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LLM chatbots consider ad monetization



Search Advertising

For each query, search engine runs an auction

Advertisers pay only if their ad is clicked

Winner is bidder with largest expected bid
product of bid and click-through rate

Query arrives, ads are shown and the user leaves: one-shot interaction.
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Conversational AI Assistants change search

AI Assistant/LLM chatbot can direct search more than a search engine 

A conversation with ChatGPT/Gemini/Claude clarifies the user intent









Recommendations:



AI Assistant refines search

For each query, assistant asks more 
questions. 

In an AI-user conversation, the user’s 
intent becomes very clear

The conversation is a funnel: from many 
candidate answers, AI refines to a small 
set of good fits.

All running shoes

+ Trail Running

+ 
Overpronation

+ 
inter

mediate



Assistant learns the quality of a match

All running shoes

+ Trail Running

+ 
Overpronation

+ 
inter

mediate

Further down the funnel 
→ click-through rates get more precise

In the limit, assistant gets a perfect 
match



Click-Through Rate

The click-through rate can be thought of as a measure of ad quality.
Ad quality treated as static score.

As a user spends time in the conversation, platform gets better 
informed about click-through rates.

The platform learns the ad quality.



In this paper

We model online advertising on conversational AI assistants

Auctioneer learns the ad quality 

The user is shown one ad

The auctioneer commits to the auction format but not to its timing

Auctioneer chooses auction format and auction timing.
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More formally

We study the equilibria of auctions with limited commitment, where
• The auctioneer chooses precision of ad quality predictions 

after observing the advertisers’ bids
• The advertisers anticipate this decision and bid accordingly

When should the auctioneer run the auction? 
Does the auction format matter?
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Ad Quality vs Market Thickness

Running the auction late → no misallocation, high-q ad wins
→ competition is weak, low prices

Running the auction early → misallocation, low click probability
→ competition is fierce, high prices
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Ad Quality vs Market Thickness

Running the auction late → no misallocation, high-q ad wins
→ competition is weak, low prices

Running the auction early → misallocation, low-q ad may win
→ competition is fierce, high prices



Preview of Results:

Different auction formats trade off ad quality and market thickness 
differently:

Without reserve prices, second-price revenue dominates first-price

With reserves, the relationship flips



Model



Preliminaries

𝜃 = 𝜃!, 𝜃" with 𝜃# ∼#.#.%. 𝐵𝑒𝑟𝑛𝑜𝑢𝑙𝑙𝑖(𝑝) – quality of ad 𝑖
User only clicks on ads with 𝜃# = 1

𝑣# ∼ 𝐹(𝑣) is the value of advertiser 𝑖 conditional on a click on their ad

Auctioneer chooses one ad to show to the user
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Conversation

User interacts with auctioneer over a conversation in continuous time 
t ∈ ℝ&

Auctioneer receives informative signals about ad quality over time.
News about 𝜃# arrives according to stochastic process 𝜃' '()
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Beliefs

The auctioneer forms beliefs 
𝜇'# = 𝔼[𝜃#|ℱ']

about the quality of both ads.

Assumption: news process 𝜃' '() is such that ℙ lim
'→+

𝜇'# = 𝜃# = 1



Allocation

Focus on two mechanisms:

First-Price Auction:       𝑥# 𝑏, 𝜇 = 1 if 𝑏#𝜇'# > 𝑏,𝜇'
,

𝑝# 𝑏, 𝜇 = 𝑏# if 𝜃# = 1

Second-Price Auction: 𝑥# 𝑏, 𝜇 = 1 if 𝑏#𝜇'# > 𝑏,𝜇'
,

𝑝# 𝑏, 𝜇 = -!."
!

."
# if 𝜃# = 1

43



Allocation

Focus on two mechanisms:

First-Price Auction:       𝑥# 𝑏, 𝜇 = 1 if 𝑏#𝜇'# > 𝑏,𝜇'
,

𝑝# 𝑏, 𝜇 = 𝑏# if 𝜃# = 1

Second-Price Auction: 𝑥# 𝑏, 𝜇 = 1 if 𝑏#𝜇'# > 𝑏,𝜇'
,

𝑝# 𝑏, 𝜇 = -!."
!

."
# if 𝜃# = 1

44



Objectives

45

The auctioneer maximizes revenue by choosing an auction timing

max
/
𝔼) 𝑅𝑒𝑣/ 𝑏, 𝜇 = max

/
𝔼) G

#

𝜃#𝑝# 𝑏, 𝜇/

The advertiser’s expected payoff is

𝑢# 𝑣#; 𝑏# = 𝔼) 𝜃# 𝑥# 𝑏, 𝜇/ 𝑣# − 𝑝# 𝑏, 𝜇/



Objectives

The auctioneer maximizes revenue by choosing an auction timing

max
/
𝔼) 𝑅𝑒𝑣/ 𝑏, 𝜇 = max

/
𝔼) G

#

𝜃#𝑝# 𝑏, 𝜇/

The advertiser’s expected payoff is

𝑢# 𝑣#; 𝑏# = 𝔼) 𝜃# 𝑥# 𝑏, 𝜇/ 𝑣# − 𝑝# 𝑏, 𝜇/

46



Timing

Auctioneer 
commits to 

auction 
format

𝑡 = 0
Conversation 

begins
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Timing

𝑡 = 0
Conversation 

begins

Auctioneer 
commits to 

auction 
format

Advertisers 
submit bids
𝑏!, 𝑏";

the quality 𝜃 
is realized

𝜏(𝑏, 𝜇) ≥ 0
Auction “runs”;
Ad is shown and 

payments are made



Assumption: Limited Commitment

Formally, fix an auction format 𝑥, 𝑝 ∈ (𝑥01 , 𝑝01 , (𝑥21 , 𝑝21)}.

Assumption: The auctioneer cannot commit to running the auction at
time 𝑡. Instead, she solves

max
'3/

𝔼' 𝑅𝑒𝑣/ 𝑏, 𝜇

for all 𝑡, where 𝜏 is a stopping time wrt the natural filtration 𝔽 = {ℱ'}'∈ℝ$



Auction as a real option

The auctioneer solves a real options problem
When she stops, the ad is chosen and shown according to (𝑥, 𝑝)
Bids are set in advance, so pure stopping problem

Definition 1: The auctioneer exercises the auction at 𝜏 if 𝜏 is a stopping 
time that solves the auctioneer’s problem.



Results



Second-Price Auction

If the format is 𝑥21 , 𝑝21 , auctioneer solves 
max
/
𝔼) min

#6!,"
𝜇/#𝑏#

Lemma 1: In a second-price auction, the auctioneer exercises the 
auction at 𝜏21∗ = 0.



Proof

Let the revenue process be 𝑅𝑒𝑣'(𝑏) = min
#6!,"

𝑏#𝜇'#

1. The belief 𝜇'# is a martingale
2. For each 𝑖 and for all 𝑡9 > 𝑡

𝔼' min
#6!,"

𝑏#𝜇'%
# ≤ 𝔼' 𝑏#𝜇'%

# = 𝑏#𝜇'#

3.   Then,
𝔼' 𝑅𝑒𝑣'% 𝑏 = 𝔼' min

#6!,"
𝑏#𝜇'%

# ≤ min
#6!,"

𝑏#𝜇'# = 𝑅𝑒𝑣'(𝑏)

The revenue process is a super-martingale. By Doob’s OST, 𝜏21∗ = 0.
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Equilibrium

Bidders anticipate that auctioneer will stop at 𝜏21∗ = 0

Second-price auction is truthful

Highest bidder wins, gets a click with probability 𝑝



Efficient Outcome

𝜃! = 1

𝑏! > 𝑏" ⇒ 𝑣! > 𝑣"

𝜃! = 0

𝜃" = 0 𝜃" = 1

𝟏𝟏

𝟐𝟏/𝟐



SPA stopped at 0

𝜃! = 1

𝜃! = 0

𝜃" = 0 𝜃" = 1

𝟏 𝟏

𝟏𝟏

𝑏! > 𝑏" ⇒ 𝑣! > 𝑣"

Inefficient



First-Price Auction

If the format is 𝑥01 , 𝑝01 , auctioneer solves 
max
/
𝔼) max

#6!,"
𝜇/#𝑏#

Lemma 1: In a first-price auction, the auctioneer exercises the auction 
at 𝜏01∗ = ∞.
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Equilibrium

Advertisers anticipate that auctioneer will stop at 𝜏01∗ = ∞

𝛽01 𝑣 =
1

1 − 𝑝
𝑝 + 𝐹(𝑣)

Z
)

:

𝑦𝑓(𝑦)𝑑𝑣

Highest bidder wins, gets a click with probability 𝑝
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Equilibrium

Advertisers anticipate that auctioneer will stop at 𝜏01∗ = ∞

𝛽01 𝑣 =
1

1 − 𝑝
𝑝 + 𝐹(𝑣)

Z
)

:

𝑦𝑓(𝑦)𝑑𝑣
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FPA stopped at ∞

𝜃! = 1

𝑏! > 𝑏" ⇒ 𝑣! > 𝑣"

Reaches the efficient outcome

𝜃! = 0

𝜃" = 0 𝜃" = 1

𝟏/𝟐 𝟐

𝟏𝟏



Summary

In the equilibrium of the FPA bidders shade their bids to account for the 
reduced competition

However, the auctioneer allocates efficiently. Instead in a SPA the auctioneer 
misallocates often

But bids are higher in a SPA. In fact, agents are truthful 

Expected equilibrium revenue depends on the type and value distribution 
Next step: compare revenue across formats
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Result: revenue is ordered

Theorem 1: The equilibrium revenue 𝜋21∗ from the optimally-stopped 
SPA dominates the equilibrium revenue 𝜋01∗ from the optimally-stopped 
FPA. In particular, 

𝜋21∗

𝜋01∗
=
1
𝑝



Proof

Instead of proving directly, notice:

1. SPA is truthful so long as 𝜏 is independent of 𝑏!, 𝑏"
2. ⇒ SPA at 𝜏01∗ = ∞ is truthful and allocates as FPA
3. ⇒ 𝑅𝑒𝑣01< 𝜏01∗ = 𝜋01∗ is the same as 𝑅𝑒𝑣21<(𝜏01∗ )
4. But the auctioneer optimally stops at 𝜏21∗ < 𝜏01∗ , so it must be that

𝜋01∗ = 𝔼) 𝑅𝑒𝑣21< 𝜏01∗ ≤ 𝔼) 𝑅𝑒𝑣21< 𝜏21∗ = 𝑅𝑒𝑣21< 0 = 𝜋21∗
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Proof

Instead of proving directly, notice:

1. SPA is truthful so long as 𝜏 is independent of 𝑣!, 𝑣"
2. ⇒ SPA at 𝜏01∗ = ∞ is truthful and allocates as FPA
3. ⇒ 𝑅𝑒𝑣01< 𝜏01∗ = 𝜋01∗ is the same as 𝑅𝑒𝑣21<(𝜏01∗ )
4. But 𝑅𝑒𝑣21<(𝑡) is a super-martingale, so 
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Revenue Bound

For the second part, envelope theorem:

𝜋01∗ = 𝑝"𝔼:&,:' max 𝜓 𝑣! , 𝜓 𝑣" + 2𝑝 1 − 𝑝 𝔼: 𝜓(𝑣)
= 𝒑𝟐𝔼:&,:' max 𝜓 𝑣! , 𝜓 𝑣"

𝜋21∗ = 𝒑 𝔼:&,:' max 𝜓 𝑣! , 𝜓 𝑣"
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Market Thickness vs. Information

SPA relies on market thickness -> stops early

FPA instead collapses market thickness at time 0 (in bidders’ decision)



Reserve Price

Reserve prices act against market thickness (or lack thereof)

Proposition 1. The optimal mechanism can be implemented as a first-
price auction with reserve price 𝑟 such that 𝑟 − !>0 ?

@ ?
= 0.

In particular, such a first-price auction stops at 𝜏01∗ = ∞.



Reserve Price

Reserve prices act against market thickness (or lack thereof)

Proposition 1. The optimal mechanism can be implemented as a first-
price auction with reserve price 𝑅 such that 𝜓 𝑅 ≔ 𝑅 − !>0 A

@ A
= 0.

In particular, such a first-price auction stops at 𝜏01∗ = ∞.



Optimal Mechanism

To see this, note that the optimal mechanism solves

max
B&,B' C.'. ∑# B#3!

{𝑥!𝜃!𝜓 𝑣! , 𝑥"𝜃"𝜓 𝑣" }

Allocate to the highest positive quality-weighted virtual value. 
Not allocate only if 𝜓 𝑣 < 0 → reserve 𝑅 is sufficient



SPA with reserve

Instead, SPA cannot implement the optimal auction.

Proposition 2. There exist processes 𝜃' '() and distributions 𝐹 such 
that no second-price auction with reserves implements the optimal 
mechanism.

The auctioneer will generally still have an incentive to avoid delay.



Counterexample

Bad news model, arrives at rate 𝜆 → until news 
arrives, beliefs drift upward:

̇𝜇'# = 𝜆𝜇'# 1 − 𝜇'#

̇𝜇)# = 𝑝
t

µ

⌧2

1
µ1t

µ2t



The auctioneer stops early

Lemma 4: Suppose that advertisers bid 𝑏! > 𝑏" > 2𝑅, where 𝑅 is the 
reserve price of the SPA. Then, 𝜏21∗ 𝑏!, 𝑏" = 0 for any realization of 
the process 𝜇.

Proof: If there has been no news, stopping at time 𝑡 yields revenue 
𝑏"𝜇'. The value function must satisfy

𝑉 𝜇' = max 𝑏"𝜇' , 𝑉 𝜇'&E
for a small Δ. 
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Continuation value must be low

If she decides to continue, value must satisfy HJB
𝑉′(𝜇)𝜇 = 2 𝑉 𝜇 − 𝜇𝑅

Stopping at �̅� + smooth pasting implies
�̅�𝑏" = 2�̅�𝑏" − 2�̅�𝑅

When 𝑏" > 𝑅 there is no such belief, so either 
1. 𝑉 𝜇 > 𝜇𝑏" and the auctioneer stops at �̅� = 1, or
2. 𝑉 𝜇 = 𝜇𝑏" and the auctioneer stops immediately.
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By contradiction

Suppose that 𝑉 𝜇 > 𝜇𝑏" for all 𝜇 < 1.
Because lim

.→!
𝑉 𝜇 = 𝑏", for 𝜇 sufficiently close to 1

𝑉9 𝜇 > 2 𝑏" − 𝑅 > b"

So V 𝜇 < 𝜇𝑏", contradiction.



Now, prove the proposition

The lemma only shows that high bids force the auctioneer to stop early.
Are high bids part of the equilibrium?

Choose 𝐹 with support [0, �̅�] such that �̅� > 2𝑅, where 𝜓 𝑅 = 0. 



SPA with reserve 𝑅 is not truthful.

Consider incentives of type 2𝑅 + 𝜀, when other bidder is truthful.

If other bidder bids more than 2𝑅, auctioneer stops immediately from Lemma 4

Type 2𝑅 + 𝜀 wants to shade below 2R, to induce auctioneer to wait
With probability 1 − 𝑝 advertiser wins, pays 𝑅, gets payoff 1 − p 𝑅 + 𝜀
This is better than payoff from auctioneer stopping immediately:

𝐹 2𝑅 + 𝜀 − 𝐹 2𝑅 𝔼[2𝑅 + 𝜀 − 𝑣|𝑣 ∈ 2𝑅, 2𝑅 + 𝜀 ]
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Symmetric Equilibrium

RAA suppose there was a symmetric equilibrium 𝛽 𝑣 such that SPA with reserve 𝑅
implements the optimum. 

Then, auctioneer stops at 𝜏#$∗ = ∞ → bids must be lower than 2𝑅

But type �̅� − 𝜀 has an incentive to bid 𝑥 > 2𝑅:
Auctioneer will still run auction at 𝜏#$∗ = ∞
Advertiser wins the item even when opponent is of type �̅�, and pays 𝛽 �̅� < 2𝑅



Conclusion



Conclusion

Advertising in a conversation hinges on ad quality vs market thickness 
tradeoff

This is a first step towards the design of ad auctions on conversational 
agents

Auction design matters: vastly different outcomes with FPA vs SPA.



Thank you!



Extensions



What about more advertisers?

Suppose there are 𝑛 advertisers	with	qualities	(𝜃!, … , 𝜃& ), and suppose the belief 
process 𝜇'!, … , 𝜇'& is an 𝑛-dimensional bad-news Poisson model.

Lemma 5: Let 𝐾' = 𝑖: 𝜇'( ≠ 0 . Without reserves, 
1. An optimally-exercised SPA stops at 𝜏#$∗ = inf 𝑡 𝐾' = 2
2. An optimally-exercised FPA stops at 𝜏)$∗ = ∞
3. The equilibrium revenues satisfy 𝜋#$∗ > 𝜋)$∗ .


