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• Defining characteristic: 

– tackling both computational and incentive problems that arise 
when multiple self-interested agents interact 

• Constraints from Game Theory/Microeconomics 
– Agents self-motivated 

• Constraints from Computer Science 
– Not enough time, storage, bandwidth, … 
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Game Theory 

• Mathematical study of interaction between  
 self-interested, rational agents 
 

• Game 
– players/agents 
– actions 
– payoffs 

 

• Key questions: 
– how should we 

expect players 
to act? 

– how can  
interactions be 
structured to  
yield desirable 
behaviour? 
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What’s all the excitement about? 
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REASONING ABOUT LARGE GAMES 

Describe algorithms for finding behavioral profiles in which “everybody wins” in 
arbitrary, large-scale strategic interactions, like the geographical distribution of 
Car2Go vehicles or coffee shops. 
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• Should you send your packets using correctly-implemented TCP 
(which has a “backoff” mechanism) or using a defective 
implementation (which doesn’t)? 

 

Analyzing Games Game Theory 

• Consider this situation as a two-player game: 
– both use a correct implementation: both get 1 ms delay 

– one correct, one defective: 4 ms delay for correct, 0 ms for defective 

– both defective: both get a 3 ms delay. 
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Analyzing Games 

• TCP backoff game is a Prisoner’s Dilemma 
– both players have a dominant strategy: defective 

• if player 2 plays C, D is player 1’s best response 

• if player 2 plays D, D is player 1’s best response 

• likewise for player 2 

– dominant strategy: best response doesn’t  
depend on the other player’s action 

 

• Not all games are so simple to analyze 
– the best thing for one player to do can  

depend on what the other player does 
• rock-paper-scissors 

• poker 
 

• What can we say about such games? 
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Game Theory 

• Key insight: 

– don’t just think about single players’ actions 

– find strategy profiles where all players  
simultaneously play best responses 

 
• Such a strategy profile is called a Nash equilibrium 

– at least one Nash equilibrium exists in every finite game 
• as long as agents are allowed to randomize their strategies 

– best known algorithms for finding Nash equilibrium  
require exponential time 
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The Kind of Games Often Studied 

• The analysis of such 2 x 2 games has proven surprisingly 
interesting, and has had a profound impact both on our 
understanding of strategic situations and popular culture 
– e.g., Google “dark knight game theory”;  

                      “Strangelove game theory” 
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The Kind of Games We’d Like to Study 
• When we use game theory to model real systems, 

we’d like to consider games with more than  
two agents and two actions 

 

• Some examples of the kinds of questions we 
would like to be able to answer: 
– How will heterogeneous users route their traffic in a network? 

– How will advertisers bid in a sponsored search auction? 

– Which job skills will students choose to pursue? 

– Where in a city will businesses choose to locate? 

 

• Most GT work is analytic, not computational 

• What’s holding us back? 
– the size of classical game representations grows exponentially in the 

number of players 
• this makes all but the simplest games infeasible to write down 

– even when games can be represented, the best algorithms tend to have 
worst-case performance exponential in the game's size 
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Compact Representations 

Research program for advancing the computational analysis of games: 
1. find representations that can encode games of interest in 

exponentially-less space than the normal form 
2. find efficient algorithms for working with these representations 

 

• Action Graph Games: compactly represent games 
exhibiting context-specific independence, anonymity or 
additive structure 

 

• Generalizes all major, existing compact representations  
of simultaneous-move games 

 

• Fast algorithms for computing quantities of interest 
– Nash equilibrium, correlated equilibrium, pure-strategy Nash 

equilibrium, others… 
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Coffee Shop Game 
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Car2Go Game 
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• set of players: want to 
open coffee shops 
 

• actions: locations where 
a shop could be opened 
 

• utility: profitability of a 
location  
• depends only on number of 

other players who choose 
same or adjacent location 

Action-Graph Games 
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• Complexity of our approach: 

 
• Exponential speedup vs. standard approach:  

 

Computing with AGGs: Complexity 

One way to argue for AGGs is to demonstrate theoretical benefits. 
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Experimental Results: Representation Size 

Coffee shop game, 5 x 5 grid 

NF grows exponentially; AGG grows polynomially 

We can also argue for AGGs by showing their benefits experimentally. 
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Experimental Results: Expected Payoff 

Coffee Shop Game, 5 x 5 grid, 1000 random strategy profiles 

NF grows exponentially; AGG grows polynomially 

(largest NF game we 
  could fit in memory) 
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MARKET DESIGN & ANALYSIS 

Discuss why Google changed the rules of the market that is responsible for nearly 
all of its revenue, how market design can help farmers in Uganda, and why 
algorithmic problems lie at the heart of the FCC’s new, multi-billion dollar project 
to migrate the airwaves from broadcast TV to mobile telephony. 
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Auctions: why do computer scientists care? 

 

• Efficient resource allocation 

– a core interest of computer science 

– auctions solve this problem when agents are  
self interested 

 

• They’re big ($$$) 

– and the internet is changing the way they’re used 
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Auctions: a key application of game theory 

• A broader category than often perceived 

• Generally, auctions are markets in which: 
– agents make binding declarations of interest in one or more resources 

– these resources are allocated according to known rules 

– payments to/from agents may be imposed 
 

• Modeled using game theory. Some new wrinkles: 
– infinite action space 

– imperfect information about payoffs (other agents’ valuations) 
 

• How do sellers choose the particular auctions they do? 
– mechanism design (Nobel prize 2007): “inverse game theory” 
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Second-Price Auctions 

• An auction that might initially seem strange: second-price 
1. all bidders submit sealed bids 

2. the high bid wins 

3. the winner pays the second-highest bid amount 

• Compare to something more intuitive: first-price 
 

• Theorem:  it is a dominant strategy in a second-price auction  
to bid your true value for the good. 

 

• Proof: 
– Case 1: bidding truthfully would make you the high bidder 

• you can’t gain by changing your bid 

– Case 2: bidding truthfully would not make you the high bidder 

• you can’t gain by changing your bid 
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Second-Price Auctions 

• Theorem: it is a dominant strategy in a second-price 
auction to bid your true value for the good. 

 

• Case 1: bidding truthfully, you’re the high bidder 

• bid more:  
• no difference 

(still win, pay same) 
 

• bid less: 
1. no difference 

2. you lose $0 

$20 

$40 

$60 

$80 

$100 

$120 

your bid next-highest bid 

you pay 

true value 

winner pays 

winner winner 

  Introduction Reasoning about Large Games Market Design & Analysis Human Strategic Behaviour 



Second-Price Auctions 

• Theorem: it is a dominant strategy in a second-price 
auction to bid your true value for the good. 

 

• Case 2: bidding truthfully, you’re not the high bidder 

• bid less:  

• no difference 
(still lose, pay nothing) 

 

• bid more: 
1. no difference 

2. you win, pay too much $0 

$20 

$40 

$60 

$80 

$100 

$120 

your bid highest bid 

you pay 

true value 

winner winner 

  Introduction Reasoning about Large Games Market Design & Analysis Human Strategic Behaviour 





MARKET DESIGN & ANALYSIS: 
ADVERTISING AUCTIONS 

Discuss why Google changed the rules of the market that is responsible for 
nearly all of its revenue, how market design can help farmers in Uganda, and why 
algorithmic problems lie at the heart of the FCC’s new, multi-billion dollar project 
to migrate the airwaves from broadcast TV to mobile telephony. 
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Ranking: descending by (quality score) x (bid amount) 

quality score: click-through rate; (secret) measures of ad relevance 
 

“The AdWords Discounter will charge you the lowest CPC  
you can be charged while still maintaining your position” 





Analyzing Ad Auctions 

• Search engines used different auctions over the years 

– GFP: Yahoo! and Overture 1997-2002 

– uGSP: Yahoo! 2002-2007 

– wGSP: Google, Microsoft, Yahoo! 2007-present 
 

Question: Is wGSP better than GFP and uGSP? 
 

• Better by what metric: 

– revenue? 

– efficiency? 
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Computational Mechanism Analysis 

• What happens in equilibrium of real-world mechanisms, 
under given valuation distributions? 

– go beyond theoretical analysis of mechanism properties 

– answer quantitative questions (e.g., “which gives higher revenue?”) 

– gives answers even in complex domains  
(reserve prices; messy valuation distributions; general eqm concepts) 

 

• How it works: 

– repeatedly sample games from the valuation distribution 

– represent these games as AGGs 

– solve them using general AGG solvers 

– obtain statistics on economic quantities of interest 
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Analyzing Ad Auctions: Efficiency 
  Introduction Reasoning about Large Games Market Design & Analysis Human Strategic Behaviour 



Analyzing Ad Auctions: Revenue 
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Analyzing Ad Auctions: Revenue 
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MARKET DESIGN & ANALYSIS: 
KUDU 
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Discuss why Google changed the rules of the market that is responsible for nearly 
all of its revenue, how market design can help farmers in Uganda, and why 
algorithmic problems lie at the heart of the FCC’s new, multi-billion dollar project 
to migrate the airwaves from broadcast TV to mobile telephony. 



African produce market circa 1900 
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Ugandan produce market circa 2011 
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Sometimes the scale is a bit bigger… 
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Sometimes the scale is a lot bigger… 
  Introduction Reasoning about Large Games Market Design & Analysis (Kudu) Human Strategic Behaviour 



Problem: Market Inefficiency 

• Subsistence agriculture is the 
main occupation in Uganda 

• Farmers waste a lot of time 
transporting produce;  
waiting by the road 

• Buyers and sellers have 
trouble finding each other 

• Sporadic food shortages in 
urban centers 

• Robust arbitrage 
opportunities 
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The wave of the future? 

Kudu: an SMS-based market 
for agricultural commodities 

• bids consider price, 
reputation, quality, 
geographic location 

• market clears daily 

– posted prices for farmers 

– second-pricing for buyers 

• can ban specific traders 

Prototype is up and running! 

• http://www.kudu.ug 
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As of 3/18/2013, Kudu users have offered: 
1.1B UGX ($439,000 USD) in produce for sale; 

293M ($111,000 USD) in bids 



MARKET DESIGN & ANALYSIS 
SPECTRUM REPACKING 
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Discuss why Google changed the rules of the market that is responsible for nearly 
all of its revenue, how market design can help farmers in Uganda, and why 
algorithmic problems lie at the heart of the FCC’s new, multi-billion dollar 
project to migrate the airwaves from broadcast TV to mobile telephony. 





The FCC’s “Incentive Auction” 

• Forward (ascending-price) auction for telecom firms 

– prices in each region increase as long as demand exceeds supply 

• Reverse (descending-price) auction for broadcasters 

– stations declare they’re willing to stop broadcasting  
at a given, initially high, price 

– price descends as long as stations can feasibly be “repacked” into 
the reduced amount of spectrum, given interference constraints 

– the better this repacking works, the less the government pays 

• Quantity reallocated may depend on prices offered 
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Feasibility Testing 

Key computational problem: testing the feasibility of 
a given repacking, based on interference constraints 

• A hard graph-colouring problem 

– The FCC believed that this 
problem couldn’t be solved 
exactly at a national scale 

• We’re attacking it using tools 
from empirical algorithmics: 

– SAT encoding 

– automatic algorithm  
configuration 

– algorithm portfolios 
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Initial Results 
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Automatic Configuration 

1 sec 1 min 30 min 

c
a
p

p
e
d

 

<
3
0
 m

in
 

<
1
0
0
 se

c 

<
1
0
 se

c 

<
1
 se

c 

<
0
.1

 se
c 

<
0
.0

1
 se

c 

<
0
.0

0
1
 se

c 

  Introduction Reasoning about Large Games Market Design & Analysis (Spectrum Repacking) Human Strategic Behaviour 



BEHAVIORAL GAME THEORY 

Investigate how people actually reason in strategic situations, and how 
game theory can be extended to describe realistic, rather than idealized, 
behaviour. 
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Behavioural Game Theory 

• Game theory offers a beautiful model of how  
rational agents would behave in strategic settings 

– BUT: people aren’t rational! 

– What should we expect people to do? 
• for some settings, GT models are very accurate 

• in others, the GT prediction is wildly and robustly wrong 

 

• Behavioral game theory models human behavior. 

– Challenge: many models, rarely compared 

– Our work:  
• first large-scale comparison 

• new analysis techniques 

• new models 

  Introduction Reasoning about Large Games Market Design & Analysis Human Strategic Behaviour 



Quantal Response [McKelvey & Palfrey, 1995] 

• Best response: always take the maximum-utility action 

• Quantal response: take high-utility actions often; 
low-utility actions rarely 
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Iterative Reasoning [Stahl & Wilson, 1994; Nagel, 1995; 
Camerer et al, 2004]

 

• Level 0 agents don’t reason about other agents 

– so, let’s say they uniformly randomize over their own actions 
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Iterative Reasoning [Stahl & Wilson, 1994; Nagel, 1995; 
Camerer et al, 2004]

 

• Level 1 agents believe everyone else is level 0 
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• Level 2 agents believe everyone else is level 1 (or 0) 

Iterative Reasoning [Stahl & Wilson, 1994; Nagel, 1995; 
Camerer et al, 2004]
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Key Findings of Our Work 

• Both modeling ideas are helpful 

– best (and oldest!) model captures both 

 

• Bayesian parameter analysis: 

– these models behave counterintuitively 

– model performance can be improved 
while also reducing number of params 
 

• Modeling salience in level-0 yields 
dramatically better models 

– outcomes leading to best payoffs; good 
worst case; round numbers; top left… 
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• Reasoning about Large Games: can compute equilibria (etc.) 
of large game-theoretic interactions by representing them as 
action-graph games 

 

• Market Design & Analysis: game theory can be leveraged to 
construct protocols that work even if agents aren’t cooperative 
– Advertising auctions: computational techniques help to explain the 

evolution of rules in markets like Google’s AdWords have evolved 

– Kudu: an SMS-based market for agricultural commodities in Uganda 

– Spectrum repacking: computational issues are at the heart of the FCC’s 
upcoming radio spectrum redistribution 

 

• Human Strategic Behaviour is predictable; we’re making 
progress on building models that anticipate how people will act 

Reasoning about an Interconnected World 
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