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Maps < Shopping (& News

About 2,550,000,000 results (0.74 seconds)

Ad - https://www.wine.com/ :

Wine.com - Official Store - Save $20 Off Your First Order

Take A Trip With Wines From Vineyards Around The World! Explore New Regions At Wine.com.
For A One-Time Annual Fee, Get Free Unlimited Shipping, All Year Long To Any...

Our Top Wines Under $25
Enjoy The Most Wanted Wines All Under $25. Shop Today!

Top Rated Picks Under $50
Need A Bottle Fast? Shop Wines That Won't Break The Bank & Taste Great

Discounts & Promotions
Check Out Our Daily Discounts. Stock Up & Save Today!

Send A Bottle Of Wine
You Pick The Gift, We'll Deliver. Send A Bottle For Any Occasion!

Ads - Shop wine

Chateau
Lafite...

$1,099.99
Wine.com

Buy 6 get 10...

Chateau
Canon 2014...

$113.99
Wine.com
Buy 6 get 10...




- -
M Otlvatl o n https://www.facebook.com > business » help
About Budgets | Facebook Business Help Center

A budget is the amount of money you want to spend on showing people your ads.
Online Ad Auctions

https://www.facebook.com > business » help

Best Practices for Minimum Budgets | Facebook Business ...

When you create a campaign or ad set, we require a minimum budget from you to help us
deliver your ads consistently. When determining minimum budget ...

https://www.facebook.com » business » help

About Campaign Budget Optimization | Facebook Business ...

® I'he second-price auction or its s gt you e overal st resls Wi CBO, o setone
generalizations are often used to sell ad
slots

= Google Ads Help Q_ Describe your issue

® Advertisers are often budget
constrained, so they can’t bid their value
in all avallable auctions

Glossary > Average daily budget: Definition

Average daily budget: Definition

An amount that you set for each ad campaign to specify how much, on average, you'd like to spend each day.

e Platforms often manage budgets on -
behalf of advertisers o -
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@ Auctions won O Available auction

Price
O

Price

Value after shading

Time Time

Naive: Participate until you run out of budget Pacing: Bid by multiplicatively shading value
to spend budget more evenly



Buyer 1 has value v;; for good j

Budget B.

B

n Buyers B, m Goods
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multiplier o; € [0,1]
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Model

Pacing Multiplier

« Each buyer i € [n] has a pacing
multiplier o; € [0,1]

* Second Price: If there were no budget
constraints, dominant strategy for buyer 1

to bid v;; on good j

- Under pacing, buyer i bids @;v;; on good j

\

Same multiplier a; for all
goods J

= * Value




Why Pacing?: Used in Practice

Lowest cost bid strategy with standard delivery enabled

This uses “discount” pacing to spend budget on results with the lowest costs

and aims to spend budget evenly over the course of your campaign. This 4 @ Chosen outcomes
option maximizes advertiser value by minimizing your cost per result. (O Available outcomes
Example: Assume you set a bid cap of *10. As your ad enters each auction, % - _( 8id Gap of 10 )_ -
we may “discount” your bid to ensure we can spend your full budget over 3
the duration of the ad set. The mechanism of lowering or “discounting” S O O O O
your bid means that you might not win every auction you could have, but § - __ o
you’ll have a chance to capture more outcomes at more efficient costs . O O
over the course of your campaign, instead of using up your budget too o O O ®
quickly on more expensive results. Note that the discounted bid for a par- >
ticular auction might be higher or lower based on how much budget has Time
been spent and the time elapsed in the campaign.

Source: Facebook Guide for Advertisers



Why Pacing?: Theoretically Optimal

Related Works with Pacing-Based Optimal Strategies

 Gummadi, Key, Proutiere (2012): Pacing is optimal in MDP-based repeated
auction model for budget-constrained bidders

 Balseiro, Besbes, Weintraub (2015): Pacing-based bidding strategies form a

Fluid Mean Field Equilibrium for buyers with budget constraints, stochastic
values

e Balseiro and Gur (2019): Pacing is optimal under stochastic and adverserial
iInputs for budget-constrained buyer participating in repeated auctions



Central Questions

What happens when every buyer uses pacing simultaneously?

Do pacing based strategies efficiently converge to equilibrium
for repeated auctions?
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Pacing Game
Conitzer, Kroer, Sodomka, Stier-Moses (WINE’18, OR’22)

e Buyer i has strategy a; € [0,1]

o Utility = Value - Payment if budget is satisfied, — oo otherwise

* Conitzer et al. (2018): Careful tie-breaking is necessary for existence of pure-
strategy Nash equilibrium

- x;; : Fraction of good j allocated to buyer i

. hi(a) : Highest paced bid, i.e., largest element in vy, ..., a,V,;

. pj(ﬁ’) . Second-highest paced bid, i.e., second-largest element In ALV is ees AV
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Pacing Equilibrium
Conitzer, Kroer, Sodomka, Stier-Moses (WINE’18, OR’22)

« Pacing equilibrium is a tuple (‘a@’, x') such that:

1. Highest bid wins: x;; > 0 implies av; = h(a)

2. Full allocation: h(a’) > 0 implies lej =]
i

3. Budget constraint: injpj(ﬁ’) < B,
J

4. No unnecessary pacing: le-jpj(ﬁ’) < B; implies a; =1
J



Approximate Pacing Equilibrium

» A (5, v)-approximate pacing equilibrium is a tuple (@', X ) such that:

1. Close to highest bid wins: x;; > 0 implies a,v;; > (1 —6) h(a@)

2. Full allocation: (') > 0 implies inj =]
i

3. Budget constraint: le-jpj(ﬁ’) < B,
J

4. Not too much unnecessary pacing: ZXU-pj(E’) < (I —y) B, implies a; > 1 —y
J



Our Results
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equilibrium is PPAD-hard foro =y = 1/n° .
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Our Results

» Theorem: For any constant ¢ > 0, computing a (0, y)-approximate pacing
equilibrium is PPAD-hard foro =y = 1/n° .

 Theorem: Computing an (exact) pacing equilibrium is in PPAD.

e |n simple terms, computing pacing equilibria is as hard as computing Nash
equilibria of bimatrix games or finding a Brouwer fixed point, which have
eluded efficient algorithms.
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of pacing equilibria via a limit argument, show relationship to Nash Eq.,
conjecture that computing it is PPAD-complete
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Implications for Related Work

Assuming PPAD-hard problems are not efficiently solvable

 Conitzer, Kroer, Sodomka, Stier-Moses (WINE’18, OR’22): Show existence
of pacing equilibria via a limit argument, show relationship to Nash Eq.,
conjecture that computing it is PPAD-complete

= (Close open question, show that conjecture is true

 Borgs, Chayes, Immorlica, Jain, Etesami, Mahdian (WWW’07): Give
tatonnement-style dynamics for pacing, show efficient convergence for first-
price auctions and conjecture similar convergence for second-price auctions

= Dynamics cannot converge efficiently for second-price auctions



Proof Ildea: PPAD Hardness

 Reduce from the problem of computing Nash equilibria in two player 0-1 cost
bimatrix games, which is known to be PPAD-complete

 Has the important implications discussed earlier, but proof has little intuition



Proof Idea:

Computing approximate pacing equilibrium is in PPAD

 Sperner’s Lemma: Given a triangle ABC which
has been triangulated into smaller triangles, if

- A, Band C are labelled 1, 2 and 3
respectively

- Each vertex on an edge of ABC is labelled
only with one of the two labels of the ends

of its edge

Then, there Is a triangle which has all three
labels
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Proof Idea

Computing approximate pacing equilibrium is in PPAD

 Smooth tie-breaking rule: Allocation rule is a continuous function of pacing
multipliers and only allows “close to highest” bids to win.

(o

i — (L= 8h(@)]”
Zre[n] [arvrj o (1 o 5)]1](61)]_"

xlj(a) =



Proof Idea

Computing approximate pacing equilibrium is in PPAD

. LetABC={f €R: | B, + f,+ fp; = 1)

P

» Label a vertex Fin ABC as follows:

- Seta, =1- p,

- Increase t gradually and instruct each buyer to

say “Stop” if her budget constraint becomes

tight or her pacing multiplier reaches 1

- Label Fwith ke {1,2,3}if buyer k is the
first one to say “Stop” 5,




Proof Ildea: PPAD Membership of Exact Eq.

» Use Sperner’s Lemma to show PPAD membership of (0, y)-approximate
pacing equilibria

* (Give rounding algorithm to get PPAD membership of computing
(0,y)-approximate pacing equilibrium (only highest bidder wins, some
unnecessary pacing is allowed)

| P-based argument to get PPAD membership of computing exact pacing
equilibrium



MIP Approach to SPPE [CKSS’18/°22]

« a; € |0,1]: Buyer i's pacing multiplier - d;; € {0,1}: 1 if buyer i may win any part of

| | ood J
. 5, € R : Buyer i's spend on good j JoRE

» y. € {0,1}: 1 if buyer i spends its full budget

- p; € R, Price of good

. w; € {0,1}: 1 if buyer i is the winner of good j
o hj € R, : The highest bid for good j

. 1} € {0,1}: 1 if buyer i is the second price for

good J
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MIP Approach to SPPE

Zsi,j <B; (YieN) (1) hj < v+ (1 —dij)v; (VieN,je€M)
> 11—, Vie N 3 .

o = Y ( Z. ) (3) Zwij: (Vje M)

1eN :

Si; < B;d;; (VieN,jeM)  (5) ; ’ () )

hj 2 a;vi (VieN,jeM)  (6) ri; +wi; <1 (VieN,jeM)
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(13)



MIP Approach to SPPE

e So does it work?
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MIP Approach to SPPE

100 4 & . 100 4 &
e So does it work?
e NO :( 75 - 75 -
©
O
>
50 - (% 50 -
>
5 - D5 -
0+ 0 -
6 9 12 2 4 5 8 10
Number of Auctions Number of Bidders
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Conclusion

* |Introduced second-price pacing equilibrium (SPPE)
 We show that computing an SPPE is a PPAD-complete problem
* Resolved several open problems in budget management literature
* Open problems:
* Better MIP approach to computing SPPE?
* Approximation algorithms?

 Complementarity-based algorithms?
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