability that a particular ad is shown varies with #,
and on top of that, the expected payoff increase that one obtains conditional on showing
a different ad than would be shown without active learning also varies with k% Since
this represents a fourth-order improvement in performance relative to the purely greedy
approach, this result indicates that the performance improvement that can be obtained by
following our algorithm rather than simply ranking the ads by their eCPMs is small.

6. Similarly, an algorithm such as epsilon-greedy, in which the ad with the highest eCPM is chosen with
probability 1 — €, and an ad is chosen uniformly at random with probability €, will also lead to lower
payoffs than not doing any active exploration at all for large k. We prove this in Observation 23 in the
appendix.

7. The expected payoff increase that we refer to in this theorem is for the subgame beginning from the
point when the ad with uncertain eCPM has already received k impressions.
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It is worth noting, however, that the result in Theorem 18 is not due to our algorithm
being a suboptimal implementation of incorporating active exploration. Our next result
illustrates that while the size of the performance improvement that can be obtained by
using our algorithm is small, this algorithm will, in fact, obtain nearly the maximum possible
performance improvement over the purely greedy approach of ranking ads by their eCPMs.

Theorem 19 Suppose the auctioneer uses the approximately optimal bidding strategy. Then
the difference between the auctioneer’s payoff under this strategy and the maximum possible
payoff the auctioneer could obtain under the theoretically optimal strategy becomes vanish-
ingly small compared to the difference between the auctioneer’s payoff under this strategy
and the auctioneer’s payoff under the greedy strategy for large k.

The results in the previous theorems suggest that the maximum possible payoff increase
that can be achieved by incorporating active exploration is quite small for auctions involving
ads that have already received a large number of impressions. However, in many auctions,
there are frequently advertisers that have only received a small number of impressions, so
it is desirable to know whether these conclusions for ads that have received large numbers
of impressions will also hold for ads that have only received a small number of impressions.
Under the mild technical condition discussed in Theorem 13, where the expected value of
future learning is lower after the advertiser with unknown eCPM has been shown once
rather than never having been shown at all, we obtain the following result:

Theorem 20 Suppose the bidder with unknown eCPM has a cost-per-click bid of 1 and a
click-through rate drawn from a beta distribution. Also suppose that this bidder’s expected
eCPM is w and the standard deviation in this bidder’s true eCPM is yw. Then the difference
between the maximum possible payoff the auctioneer could obtain under the theoretically
optimal %tmtegy and the auctioneer’s payoff from the greedy strategy is mo greater than
%, where f denotes the supremum of f(-).

Theorem 20 presents bounds on the maximum performance improvement that can be
achieved over the purely greedy strategy by using active learning, but it is not immediately
clear from this result whether these bounds imply there are significant limitations on the
performance improvement that can be achieved by using active learning. We thus seek to
shed some light on this under empirically realistic values of the parameters.

If the typical eCPM bids for the winning advertisers are roughly éw, then the auctioneer’s
total payoff for the game will be roughly %, and the result in Theorem 20 indicates that
the maximum fractional increase in expected payoff that one can achieve from usging the
theoretically optimal strategy rather than the greedy strategy is roughly %.

Furthermore, if the typical eCPM bids for the highest competing advertisers in an
auction are roughly &w, then f is likely to also be on the order of E% This holds, for
example, if the highest competing eCPM bids are drawn from a lognormal distribution, as
the largest value of the density of a lognormal distribution with parameters p and o2 is equal

0(0'2) . . . . 2 _ (o} .
to =5 where £w is the expected value of the lognormal distribution and ¢(o%) = \/';ﬂ? is

a constant that depends only on 2. Furthermore c(c?) is likely to be close to 1 for realistic
values of o2 since c(0?) € [0.93,1.09] for values of o2 € [0.2,1]. The lognormal distribution
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is a realistic representation of the distribution of highest competing bids in online auctions
since both Lahaie and McAfee (2011) and Ostrovsky and Schwarz (2009) have noted that
the distribution of highest bids can be well-represented by a lognormal distribution using
data from sponsored search auctions at Yahoo!.

By using the facts that the value of f is likely to be on the order of iw, and the maximum
fractional increase in expected payoff that one can achieve from using the theoretically

optimal strategy rather than the greedy strategy is roughly BS(CSZ)W’
that the maximum fractional increase in expected payoff that one can achieve from using
52 8 2

the theoretically optimal strategy rather than the greedy strategy is roughly W'

it then follows

There is empirical evidence that indicates that the typical click-through rates for ads
in online auctions tend to be on the order of ﬁ or ﬁ for search ads and display ads
respectively (Bax et al., 2011), so (1 — w)? will be very close to 1 and w? is likely to be
less than 10~% (for search ads) or 1079 (for display ads). Furthermore, even for a brand
new ad, the typical errors in a machine learning system’s predictions are unlikely to exceed
30% of the true click-through rate of the ad, so v < 0.3 is likely to hold in most practical
applications. Finally, £ is a measure of by how much the highest bid in an auction exceeds
the typical eCPM bid of an average ad in the auction. Since there are normally hundreds of
ads competing in online auctions, it seems that one can conservatively estimate that & > 3
is likely to hold in most real-world online auctions.

8,2 .
W will
almost certalnly be less than 10~!! in search auctions and 10™13 in dlsplay auctions. Now if

4 <0.9999, =s)2 will be no greater than 10, and if § < 0.99999, (B will be no greater

than 10'°. Thus even for values of § that are exceedingly close to 1 (6 = 0.9999 for search

ads and 0 = 0.99999 for display ads), % (1525)2 will be no greater than 0.001. Thus
as long as § < 0.9999 (or ¢ < 0.99999 for display auctions), the bound given in Theorem 20
guarantees that under empirically realistic scenarios, the maximum possible performance
improvement that can be achieved by incorporating active learning into a machine learning
system is at most a few hundredths of a percentage point. This is a finite sample result

that does not require a diverging number of impressions in order to hold.

By combining the estimates in the previous paragraph, 1t follows that

11. Simulations

The results of the previous section suggest that the overall benefit that can be obtained by
incorporating active exploration in an auction environment is exceedingly small. We now
seek to empirically verify that the benefit that can be obtained from active exploration is
indeed quite small by conducting simulations under some empirically realistic scenarios.

To do this, we consider a scenario in which there is a repeated auction in which a cost-
per-click (CPC) bidder competes against CPM bidders in each auction. The CPC bidder
has a CPC bid of 1 and a fixed unknown click-through rate. The CPM bidders’ CPM bids
vary from period to period, and in each period, we assume that the highest CPM bid is a
random draw from a distribution with probability density function f(-). Throughout we
assume that payoffs are discounted at a rate of § = 0.9995 and that there are 7' = 10000
time periods.
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While we are not aware of any empirical evidence regarding the form of the uncertainty
of an advertiser’s click-through rate, for simplicity we assume that the CPC bidder’s click-
through rate is initially drawn from a beta distribution with parameters a and 3. The
auctioneer may refine this estimate over time. In particular, just before the auction in
period ¢, the auctioneer believes that the CPC bidder’s true click-through rate is a random
draw from the beta distribution with parameters «; and §; where oy is equal to « plus the
number of clicks the CPC bidder has received so far and B; is equal to 8 plus the number
of times the CPC bidder’s ad was shown but did not receive a click.

We compare total welfare under two possible scenarios. The first scenario we consider
is a standard ranking algorithm in which the ads are ranked purely on the basis of their
expected eCPM bids. The second scenario we consider is one in which the CPC bidder
makes a bid of the form Z; + 6(;(_15:;) (Oét+ﬂt)2a(£t+6t+1)2
denotes the CPC bidder’s expected click-through rate just before the auction in period t.
This second scenario corresponds to adding a term equal to the value of learning to the
CPC bidder’s expected eCPM bid in the game with finite time horizons.

Throughout we focus on scenarios that are motivated by empirical evidence on the
likely expected click-through rates for ads in online auctions. In particular, since empirical
evidence indicates that the typical click-through rates for ads in online auctions tend to be
on the order of - or ﬁ (Bax et al., 2011), we focus on situations in which the expected

100
click-through rate of the CPC bidder is on the order of =

00"

Similarly, since it is unlikely that there will be substangioal errors in the estimate of a new
ad’s predicted click-through rate, we focus on situations in which there is only moderate
uncertainty in the click-through rate of a new ad. In particular, we consider distributions
of the CPC bidder’s bid such that the standard deviation in the advertiser’s click-through
rate is no greater than 20 or 30% of the expected value. We thus consider values of « and 3
satisfying (o, 8) = (10,1000) and (20, 2000) (for 30% and 20% standard errors respectively).

Finally, since there is evidence that the distribution of highest bids is well modeled
by a lognormal distribution (Lahaie and McAfee, 2011; Ostrovsky and Schwarz, 2009),
we assume throughout that the CPM bidder’s bid is drawn from a lognormal distribution
with parameters p and o2. We use a value of 0> = log(2) to match the variance in the
lognormal distribution estimated by Ostrovsky and Schwarz (2009). And Varian (2009) has
noted that the total value enjoyed by advertisers is typically about 2 — 2.3 times their total
expenditure. If the auction consisted of only two advertisers, this would suggest that the
appropriate value of p would be such that the highest competing bidder had a CPM bid
that is roughly double that of the CPC bidder in expectation. However, since there are
more than two bidders in most real auctions, the appropriate value of p will be larger than
this. We thus consider a range of values of p from —4.25 (for the case in which the highest
competing CPM bid is roughly double that of the CPC bidder in expectation) to —3.5 (for
the case in which the highest competing CPM bid is roughly four times that of the CPC
bidder in expectation).

Table 1 reports the results our simulations. The conclusions from these simulations are
striking. While we have conducted enough simulations to estimate the efficiency gain that
can be obtained from adding active exploration to within a few hundredths of a percentage
point, none of the resulting estimated efficiency gains in Table 1 are statistically significant.
Indeed one can conclude from these simulations that the maximum possible efficiency gain

f(@;) in each period t, where Ty
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Conditions Percentage increase in efficiency
a =10, 8 = 1000, u = —4.25, 02 = log(2) (818?%2)
a = 10,8 = 1000, u = —4, 0% = log(2) (oo(?ff;)
a = 10,8 = 1000, p = —3.75,02 = log(2) (8&??%
o =10, 8 = 1000, u = —3.5,02 = log(2) (8:8822)
a =20, = 2000, = —4.25,02 = log(2) (8:8832)
a = 20,3 = 2000,y = —4,0° = log(2) (8:88(%2)
=20, = 2000, p = —3.75,0% = log(2) (gﬁgggg)
a = 20,8 = 2000, u = —3.5,0% = log(2) (85)822%)

Table 1: Average percentage increase in efficiency from incorporating active learning (with
standard errors in parentheses) after 2500 simulations. None of these results are
statistically significant at the p < .05 level.

that could be achieved in these settings is at most a few hundredths of a percentage point.
These empirical results provide further support for our theoretical conclusions that the value
of adding active exploration in an auction setting is exceedingly small.

The reason for the results observed in Table 1 is that an optimal exploration algorithm
will only do a tiny additional amount of exploration compared to the greedy strategy of
always submitting a bid for the CPC bidder equal to the CPC bidder’s estimated eCPM.
For instance, for the first simulation considered in Table 1, the incremental increase in an
advertiser’s bid in the first period of the game as a result of active exploration is only 4.2%,
implying only a 1.8% increase in the probability that the CPC bidder will be shown as well
as only a 2.1% increase in expected payoff conditional on the auctioneer showing a different
ad under active exploration than under the purely greedy strategy. Thus the incremental
expected payoff increase that can be achieved by incorporating active exploration in this
auction setting is at most a few hundredths of a percentage point.

The results in Table 1 make use of distributions that we regard as empirically realistic
in the sense that there is a realistic amount of uncertainty in the click-through rate of the
CPC bidder as well as a realistic amount of variation in the distribution of competing CPM
bids. It is worth noting that if one relaxes the requirement that there be a realistic amount
of uncertainty about these variances, then it is possible for the algorithm we have proposed
to substantially outperform the purely greedy strategy of making a bid for the CPC bidder
that always equals the CPC bidder’s expected eCPM. In particular, if we instead assume
that there is substantially more uncertainty about the CPC bidder’s click-through rate than

20



MACHINE LEARNING IN AN AUCTION ENVIRONMENT

we have assumed in the simulations in Table 1 and we also assume that there is substantially
less variance in the distribution of competing CPM bids than we have allowed for in Table 1,
then there will be considerably greater benefits to adding active exploration because there
is both more to learn about the CPC bidder’s true eCPM bid as well as less exploration
that will take place for free solely due to random variation in the competing bids. In this
case, there may well be significant benefits to adding active exploration.

Conditions Percentage increase in efficiency
0.15%
j— f— = — 2 —
a=2,8=200,u=—4,0%=log(2)/4 (0.05%)
0.17%
a=2,8=200,u=—3.7502 = log(2)/ (0.05%)

Table 2: Average percentage increase in efficiency from incorporating active learning (with
standard errors in parentheses) after 10000 simulations. These results are both
statistically significant at the p < .005 level.

Table 2 reports the results of simulations that were conducted using distributions in
which there is substantially more uncertainty about the CPC bidder’s click-through rate and
substantially less variance in the CPM bidder’s competing CPM bid than in the distributions
considered in Table 1. These simulations indeed reveal statistically significant efficiency
gains as a result of active exploration. Nonetheless it is worth noting that the efficiency
gains reported in Table 2 are still fairly small. Even when we make assumptions that bias
the case in favor of active exploration being important, none of the efficiency gains reported
in Table 2 are greater than a few tenths of a percentage point.

Finally, while the gains achieved through active exploration in Table 2 are small, one
would not achieve greater gains by using a standard algorithm such as UCB. To test this,
we considered the same setting in the first row of this table, but instead of making a bid for

the CPC bidder of the form 7; + 5%(715_27) (at+6t)2a(taﬁtt+ﬁt+1)2 f (%) in each period ¢, we made a

bid of the form 7 +C(Tt)ﬁ, where the constant ¢(7;) was chosen so that this bid would
17, + §(1=6T"t) atft

edual g 2(1-0)  (cu+pBt)?(at+Be+1

of UCB performed the same amount of exploration as the main algorithm we considered in

the very first period of the game, while performing more exploration in later periods due to

the fact that the rate of exploration declines with m under our proposed algorithm,

E f(%;) in time period ¢ = 1. Thus our implementation

while only declining with \/@tlTﬂt under UCB.

In this setting, we found that using the UCB algorithm rather than the purely greedy
strategy resulted in an average efficiency loss of 1.04% (with a standard error of 0.07%).
Thus while we were able to achieve an improvement by using the new algorithm we have
proposed, using the UCB algorithm instead resulted in significant efficiency losses. The fact
that UCB performed worse than the purely greedy strategy is not surprising since we know
from Theorem 17 that UCB performs worse than the purely greedy strategy once an ad has

received enough impressions.
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12. Conclusion

In online auctions, there may be value to exploring ads with uncertain eCPMs to learn
about the true eCPM of the ad and be able to make better ranking decisions in the future.
But the online auction setting is very different from standard multi-armed bandit problems
because there may be considerable variation in the quality of competition that an advertiser
with unknown eCPM faces in an auction, and as a result there will typically be plenty of
free opportunities to explore an ad with uncertain eCPM in auctions where there simply
are no ads with eCPM bids that are known to be high.

We have presented a model of the explore/exploit problem in online auctions that ex-
plicitly considers this random variation in competing bids that is present in real auctions.
We find that the optimal solution for ranking the ads is dramatically different than the
optimal solution in standard multi-armed bandit problems, and in particular, that the op-
timal amount of active exploration is considerably smaller than in standard multi-armed
bandit problems. This in turn implies that the improvement in the auctioneer’s payoff that
can be achieved by adding active learning in online auctions is also exceedingly small. Thus
while it is theoretically possible to improve efficiency by incorporating active learning, in
a practical exchange environment, a purely greedy strategy of simply ranking the ads by
their expected eCPMs is likely to perform nearly as well as any other strategy.

We conclude by discussing one other point. Throughout our analysis we have focused
on the problem of an auctioneer who wants to maximize efficiency. Although this is a sensi-
ble objective, one might also envision scenarios in which the mechanism designer wishes to
maximize a weighted average of efficiency and revenue. While incorporating active explo-
ration in online auctions can only have a small effect on efficiency, this active exploration
may significantly improve revenue. The reason for this is that if we rank the ads by the sum
of their expected eCPMs and a value of learning term, the value of learning term may be
larger for ads that typically lose the auctions, and incorporating this value of learning term
may increase pricing pressure for the winning ads and thereby increase revenue.® In fact,
in several of the simulations considered in the previous section in which incorporating ac-
tive exploration failed to show significant efficiency gains, the algorithm that we considered
still showed significant revenue gains over the purely greedy strategy of ranking the ads by
their expected eCPMs. But while it is still possible to achieve significant revenue gains by
incorporating active exploration in the type of environment considered in this paper, the
maximum possible efficiency gains are likely to be exceedingly small.
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Appendix A. Proofs of Theorems

Proof of Theorem 1: Suppose it is known that the eCPM of the ad is . If the highest
eCPM for a competing ad is p, then the presence of this ad with eCPM z increases total
welfare by x — p if x > p and 0 otherwise. Thus the expected increase in total welfare
from this ad with eCPM of # competing in the auction is [ (x — p)f(p) dp. The total
long-term value from having this advertisement is then the discounted sum of this expected
total increase in welfare or 15 Jo (@ —=p)f(p) dp.

Now if V(z) = TLS Ox(:c—p)f(p) dp, then V'(z) = 1%5 fox f(p) dpand V" (x) = l—iéf(a:).
From this it follows that V”(z) > 0 for all  and V”(z) > 0 if x is contained in the support
of F'. Thus the long-term value of the advertisement is a convex function of the eCPM of
the ad and a strictly convex function if the eCPM of the ad is contained within the support
of the distribution of the highest competing eCPM. B

Proof of Lemma 2: Suppose an ad has been shown k times. The value of the dynamic
program that arises from placing the optimal bid z in the current period, Vi (Z), equals the
immediate reward from bidding z (or the negative of the loss function) in the current period
plus § times the expected value of the dynamic program that arises in the next period.

Now if the new advertiser places a bid of z, then the probability the advertiser wins the
auction is F'(z), in which case the expected value of the dynamic program that arises next
period is Fz[Vj11(Z')], where the expectation is taken over the randomness in the changes
in the estimates of the eCPM of the ad Z' that arise as a result of showing this ad. The
probability the advertiser does not win the auction is 1 — F'(z), in which case the value of
the dynamic program remains at Vi (Z). Thus the expected value of the dynamic program
that arises in the next period is F(2)Ey [Vii1(T')] + (1 — F(2))Vi(T).

At the same time, we have already seen that the reward from bidding z that arises in

z

the current period equals — [~ F(z) — F(y) dy. By combining this with the insights in

T+oge
the previous paragraphs, it follows that

z
Vi(T) = max E, [—/ F(z) — F(y) dy + 6(F(2) Ex Vi1 ()] + (1 — F(z))Vk(x))} .
T+ope
By subtracting §Vj(Z) from both sides and dividing by 1 — §, it follows that

Vile) = 1 (max B[ [ P = Pyt 5P B e ()] = Vet )

Proof of Theorem 3: By differentiating the expression in Lemma 2 with respect to z, we
see that the first order condition for z to be an optimal bid is

) [_ [ e dy+5f(2)(Ex'[Vk+1($/)]—Vk(w))]

T+oge
Ee [~ f(2)(z = T — oke) + 0f (2)(Ey [Vi1 (@)] = Vie(@))]
= f()@ = 2+ 0(Bp Vit ()] = Vi(T)))
From this it follows that z = T + §(Ez[Vi41(T')] — Vi(T)) satisfies the first order con-

ditions. Moreover, at this value of z, the second order conditions are also satisfied. Thus
optimal bidding entails setting z =T + 0 (Ex [Vi+1(Z')] — Vi(Z)). B
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Proof of Lemma 4: Let ®(-|o)) denote the distribution from which e is drawn for any
given value of ;. For any given oy, we know that ®(-|o;) has mean zero and variance
one. We also know from the Bayesian central limit theorem that as o — 0 (and k — o)
that ®(-|o) converges to the standard normal distribution. For any given oy, we can write
El[Z.  _F(z)— F(y) dy] as J(o}) = ]E?ﬁ[ff':gk6 F(z) — F(y) dyle ~ ®(:|ox)]. We seek to

THoe
show that J(oy) is of the form given in the statement of the lemma.
First note that

z

d
J (1) = —Ecle(F(2) — F (T +oke))|e ~ ®(op)] + —=Fe U F(z) = F(y) dyle ~ ®(-|oy)
a® T+ore
where %EE[Z(E, oi)|e ~ @(-|ox)] denotes the derivative of the expectation of Z(e, o) arising
through the changes in ®(-|oy) induced by changes in oy, (that is, if ¢(¢; o) denotes the den-
sity corresponding to ®(-|oy), then %EG[Z(E, op)le ~ ®(-lop)] = [, Z(e,ak)%(e; o )de).
Similarly, letting -2 E.[Z (€, o) |e ~ O(-|oy)] = 25 Z(e, Uk)g:—,f(e; oy )de for all m, we have
k

J"(or) = EJf(@+ ope)le ~ B(|or)] — 2d%Ee[€(F(Z) — F(z +ope))le ~ ©([or)]
+d‘§2EE Uzm F(z) — F(y) dyle ~ é(‘lak)} ,

J"(or) = Elf'(T+ one)le ~ ®(|ox)] + 3d%E [€2f (@ + oxe)le ~ @(:[o)]
_3;5;]56[6(1?(,2) — F(T + oye))|e ~ ®(-|oy)]
+d(§3E€ [/I—ka F(2) — F(y) dyle ~ (I)(‘|0'k:)] ,

and

J"(op) = E[e'f"(@+ oxe)le ~ ®(|ox)] + 4d% € f' (@ + ore)le ~ @(-|ow)]
+6;§2E€[62f(x+ oge)le ~ ®(-|oy)]
4L B ()~ @ + oe)le ~ 9100
+£1E6 [/x;keF(z) — F(y) dyle ~ ®(-|oy)

Note that when oy, = 0, we have E[[Z, _F(2) — F(y) dyle ~ ®(|oy)] = [Z F(2
F(y) dy for any distribution ®(-|o), E[e(F(z) — F(T + oxe))|e ~ (- |Jk)] EE[E(F(Z) -
F(z))le ~ ( lox)] = 0 for any distribution ®(-|o}) with mean zero, and E.[€f (T + ope)|e ~

®(-lo)] = Ele?f(@)|e ~ ®(-|ok)] = f(T) for any distribution ®(- |ak) with mean zero and
variance one. Thus d‘f}WE [f;rake F(z) — F(y) dyle ~ ®(:|og)] = 0, dcme [e(F(z) — F(z +

ore))|e ~ @(-|og)] = 0, and d‘f;nE [€2f(T + ope)|e ~ ®(-|og)] = 0 for all m when evaluated
at o = 0.
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By using these facts, the fact that ®(-|0) is standard normal and the above expressions
for J(oy) and its derivatives, it follows that J(0) = [~ F(z (y) dy, J'(0) =0, J"(0) =
F(@), J"(0) = 0, and J"(0) = E e f"(F)le ~ <1>< 0)] + 4d¢E € F@)e ~ @(|o)]lo=o.
This in turn implies that the fourth-order Taylor approximation to E[ [ o F(2)—F(y) dy]
is

Ee [/Hok F(z) = F(y) dy] = /z F(z) = F(y) dy + %aif(f) + a(@)o} + o(a}),

where a(7) = 55 [E[e* f"(T)|e ~ (-10)] + 475 E[*f'(@)|e ~ @(|0%)]|o,,~0] W

Proof of Theorems 5 and 6: Since these results are special cases of Theorems 9 and 10
respectively, the proofs of these results are omitted.

Before proving Theorem 7, we first introduce some notation for the finite-horizon version
of this game. If the game has a finite time horizon and will last an additional T periods,
we let Vi 7(Z) denote the value of the dynamic program that arises when the auctioneer
follows the optimal strategy. By analogy to Lemma 2, we know that

1 z
Vir®) = 15 (max B~ [ P~ F) di+ 67 G) BalVinir (@) - Vira (@)
- z THope

when T > 0 and V, 7(T) = —Eﬁ[fgrmCE F(Z) — F(y) dy] when T" = 0. Also note that
lim7 00 Vi 7(T) = Vi(Z), where Vi (T) is the value of the dynamic program for the original

infinite-horizon game. Finally note that

Lemma 21 Vj, 1(T) is twice differentiable in@ for allk and T. Furthermore, limg o0 Vi 1(T) =
0 and limy_,o0 Vi/7(T) = 0 for all T.

Proof We prove this result by induction on 7. The base case, T' = 0, holds because
the fact that f(-) is continuously differentiable implies F(-) is twice differentiable and
Vir(T) = —E[[2, _F(T) — F(y) dy] is also twice differentiable in Z. Furthermore,

T+oe
Vip(T) = E[F () — F(@ + oxe) = [, f(T) dy] = E[F(z) - F(T + oye)] and Vi!7.(7) =
Ef(z) — f(T + oke)], which both tend to zero as k — oo. Thus the result holds for 7' = 0.
Now suppose the result is true for 7T'— 1 and use this to prove the result must also hold
for T'. Since

Vir(®) = 15 (max B~ [ P = ) dy+ 6P EplVerra @)~ Vira(@)] ).

THope

we know from analogy to Theorem 3 that the optimal bid z satisfies z = T+0(Eg [Viy1,7-1(T))]—
Vi, r—1()). From the induction hypothesis, we thus know that the optimal bid zk( ) is twice
differentiable in Z and that limy_, 2;,(Z) = 1 and limg_,+ 2 (T) = 0.

This in turn implies that E.[— [ 2 (%) F(zx(7)) — F(y) dy] is twice differentiable in Z and

T+oge

that £ B[~ [20 F(z(2)~F(y) dy] = E[F(e4(2)) ~F(@+ore)— 217 24(@) f(24(x)) ),
Wthh tends to zero as k — oo since limg_,o 2x(Z) = Z. This also further implies that

LB = [2D P @)~ Fy) dy] = Bz} @) f(21(@)— @+~ (24 (@) 1) 7 @) f (21(F) —
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f;’igjﬁ 2T f (21(T))+ (2, (7)) f/ (2(Z)) dy], which tends to zero as k — oo since limy_o0 2 (T) =
7 and limy_,o 25, (T) = 1.

From the induction hypothesis, we also know that F'(zx (%)) (Ez [Vit1,7-1(T)]—Vi,r-1(T))
is twice differentiable in T and that the first and second derivatives of this expression with
respect to T tend to zero as k — oo. By combining this with the results in the previous two
paragraphs, it follows that Vi (%) is twice differentiable in T and limy—,o Vj, 1(Z) = 0 and

limy 00 V' (Z) = 0 for all T. The result follows by induction. [ |

We use these observations about the finite-horizon game to first prove that E[Vy41(Z') —
Vi(Z)] = O(k%) in Lemma 22. Then we use this preliminary result to prove Theorem 7.

Lemma 22 E[Vj1(T') — Vi(Z)] = O(3%) for large k.

Proof Note that if an ad is displayed, then one of two possible things will happen to the
ad—either the ad will receive a click or the ad will not receive a click. Let p denote the
probability that the ad will receive a click, let Z. denote the estimated eCPM of the ad if
the ad receives a click, and let T,, denote the estimated eCPM of the ad if the ad does not
receive a click. Note that pz. + (1 — p)z,, = T.

From Lemma 21 we know that Vj, (%) is twice differentiable in Z for all k£ and T". Thus
the second-order Taylor approximations for Vi1 7(Z.) and V41 7(Zy) are

1
Ver11(@e) = Verr 2 (@) + Vi 0(8) (@ = 7) + 5 Vi 0 (@) (@e — 5 + o(@ — 7)°
and
1
Versr(@0) = Vierrr(@) + Vi g (@@ = ) + 5V 2 (@)@~ )* + ol — 7).
Thus if 7' denotes the actual realization of the estimated eCPM after the ad has been
shown k + 1 times (Z' will equal T, with probability p and Z,, with probability 1 — p), then
by using the fact that pZ. + (1 — p)T, = T and by taking a weighted average of the two
previous equations, we find that
EVir(@)] = pVirr(Te) + (1 = p)Vis1,7(Tn)
= Vipr(@) + Vk+1 r(D)E[@ — )% + o( B[ —7)7]).
From this it follows that

EVig1,0(@)=Vier(T)] = Viy1,0 (@) — Vi (T) + Vk+1 (@) E[(T —T)*]+o(E[(T —T)°]). (1)

If ¢ denotes the number of clicks that an ad has received so far, then the predicted
click-through rate for an ad that has received a large number of impressions, k, will be
approximately £. Thus if b denotes the bid per click that the ad places, then the eCPM

for an ad that has received ¢ clicks and has been shown k times will be T ~ %. From
this it follows that 7. ~ "), Ty &~ 15, Te = T & pry), and Ty — T ~ — ey Thus
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7' — 7 = O(3) for all possible realizations of 7', and (z' — )? = O(7%). Furthermore, from

Lemma 21 we know that limg_, V', | (%) = 0. Thus we can rewrite equation (1) as

EWVis1,7(@') = Vir(@)] = Vipr,0(T) — Vier(T) + 0 <k;12> ‘

By using the fact that limy_,o Vi1 (Z) = Vi(Z), where Vi () denotes the value of the
dynamic program in the original infinite horizon game, we then know that

1
B (@) - Vi@)] = Ven@ - Vi@ +0 33
B v(T) v(T) 1
= % k1 ¢ <k2>
1
- (&)
|
Proof of Theorem 7: We have seen in the proof of Lemma 22 that F [thl (@) —Vi(z)] =
Vis1(Z) — Vi(Z) + 0 (2). When combined with the fact that V;(Z) = ( ) 4 O(75), this
immediately implied that E[Vi41(Z') — Vi(Z)] = O (7£). If we are able to further prove that
we can write Vi (7) = U(x) + ,52) + 0(7z) for some function w(%), it will then follow that
Vir1(T) — Vie(T) = k(,§+)1) + 0(7z). Thus we first seek to show that we can write V() as

Vi(@) = —22 4 v@ O(kz)

Since E[Vi41(Z') — Vi(Z)] = O({%) for large k and the optimal bidding strategy entails
setting 2 =T + 0(E[Vi41(T') — ( )]) it must be the case that z = T+ O(7%) for large k.
From this it follows that ff F(z) — F(y) dy = o kg) under the optimal blddlng strategy z
for large k.

Now we have seen in Lemma 4 that F, [forake F(z) — f F(z) — F(y) dy +
307 f(T)+a(T)o}+0(o}) for some constant a(z) for large k. Slnce f F(z F(y) dy = o(3z)

under the optimal bidding strategy z and O'k = 82—,(? 4 h@ +o( k2) for large k, it then follows

k2
that E[[Z,,  F(2) = F(y) dy] = 3s*@) (@) + 5“2 + a(@)s @)+ ol) for large k,

2
which we can rewrite as F, [forakE F(z) — F(y) dy] = 5¢5*(%) f(T) + 2u(T) + o(5z), where
u(x) = w + a(z)s*(7).

But —E[ f; 4 (z) — F(y) dy] represents the auctioneer’s per-period payoff in the next
auction. Thus if Z’ denotes the estimated eCPM of the ad after an additional j periods have
passed and k' denotes the number of impressions the ad has received after an additional j
periods have passed, then the auctioneer’s per-period payoff in the period after an additional
j periods have passed is —5,52(2) f(T') — 2k,2u( T') + o k,g) The difference between this

and —5-s%(Z) () is

T T 1
— 2kﬂu(f) + ﬂSQ(.%')f(.Z') +o0 <k2>
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K's2(@)f(x) — ks*2(@)f@) 1 1 1, 1
- ST — 2—k2u(:€) + [Wu(az) — %ﬁu(az )] +o0 <k2>

Es2@)f(T) — ks2@)f(@) 1 . K@) — u@) 1
- 2kk’ ~ @ %2k o (k?)
_ K@) f(@) - k@) (@) + (@ —7)d@) +o(@ ~T)] iu@

2k’ 22
E2u(@) — k2[u(@) + OF — 7 1
— 2[k(2k)’2 o <k2> ’ 2

where d(%) denotes the derivative of the function s?(Z)f(Z) with respect to Z. By the
same reasoning as in the proof of Lemma 22, we know that 7’ — T = O(%) for all possible
realizations of T’'. Thus we can rewrite the expression in equation (2) as

(K — k2@ f@) — k@ —2)d@) 1 . (K= E)u(@) 1
2kk’ “ o@Dt T o <k2)
E —k)s?(2)f(z) — k(@ —2)d(Z 1 1
_ ) ()f(ygk/ ( )()_2;@“(3”)*0<k2>' (3)

Now note that E[z'] = Z, where the expectation is taken over the uncertain realization
of T in another j periods. Thus the expectation of the expression in equation (3) is

K —k)s?(z)f(z 1 1
E ( ;k:k:(’ A )] —2k2u($)+0<k2>, (4)

where the expectation is taken over the uncertain realization of k’. This expression can in

turn be written as )
m;(T)s“(T)f(T) — w(™ 1
@@ @ —u@) | (1) 5
2k? k2
where ;(Z) denotes the expected number of additional impressions that the ad with un-
certain eCPM receives after an additional j periods have passed (which will equal 0 when
j = 0 and vary approximately linearly with j for large k).
The expression in equation (5) gives the difference between the auctioneer’s actual ex-
pected payoff in the period after an additional j periods have passed and —ﬁs%f) f(@).
From this it follows that the difference between the auctioneer’s actual payoff Vi (Z) and the

payoff the auctioneer would receive if the auctioneer obtained a payoff of —5-s?(Z) f(Z) in

every future period is Z;io 59 (E)SQ(ZJ; @-u@ (k—lg), which can be written as wg) +o(k—12)
for some function w(Z). Thus we can write Vi (Z) as Vi(T) = —”(E) wg) + 0(4) for some

function w(x).
But we have seen in the proof of Lemma 22 that E[Vi11(T') — Vi(T)] = Vir1(T) —
Vi(ZT) + o (k%) Since Vi (T) = —% + wk(gm) + o(k%), it then follows that Vi1 (%) — Vi(T) =
v(T) 1

Proof of Theorem 8: Recall that

i) = 2 (maxEe = [ FG) - PO dy 4 SV @] - @) )

T+oge
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and a second-order Taylor approximation for E([[Z ~ F(z) — F(y) dy] is

Ttope

B[ F@-F@ ] = [ FE) - FG) i+ ot @) +olod

THope

Now z =T + §(Ey [Vi+1(T )] Vi(Z)), so z — T < —0Vj(T), a term which is O(f(Z)o3).
From this it follows that [ F(z) — F(y) dy = O(F(z)f(z)o}) = o(f(Z)o}). And we also
know that 6F(z)(Ez [Vit1 (T')] — Vk(f)) Vi(T) = O(F(T)f(f)%) o(f(@)oy).

Combining these results gives E. [ffﬂrke F(z) — F(y) dy] = 202f(Z) + o(f(Z)o}) and
F(2)(Eg[Vit1(T)] — Vi(T)) = o(f(Z)o?). Substituting this in to our expression for Vi ()

then gives Vi (T) = —ﬁf(f)ai +o(f(Z)oz). W

Proof of Theorern 9: First note that it must be the case that V;(Z) = Q( ) for large k.
We know that o2 aka = O(+ ) = @(B -) =0O(% ) for large k, so the immediate reward in any

~— —~

given period is at least on the same order as k regardless of which ad-context pair a arises
in the auction. Thus we know that V;(Z) = Q(3) for large k.

We also know that V() = O(%) for large k To see this, note that the auctioneer can
ensure that his loss in an auction involving the ad-context pair a in any given period is
O(é) = O(%) by bidding z, = T, so the auctioneer can thus ensure that his expected
loss in any given period is O(%) unconditional on the precise ad-context pair that arises.
And if the auctioneer’s loss in any given period is O(%), then the player’s total loss from
the game will also be no greater than O( 1) because the present value of the sum of losses
that are ©(1), > ik 57'*]“%, is also ©(1) since 1 < pRpat 5= k <> §7~F = L~ implies
b < X5k < e Thus Vi (@) = O(3) for large k. n’

Proof of Theorem 10: Since V(%) = ©(3) for large k, we have Ez () [VE'(a P (@ (a))] —
Vi(T) = O(%) for large k. Thus since the optimal bidding strategy entails setting z, =
Tao + 0(Eg (q) [VE'(a P (#'(a))] — Vz(Z)), it must be the case that 2z, = T + O() for large k.
From this it follows that f;;l Fo(z) — Foly) dy = O(k%) under the optimal bidding strategy
zq for large k.

Now we have seen in Lemma 4 that E[[>, e Falza) = Faly) dy] = J2¢ Fa(za) —

F,(y) dy + L 3 akafa(za) + O(o? k) for large k. Since f Fo(zq) — Foly) dy = 0(132) under

the optimal bidding strategy z, and aa ka (z“) + O( k:2) for large k, it then follows that
E. [f;“ Fo(za) — Fuly) dy] = 2ka (xa)fa(xa) + O(kg) for large k.

at0a,kq €

But —E[ f;;’ oakye Fo(zq) — Fy(y) dy] represents the auctioneer’s per-period payoff if the
next auction is an auction for the advertiser-context pair a. Thus the auctioneer’s expected
per-period payoff unconditional on what ad-context pair appears in the next auction is
Yoty naisg(@)fa(@) + O(klz) = EZL 17%% $2(Ty) fu(Ta) + O(k%) for large k. From
this it follows that if g(7) = 37" | ma55 B 52(Z,) fa(Ta), then the expected per-period utility
that one obtains at each point in the game unconditional on what ad-context pair appears
in the next auction is £9(F) + O(7z)-

Since VE(T) can alternatively be expressed as the discounted sum of the per-period
utility that one can obtain at each point in the game, it then follows that |[kVi(7)| <

S50k M g(@)]+0(3), meaning [kVi(7)| < 1159(@)+O0(3) and [kVi(@)| > 3252, 6/ [5g(@)]+
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) + O(%) in the limit as & — oo. From this it follows that [kVp(T)| =
and ka(f)— = 59( )+O( ) ﬁz 17Taﬂ (xa)fa(xa)+0(%)

\_/8)‘

Proof of Theorem 13: Under the knowledge gradient framework, the incremental amount
that one increases one’s bid by beyond the expected value of the advertising opportunity is
d(Ez |Uk+1(T')] —Uk(T)). And under the full dynamic programming problem, the incremen-
tal amount that one increases one’s bid is 0(FEy [Vi11(Z')] — Vi(Z)). Thus if AVyy; denotes
the difference between the values of E [Vk+1( "] and Egz[Uki1(Z')] and AV} denotes the
difference between the values of Vi (Z) and Uy (), then the difference between the incremen-
tal amount that one increases one’s bid under the full dynamic programming problem and
under the knowledge gradient framework is 6(AVyy; — AV).

But a condition of the theorem is that AVyy; < AVg. Thus §(AVi — AVy) < 0,
and the difference between the incremental amount that one increases one’s bid under the
full dynamic programming problem and the incremental amount that one increases one’s
bid under the knowledge gradient framework is negative. From this it follows that the
incremental amount by which one would increase one’s bid under the knowledge gradient
framework is indeed greater than it is under the full dynamic programming problem. B

Proof of Theorem 14: In the knowledge gradient framework, U (T) is just the discounted
sum of the value of simply bidding z = T in each period when an ad has received k im-
pressions so far and one’s best estimate for the eCPM of the ad is . Now we know from
applying Lemma 4 to the special case in which z = T that the per-period payoff from bidding
z = T in each period when an ad has received k impressions so far and one’s best estimate
for the eCPM of the ad is T is —§07 f(T) — a(T)op; + o(0}) = —5552(F) f(T) + O(7z). Thus
Un(®) = — 5k () £(2) + O( ).

But we have seen in Theorem 7 that when Vi (Z) = —WS%E) f(@) + O(3%) and
the per-period payoff from making the optimal bid is —307 f(Z) — a(Z)o} + o(o}), then it
must be the case that Ex[Viy1(T))] — Vi(T) = (k(+)1) + 0(5z) for large k, where v(Z) =
ﬁﬁ (Z)f(Z). An identical argument illustrates that when Uy (7) = —ms 2@)f(@)+
O(k%) and the per-period payoff from making the optimal bid is —07 f(Z) — a(Z)o} +o(a}),
then it must be the case that Ep[Uky1(T))] — Up(T) = k&gf)l) +o (k%) for large k, where
v(T) = 2(171_5)82 (Z) f(Z). The result then follows. B

Proof of Theorem 16: Since the optimal bid for advertiser ¢ if advertiser 7 submits
the highest eCPM bid amongst the bidders with unknown eCPMs satisfies z; = =; +
5(EE’(Z) [VE’(Z) (TI(Z))] _VE<T))’ it follows that Ezi [— f;: F(Zz) dy—i_dF(Zz)(Ef/(z) [VE/(Z) (TI(Z))] -
Vz(7))] = 0 when advertiser ¢ submits the optimal bid z;. By substituting this into the equa-
tion for the value of the dynamic programming problem V(7), it follows that the value of
this dynamic programming problem is always equal to 1%5 f;]’ F(y) dy, which is an increas-
ing function of z;. From this it follows that if the optimal bid for advertiser ¢ if advertiser
1 submits the highest bid of the advertisers with unknown eCPMs is higher than the op-
timal bid for all other advertisers with unknown eCPMs if one of these other advertisers
submits the highest bid of the advertisers with unknown eCPMs, then the decision maker’s
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payoff from the game is maximized by having advertiser ¢ submit the highest bid of all the
advertisers with unknown eCPMs. B

Proof of Theorem 17: Recall from Lemma 4 that the auctioneer’s per-period payoff

if the auctioneer uses a bid for the advertiser with unknown eCPM that is equal to z is

—Eg[f;mke F(z) — Fly) dy] = — ff F(z) — F(y) dy — la,% (Z) + o(a,%) for large k. Now
c(x)

if 2z =7+ C(x) for some constant ¢(Z) # 0, then [~ F(z) — F(y) dy = TR f(@) (T +

C,g) =) dy + o(kTa) = f(z )2k2a + o(kza). Thus the auctioneer’s per—period payoff if

C(w)

the auctioneer uses a bid for the ad with unknown eCPM of the form z = = +

— S F(@) — SR (@) + o) if e(T) # 0 and — Lo f(T) + o(0) if ¢(@) = 0.

Thus if ¢(Z) = 0, the auctioneer’s per-period payoff is —57s*(Z)f(Z) + o(3). We then
know from similar reasoning to that in the proof of Theorem 10 that if this is the auctioneer’s
per-period payoff, then the auctioneer’s total payoff from the game is —mﬁ (@) f(Z)+

o(3) regardless of the learmng rate. Slmllarly, if c( ) # 0 and a = £, then the auctioneer’s
per-period payoff is — o f(Z)(s*(T) + ¢*(Z)) + o(3 ), and we know from identical reasoning
that the auctioneer’s total payoff is — 5 15 st (@ )( 2(z)+*(z)) + o3 ), which is strictly less
than the auctioneer’s total payoff from the game when ¢(z) = 0 for sufficiently large k.

Finally, if ¢(Z) # 0 and o < 2, the auctioneer’s per-period payoff is — 1(2? f(@)+ o(kga ).
Since the auctioneer’s total payoff is the discounted sum of the auctioneer’s per-period
payoffs, it follows that if Vi (Z) denotes the auctioneer’s total payoff from using this strategy,
then k2*Vy,(7) < 3772, 67 F[— %(%)2‘1 2(f)f(*)]—ko(l) = —ﬁ cA(Z) f(Z)+o(1) in the limit
as k —> oo. Thus if ¢(T) # 0 and a < 2, the auctioneer’s total payoff is no greater than
_W () f(T)+o( k2a) which is less than —o-s*(Z) f(Z)+o(%), the auctioneer’s payoff
from using the constant ¢(Z) = 0 for sufficiently large k. From this and the result in the
previous paragraph it follows that if the auctioneer uses the strategy in the statement of
this theorem, the auctioneer’s payoff will be maximized when ¢(Z) = 0 for sufficiently large
k. B

Observation 23 Suppose the auctioneer displays the ad with the highest eCPM bid with
probability 1 — € and displays an ad uniformly at random with probability ¢ > 0. Then the
optimal constant € for such an algorithm is € = 0 for sufficiently large k.

Proof Recall from Lemma 4 that the auctioneer’s per-period payoff if the auctioneer uses a
bid for the advertiser with unknown eCPM that is equal to z is —E [ [Z, F(2)—F(y) dy] =

T+ope

— f F(z)—F(y) dy— fak 2f(Z)+o(c}) for large k. Note that displaying an ad uniformly at
random is equlvalent to making a bid of 0 for the ad with unknown eCPM with probability
= and makmg a bid of oo for the ad with unknown eCPM with probability i 5. Since
f F(z (y) dy > 0 for either z = 0 or z = o0, it follows that the auctioneer’s expected
per- penod payoﬁ if the auctioneer follows the strategy in the statement of the observation
is no greater than —ce for some constant ¢ > 0 for large k.

However, if the auctioneer always uses a bid of z = T (as would be the case when
e = 0), then we know from the proof of Theorem 17 that the auctioneer’s per-period payoff
is —5-s%(T)f(Z) + o(4) for large k. Thus for sufficiently large k, the auctioneer always
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achieves a larger per-period payoff by setting e = 0 than by using any positive value of e,
so the optimal constant for this algorithm is € = 0. |

Proof of Theorem 18: We know from Theorem 7 that Ez[Vi1(Z')] — Vi(Z) = % +

0 (k%) for large k, where v(T) = ﬁﬁ(f) f(@), and we also know from the proof of
Theorem 3 that the derivative of the seller’s expected payoff from making a bid of z with
respect to z is f(2)(T — z 4+ 0(Ex [Vi+1(T')] — Vi(T)). Thus if AV = Ex Vi1 ()] — Vi(T),

then the difference between the auctioneer’s expected payoff from making a bid of T and a

bid of T + g5y s~ (@) f(T) is

7)0%(AV)?

T+IAV+o(AV)
1%5 / F(2)@ = 2+ 6(AV) + o(AV)) dz = f(2(1 5 Holavy).

. - - (T 2@ f(z .
And since AV = Ey (Vi1 (T)] — Vi(T) = 19(157431) +o() = % +0(7%), it

follows that the difference between the2 auctioneer’s payoff from making a bid of T and a
bid of 7 + WM‘SQ(@JC(@ is gg(lfsw54(f)f3(f) +o(%).

Proof of Theorem 19: The theoretically optimal strategy for the auctioneer would entail
submitting a bid of z = T + §(Ey[Vk+1(T')] — Vi(Z)) in each time period. By the same
reasoning as in the proof of Theorem 18, we know the difference between the auctioneer’s
expected payoff from making a bid of T and making a bid of z = T + §(E;  [Viksr1(T)] —

Or+1
V(7)) is % +0((AV)?). Since the auctioneer’s payoff from using the approximately

optimal bidding strategy is also %—Fo((AV?), it follows that the difference between

the auctioneer’s payoff under the approximately optimal bidding strategy and the maximum
possible payoff the auctioneer could obtain theoretically is o((AV)?) = o(k—ﬂ).

But we know from Theorem 18 that the difference between the auctioneer’s payoff under
the approximately optimal bidding strategy and the greedy strategy is ms‘l (7)f2(Z)+
o(k%). Thus the difference between the auctioneer’s payoff under this strategy and the max-
imum possible payoff the auctioneer could obtain under the theoretically optimal strategy
becomes vanishingly small compared to the difference between the auctioneer’s payoff under
this strategy and the auctioneer’s payoff under the greedy strategy for large £. B

Proof of Theorem 20: A consequence of Theorem 13 is that the difference between the
auctioneer’s payoff under the theoretically optimal strategy and the auctioneer’s payoff from
the greedy strategy is no greater than the difference between the auctioneer’s payoff from the
theoretically optimal strategy and the auctioneer’s payoff under the greedy strategy when
no learning is possible in future periods. Thus we seek to bound the difference between
the auctioneer’s payoff from the theoretically optimal strategy and the auctioneer’s payoff
under the greedy strategy when no learning is possible in future periods.

Let a and (B denote the parameters of the beta distribution. If no learning ever took
place and the auctioneer followed the greedy strategy, then in all periods the auctioneer
would show the highest competing bidder if this bidder had an eCPM bid p satisfying

8

P> 358 and show the bidder with unknown eCPM otherwise. If the auctioneer showed

the ad with unknown eCPM in the first period, this ad received a click, and no learning
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took place in future periods, then in future periods the auctioneer would show the highest
competing bidder if and only if this bidder had an eCPM bid p satisfying p > a(fpg-lu' And
if the auctioneer showed the ad with unknown eCPM, this ad did not receive a click, and no
learning took place in future periods, then in future periods the auctioneer would show the

highest competing bidder if and only if this bidder had an eCPM bid p satisfying p >

+ﬁ+1
From this it follows that if no learning takes place in future periods, then the auctioneer’s
payoff in any given period in the future is guaranteed to be the same regardless of whether
the ad with unknown eCPM was shown in the first period if either p > + 5 +1 orp < ﬁﬁﬂ
in that particular period. The only circumstances under which the auctioneer’s expected
payoff in a future period ¢ will differ as a result of showing the ad with unknown eCPM
in the first period is if this ad receives a click in the first period and p € (a+5, a+5+1)
period ¢ or if the ad does not receive a click in the first period and p € (a+ﬁ+1, i3 i
period t. In the first case, the auctioneer’s payoff in period ¢ as a result of showing the
ad with unknown eCPM in the first period exceeds the auctioneer’s payoff under normal
circumstances by afﬁg}rl — p, and in the second case the auctioneer’s payoff in period t as
a result of showing the ad with unknown eCPM in the first period exceeds the auctioneer’s
payoff under normal circumstances by an amount p —

in

[0
atBF1

Now the probability the ad with unknown eCPM receives a click in the first period
if this ad is shown is ﬁ and the probability this ad does not receive a click in the

first period if this ad is shown is o%ﬁ By combining this with the result in the previ-

ous paragraph, it follows that the maximum possible expected payoff difference that the
auctioneer can obtain from future periods as a result of showing the ad with unknown

a+1 . _a _
eCPM in the first period is 25| P f‘”ﬁ“ (afﬁil - )f dp+ 0%5 f:}ﬁ (p— o7 7)f dpl,
where f = sup,, f(p). This payoff difference equals 2( )[oﬁjﬁ(#}il - m) + aiﬁ(aiﬁ -
a )2 — 5f [—e( )2 + L( )2 = 5f af(a+p) _
atp+1/ 1 T 2(1-5)latp (a+/3)(a+ﬁ+1> a+p (a+ﬂ)(a+ﬂ+1) = 2(1-9) (a+B)3(atB+1)?

5f (a+B)%a?B2
2(1-9) af(a+B) (a+p+1)2"
(6]

Now the expected value for a beta distribution is o and the variance in a beta dis-
Thus since the bidder’s expected eCPM is w and the standard

trlbutlon 1S W

deviation in the bidder’s expected eCPM is ~vyw, it follows that OH_ﬁ = i, O‘Ttﬁ k lw, and
2 2 4 f (01+5)2 252 o 67
W = y%w?*. From this it follows that 51-3) aBlat A (at BT = 21— 6) . Thus

the maximum additional payoff increase that one can obtain from future perlods as a result

of showing the ad with uncertain eCPM in the first period is no greater than %%
Now if AV denotes the change in payoff that one obtains from future periods as a result
of showing the ad with uncertain eCPM in the first period, then the value of showing the ad
with uncertain eCPM in the first period is w4+ AV. Thus the theoretically optimal strategy
will specify a bid of w+AV for the bidder with uncertain eCPM, whereas the greedy strategy
will specify a bid of w, so the theoretically optimal strategy will only show a different ad
when the highest competing eCPM bid, p, satisfies p € [w,w + AV]. Furthermore, in the
cases where the theoretically optimal strategy specifies a different bid, the theoretically
optimal strategy achieves a payoff that exceeds that of the greedy strategy by an amount
w+ AV —p, where p denotes the highest competing eCPM bid. From this it follows that the
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difference in expected payoff that one obtains as a result of using the theoretically optimal
strategy rather than the greedy strategy is no greater than TLS f5+Av(w +AV —p)f(p) dp.

Thus if f = sup,, f(p), this payoff difference is no greater than 1—26 f5+AV(w + AV —

T 2
p) dp = % (A;/ )" Thus the difference between the auctioneer’s payoff under the theoret-

ically optimal strategy and the auctioneer’s payoff from the greedy strategy is no greater
than Ti(s (Ag 2

But we have seen earlier that the maximum additional payoff increase that one can
obtain from future periods as a result of showing the ad with uncertain eCPM in the
first period is no greater than Q(ffé)%. Thus we know that AV < 2(%6)%. By
combining this with the result in the previous paragraph, we see that the difference between
the maximum possible payoff the auctioneer could obtain under the theoretically optimal

-3
strategy and the auctioneer’s payoff from the greedy strategy is no greater than %.
|
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