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Model: Dynamics and terminology

< T" time rounds >
1 2 3 4 T—1 T
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Model: Dynamics and terminology

Single slot
1 2 3 4 T—1 T
1
2
3
K
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Model: Dynamics and terminology

Single slot
1 2 3 4 T—1 T
b1 1
by 2
b3 3
b K

bid: proxy for value per click
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Model: Dynamics and terminology

Single slot
1 2 3 4 T—1 T
b1 1
by 2
b3 3 \
b K \\

bid: proxy for vahf per click

e Ad allocated, gets impression
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Model: Dynamics and terminology

Single slot
1 2 3 4 T-1 T
b1 1
by 2 1‘
bs 3 \\\\
IEINEE
bk K \ \\

\ 5
bid: proxy for vahf per click \

e Ad allocated, gets impression e Ad clicked (1) or not (0)

— Derives value on click
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Model: Dynamics and terminology

Single slot CTR p;
1 2 3 4 1T—1 T
b1 1
by 2 1‘
bs 3 \\\\
IEINEE
bk K \ \\

\ 5
bid: proxy for vahf per click \

e Ad allocated, gets impression e Ad clicked (1) or not (0)

— Derives value on click
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Model: Dynamics and terminology

Single slot [ Value per click v; | CTR p;

1 2 3 4 T—1 T
b1 1
by 2 1‘
bs 3 \\\\\
IENESS
b K \ \\

\ 5
bid: proxy for vahf per click \

e Ad allocated, gets impression e Ad clicked (1) or not (0)

— Derives value on click
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Model: Dynamics and terminology

Single slot [ Value per click v; | CTR p;

1 2 3 4 T—1 T
by 1

by 2| 1

b3 3

b:KI:( N

bid: proxy for valué\per click

e Ad allocated, gets impression e Ad clicked (1) or not (0)

— Derives value on click
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Model: Dynamics and terminology

Single slot [ Value per click v; | CTR p;

1 2 3 4 T—1 T
by 1
by 21 1
b3 3
0
bKK \\\\

bid: proxy for valué\per click \\

e Ad allocated, gets impression e Ad clicked (1) or not (0)

— Derives value on click
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Model: Dynamics and terminology

Single slot [ Value per click v; | CTR p;

1 2 3 4 T-1 T
b1 1 1 0
ba 2|1 1|1 1
b3 3 0 1|1
_ 0 0
b K 0

bid: proxy for value per click
e Ad allocated, gets impression e Ad clicked (1) or not (0)

— Derives value on click
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Model: Dynamics and terminology

Single slot [ Value per click v; | CTR p;

1 2 3 4 c 1T—1 T
b1 1 1 0 P1
ba 2] 1 11 1 |p2
by 3 0 1|1 P3
b K 0 PK
bid: proxy for value per click Prices for clicks

e Ad allocated, gets impression e Ad clicked (1) or not (0)

— Derives value on click
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Goal for allocation: Maximize social welfare

e Maximize social welfare (auctioneer + advertisers)

— Payments cancel out

e Easy: Show ad with highest expected value (max v; - ;)

— Recall: ad has value v; and CTR p;
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Goal for allocation: Maximize social welfare

e Maximize social welfare (auctioneer + advertisers)

— Payments cancel out

e Easy: Show ad with highest expected value (max v; - ;)

— Recall: ad has value v; and CTR p;

SSUES

e Value are private to e CTRs are unknown to
advertisers anyone
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Model: Private values and unknown CTRs

Single slot | Private value per click v; [ Unknown CTR p;

1 2 3 4 T-1 T
b1 1 1 0 D1
by 2| 1 1|1 1 | p2
by 3 0 1]1 P3

; 0 0
b K 0 PK
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Special case: Private values, known CTRs
(Single slot) | (Private value per click v;) | (Bakrewna CTR ;)

1 2 3 T—1 T
b1 1 1 0 P1
bo 2|1 111 1| p2
bg 3 0 11 D3
- 0] 10 :
bKK 0 PK

“Like” a second price auction:
e Elicit bids b;, and order agents: by > bous > -+ - > bk

e Allocation: agent 1 (this maximizes expected value)

e Price: bi% for agent 1

Truthtelling dominant strategy, maximizes social welfare
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Special case: Unit values, unknown CTRs
(Single slot) | (Private value per click v;) | (Unknown CTR ;)

1 2 3 =il ar
b1 1 1 0 P1
bo 2|1 111 1| p2
by 3 0 1|1 P3
- 0 0 :
b & 0 PK
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Special case: Unit values, unknown CTRs
(Single slot) | (Private value per click v;) | (Unknown CTR ;)

1 2 3 T—1 T

1 0 1

(Stocastic) Multi-Armed Bandit Problem in Learning Theory

e Tradeoff: Exploration versus Exploitation
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Special case: Unit values, unknown CTRs
(Single slot) | (Private value per click v;) | (Unknown CTR ;)

1 2 3 T—1 T

1 0 1

(Stocastic) Multi-Armed Bandit Problem in Learning Theory

e Tradeoff: Exploration versus Exploitation

1" - max; u; — Algorithms’'s Value

Performance measure
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Special case: Unit values, unknown CTRs
(Single slot) | (Private value per click v;) | (Unknown CTR ;)

1 2 3 T—1 T

1 0 1

(Stocastic) Multi-Armed Bandit Problem in Learning Theory

e Tradeoff: Exploration versus Exploitation

Regret = 1" - max; u; — Algorithms’'s Value

~

e Achievable regret = O(\/KT)
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General case: Private values, unknown CTRs
Mechanism design meets Learning
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General case: Private values, unknown CTRs
Mechanism design meets Learning

“Strategic issue” “Learning issue”
Values are private information CTRs are unknown
(Truthfulness) (Efficiency)
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General case: Private values, unknown CTRs
Mechanism design meets Learning

“Strategic issue” “Learning issue”
Values are private information CTRs are unknown
(Truthfulness) (Efficiency)

Truthful Multi-Armed Bandit Problem
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General case: Private values, unknown CTRs
Mechanism design meets Learning

“Strategic issue” “Learning issue”
Values are private information CTRs are unknown
(Truthfulness) (Efficiency)

Truthful Multi-Armed Bandit Problem

Main questions and (informal) results

84 Babaioff, Sharma, Slivkins: Truthful Multi-Armed Bandit Mechanisms



General case: Private values, unknown CTRs
Mechanism design meets Learning

“Strategic issue” “Learning issue”
Values are private information CTRs are unknown
(Truthfulness) (Efficiency)
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Main questions and (informal) results

e \What is the structure of truthful mechanisms?
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General case: Private values, unknown CTRs
Mechanism design meets Learning

“Strategic issue” “Learning issue”
Values are private information CTRs are unknown
(Truthfulness) (Efficiency)

Truthful Multi-Armed Bandit Problem

Main questions and (informal) results

e \What is the structure of truthful mechanisms?

e Truthful mechanisms regret versus MAB algorithms regret?
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General case: Private values, unknown CTRs
Mechanism design meets Learning

“Strategic issue” “Learning issue”
Values are private information CTRs are unknown
(Truthfulness) (Efficiency)

Truthful Multi-Armed Bandit Problem

Main questions and (informal) results

e \What is the structure of truthful mechanisms?

— Must separate exploration and exploitation.

e Truthful mechanisms regret versus MAB algorithms regret?
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General case: Private values, unknown CTRs
Mechanism design meets Learning

“Strategic issue” “Learning issue”
Values are private information CTRs are unknown
(Truthfulness) (Efficiency)

Truthful Multi-Armed Bandit Problem

Main questions and (informal) results

e \What is the structure of truthful mechanisms?

— Must separate exploration and exploitation.

e Truthful mechanisms regret versus MAB algorithms regret?

— Truthful mechanisms have much higher regret.
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Overview
\/Overview and informal results

e MAB mechanism design and need for a characterization

e Characterization and lower bounds

e Conclusions and open problems
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10-1

MAB mechanism design

Single slot | Unknown CTR u; | Private value per click v;
1 2 3 4 T—1 T
b1 1 1 0 P1
bo 211 1|1 I
by 3 0 1|1 P3
SRR LS 5
br K 0 PK
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10-2

MAB mechanism design

Single slot | Unknown CTR u; | Private value per click v;
1 2 3 4 T—1 T
b1 1 1 0 P1
bo 211 1|1 I
by 3 0 1|1 P3
SRR LS
br K 0 PK

utility, = v; - (#clicks;) — price,
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Requirements on mechanism

e Deterministic mech (for now)
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Requirements on mechanism
3

1 2

e Deterministic mech (for now) !

e Realization p: click info for 2

all agents, all rounds

OO | OO | (K=
== 1O |~ [0 |q

O | [O[OC|Kr
O |—=[—=[O|O
= (O |k |O |O
O 10 (O |k
O |- [ [k |[F
= (= = |O |O
O ||k |[O|O
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Requirements on mechanism
3

1 2

e Deterministic mech (for now) !

T
1 (00 (1 (1 (0 (0|1 {0
e Realization p: click info for 2 [0 [0 |0 |1 |1 |0 |0 |1 |1
all agents, all rounds o1 |1]0]1|1]1]0]0O
1 (100 (1 (1 |1 |0 |1
K001 (0|01 0|0 |1
Truthful Normalized

For any realization and for any bid For any realization and any bid

profile, truthtelling maximizes profile, average price per click is
utility. in [0, b;].

e Mechanism can only use bids and previously observed clicks.
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Myerson's characterization
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Myerson's characterization

Theorem [Myerson ‘81, Archer Tardos '01]: Let (A, p) be a
normalized mechanism. Then,

(A,p) is truthful for each realization

|

#clicks,; (b;) monotone non-decreasing in b; for each realization.

122 Babaioff, Sharma, Slivkins: Truthful Multi-Armed Bandit Mechanisms



Myerson's characterization

Theorem [Myerson ‘81, Archer Tardos '01]: Let (A, p) be a
normalized mechanism. Then,

(A,p) is truthful for each realization

|

#clicks; (b;) monotone non-decreasing in b; for each realization.

Payments are uniquely determined

#CliCkSZ‘ (bz )

bid of 2

b.
1
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Myerson's characterization

Theorem [Myerson ‘81, Archer Tardos '01]: Let (A, p) be a
normalized mechanism. Then,

(A,p) is truthful for each realization

|

#clicks; (b;) monotone non-decreasing in b; for each realization.

Payments are uniquely determined _ _
e Mechanism design

reduces to monotone
algorithm design!

#CliCkSZ‘ (bz )

bid of 2

12-4 b?’
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Myerson's characterization

Theorem [Myerson ‘81, Archer Tardos '01]: Let (A, p) be a
normalized mechanism. Then,

(A,p) is truthful for each realization

|

#clicks; (b;) monotone non-decreasing in b; for each realization.

Payments are uniquely determined _ _
e Mechanism design

reduces to monotone
algorithm design!

#CliCkSZ‘ (bz )

e Not in our setting!
bid of ¢

b.
1
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Does Myerson's characterization sutfice?

Round 1 Round 2

bidy <bida

Round 1 Round 2

bid >bids |
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bidy <bida

Round 1 Round 2

bid >bids |
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Does Myerson's characterization sutfice?

Round 1 Round 2

bidy <bida

Round 1 Round 2

bid >bids |
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Does Myerson's characterization sutfice?

Realization 1 Realization 2 1 and O are
Round 1 Round 2 Round 1 . .
| g P, // click /no-click.
bid; <bids N o A

Round 1 Round 2

bid >bids |

Mechanism “prefers” agent 1
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Does Myerson's characterization sutfice?

Realization 1 Realization 2
Round 1 Round 2 Round 1 Round 2
. ) 1 1
bid; <bidz | > N

Round 1 Round 2

bid >bids |

Mechanism “prefers” agent 1
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Does Myerson's characterization sutfice?

Realization 1 Realization 2
Round 1 Round 2 Round 1 Round 2
. ) 1 1
bid; <bidz | > N
Round 1 Round 2 Round 1 Round 2
. ) 1 1
bid; >bids ol o S

Mechanism “prefers” agent 1
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Does Myerson's characterization sutfice?

Realization 1 Realization 2
Round 1 Round 2 Round 1 Round 2
1 1 1 1 1 1
bid; <bidg =", |
Round 1 Round 2 Round 1 Round 2
1 1 1 1 1 1
bid >bida [, N e

Mechanism “prefers” agent 1
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Does Myerson's characterization sutfice?

Realization 1

Round 1 Round 2

. . 1 1 1
bid; <bidz | > "
Round 1 Round 2
. . 1 1 1
bid; >bids ol o "
A
0
-.—;j) 2
% 17
I _
by bid;

13-8

Realization 2

Round 1 Round 2
1 1 1

2 1 *

Round 1 Round 2

1 1 1
2 1 *
A
)
§2
O 1-L
#1
| —
b2 bldl
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Does Myerson's characterization sutfice?

Realization 1

Round 1 Round 2

Realization 2

Round 1 Round 2

. ) 1 1 1 1 1 1
bid1 <bida 7 » N -
Round 1 Round 2 Round 1 Round 2 ;s\
: : 1 1 1 1 1 1 ;}:
bid; >bids . " S » L%
O
3+
A .
bldi
) 0
g 2 g 2
O T 1
- -
| > I >
bQ bldl b2 bldl

p1(00,b2) = b2 p1(00, b2) = 2b2
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Does Myerson's characterization sutfice?

Realization 1 Realization 2
Round 1 Round 2 Round 1 Round 2
i ) 1 1 1 1 1 1
bid1 <bida 7 " N .
Round 1 Round 2 Round 1 Round 2 ;s\
_ 1] 1 1 1| 1 1 =
bid1 >bida " S | %
O
3+
A .
bldi
) 0
g 2 § 2
O O 14
3= 1 =+ 1
| — | —
bo bid;g bo bidg
p1(00,b2) = bo p1(00, ba) = 2bs

Price cannot be calculated for agent 1.
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What is the problem here?

Realization 1 Realization 2
Round 1 Round 2 Round 1 Round 2

1 1 1 1 1 1

bid; <bidz ,——= |
Round 1 Round 2 Round 1 Round 2

1 1 1 1 1 1

bid >bids ,[— N e
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What is the problem here?

Realization 1 Realization 2
Round 1 Round 2 Round 1 Round 2 Round 1 iS
i - 1//1_7 o : B ad influential
bid; <bids 270 / 0—
—— 11— for agent 1
Round 1 Round 2 Round 1 Round 2
) ) 1 1 1 1 1 1
bid; >bids ol o S »
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What is the problem here?

Realization 1 Realization 2
1 Rﬁr?\l‘ Roulnd 2 1 Rounld 1 Roulnd 2 Round 1 is
bid{ <bid> 2K > A N - o/'/' influential
— 11— for agent 1
Retind\l Round 2 Round 1 Round 2
_ coaf 1) 1| 1 1
bid; >bids wr A N -
* Agent 1 can steal
| Impression In
round 1
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bM1<bM2;K ]

bid >bids |

What is the problem here?

Realization 1

Relind\l Round 2

)

1

N

Round 1 Round 2

1

1

0

14-4

1
2

Realization 2

Round 1 Round 2

1

1

1

%k

Round 1 Round 2

v
—»>

1

1

1

k

Agent 1 can steal
Impression in
round 1

That Is precisely what is wrong!

Round 1 is
influential
for agent 1
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Overview

\/Overview and informal results
\/I\/IAB mechanism design and need for a characterization

e Characterization and lower bounds

e Conclusions and open problems
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Characterization for two agents

Let A be a non-degenerate deterministic allocation rule.
Let A be scalefree.

e (A, p) is normalized truthful for some p

e A is pointwise-monotone

e A is exploration-separated
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Characterization for two agents

Let A be a non-degenerate deterministic allocation rule.
Let A be scalefree.

(A, p) is normalized truthful for some p

@ bids affect /, influenge  bigds affect

e A is pointwise-monotone

o A is|exploration-separated

\ If round t's click info used later, then
t's allocation independent of bids.
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Consequences of characterization (2 agents)

R(T) =T - max; v;u;— Expected value of mechanism
o Regret: loss in social welfare due to not knowing CTRs

Truthful mechanisms Bandit algorithms

Worst case regret QO(T2/3) O(T1/?)
d-gap regret QO -T€) fore>0 OG- logT)
b4

S

V11 — vapa| > 6 max{vy, va}
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Consequences of characterization (2 agents)

R(T) =T - max; v;u;— Expected value of mechanism
o Regret: loss in social welfare due to not knowing CTRs

Truthful mechanisms Bandit algorithms

Worst case regret QO(T2/3) O(T'/?)
d-gap regret QO -T€) fore>0 OG- logT)
b4

S

V11 — vapa| > 6 max{vy, va}
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Consequences of characterization (2 agents)

R(T) =T - max; v;u;— Expected value of mechanism
o Regret: loss in social welfare due to not knowing CTRs

Truthful mechanisms Bandit algorithms

Worst case regret QO(T2/3) O(T'/?)

0-gap regret Q5 - T¢) for e > 0 0(5_@
b &

S

V11 — vapa| > 6 max{vy, va}
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Consequences of characterization (2 agents)

R(T) =T - max; v;u;— Expected value of mechanism
o Regret: loss in social welfare due to not knowing CTRs

Truthful mechanisms Bandit algorithms

Worst case regret QO(T2/3) O(T1/?)
d-gap regret QO -T€) fore>0 OG- logT)
b4

S

V11 — vapa| > 6 max{vy, va}
e A simple mechanism achieves these bounds.
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Related work

Tension between “truthfulness” and “solution quality”
e Scheduling problems [Nisan, Ronen 2001], [Archer, Tardos 2001]

e Combinatorial auctions [Lavi, Mu'alem, Nisan 2003], [Dobzinski,
Sundararajan 2008], [Mossel, Papadimitriou, Schapira, Singer 2009]

e CPPP [Papadimitriou, Schapira, Singer 2008]

Dynamic auctions: Bayesian settings

e [Athey and Segal 2007], [Bergemann, Valimaki 2007]
MAB with approximate truthfulness

e Pay per actions auctions [Nazerzadeh, Saberi, Vohra '08]

Truthful MAB auctions

o O(T?/3) regret w.r.t. second-price revenue [Devanur, Kakade,
Later in this session]
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Conclusions and open problems

Truthful deterministic multi-armed bandit mechanisms

e Simple settings that combine strategic and learning issues
e Structure: must separate exploration and exploitation
e | ower bound on regret: algs. better than mechanisms

e A simple mechanism with matching regret bounds
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Conclusions and open problems

Truthful deterministic multi-armed bandit mechanisms

e Simple settings that combine strategic and learning issues
e Structure: must separate exploration and exploitation
e | ower bound on regret: algs. better than mechanisms

e A simple mechanism with matching regret bounds

Randomized mechanisms: Partial results and open problems

Characterization,
Lower bounds?

Universally truthful Vi Veeas |Utility] In paper
Weakly truthful Vs Eeeeas [Utility]  Open
Truthful in expectation E . E...[utility] Open
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