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Routing Decisions in Urban Traffic Networks

@ resource sharing among non-atomic agents
@ uncertain and unpredictable environment
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Routing Decisions in Urban Traffic Networks

@ resource sharing among non-atomic agents

@ uncertain and unpredictable environment

@ repeated interactions

wost provabie] | Accident most probable | | Accident most probable | | Accident

ineot the | | reported Cine ot the reported im0t the reported
40 accident o 40 accident
¢ ) e Lo

-average =
Fao = Faof Za
2 g 2
g g 4
S20 22 S20)
3 H 3
8 I\ 8 3
S 10 O 1
T0:00 00 T2:00 iy 000 700 200 ED
Time of day Time of day

70:00 _ 100 T2:00
Time of day

Ketan Savla (USC)

Information Design 8 Nov 2022 2 /26



Routing Decisions in Urban Traffic Networks

@ resource sharing among non-atomic agents

@ uncertain and unpredictable environment

N R @ repeated interactions

wost provabie] | Accident most probable | | Accident most probable | | Accident

ineot the | | reported Cine ot the reported im0t the reported
40 accident o 40 accident
¢ ) e Lo

-average =
Fao = Faof Za
2 g 2
g g 4
S20 22 S20)
3 H 3
8 I\ 8 3
S 10 O 1
T0:00 00 T2:00 iy 000 700 200 ED
Time of day Time of day

70:00 _ 100 T2:00
Time of day

Ketan Savla (USC)

Information Design 8 Nov 2022 2 /26



Information Design Setting

@ Full info not optimal [ammo:15)

[AMMO:18] Acemoglu, Makhdoumi, et al, " Informational Braess paradox: The effect of
information on traffic congestion”, Operations Research, 2018
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Information Design Setting

@ Full info not optimal [aMMO:18]
mingignal £[cost(signal)]
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Information Design Setting
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@ Full info not optimal [amMMO:18]
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Information Design Setting

@ Full info not optimal [amMmO:18)
minggnal £[cost(signal)]

Ketan Savla (USC)

Pa

Pn|1l-pn |
7

b= fpn

Information Design

Pa

“7k--fe{a,n}~p

Agent
Population

8 Nov 2022 3 /26



Information Design Setting

pa | 1-pa | K TP E {a,n} ~ p
P [ 1-pn | ] K

@ Full info not optimal [amMmO:18)

mingignal £[cost(signal)] . g
W= Hp Population @‘
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Information Design Setting

@ Full info not optimal [(ammo:18)

Minggna E|[cost(signal)] , Agent
K= M |Population O

private

Signal Types
@ private vs. public

@ direct vs. indirect
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Randomization

- a "7 routes
route;
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Randomization

m(x0)
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o n a “T-=routey
route;
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Randomization

m(x0)

randomization _/\
% P N
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Randomization
m(z]0)+ m(z]6)+
randomization QQ
By _ /*\:‘
P T a wroutey k‘—/—> route;
route;

route;
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Randomization

W(I‘H)T

randomization QQ
- e

. S
- ~= routes

-
route;

- n a "7 routes

rouL'Ee/l
p~0 5 x — posterior,(z,0) o x;m(x|0) 1(6)

@ p and 7 are public knowledge
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Information Design

ming Y g [ @i €} (x;) w(x|0) p(0) dz  s.t. obedience constraint

@ /: link latency

@ Existing works limited to stylized settings: [pkr:17], [TT:19]

[DKR:17]: S. Das, E. Kamenica, and R. Mirka, " Reducing congestion through information
design”, Allerton 2017
[TT:19]: H. Tavafoghi, D. Teneketzis, " Strategic information provision in routing games”, 2019
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Information Design

min, Zozfﬂfz m(x|0) u(f) dz s.t. obedience constraint

@ /: link latency

@ Existing works limited to stylized settings: [pkr:17], [TT:19]

Obedience Constraint

Recommendation i is obeyed if:

Z/ (€0 (2;) — 4(x;)) posterior,(z,0) dz <0 Vj
—_——

o z; m(x]0) 1n(0)
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Information Design

min, ZOzfo m(x|0) u(0) dz s.t. obedience constraint

@ /: link latency

@ Existing works limited to stylized settings: [Dkr:17], [TT:19]

Obedience Constraint

Recommendation i is obeyed if:

E / (€9 (25) — €4(x;)) posterior,(x,0) dz <0 Vj
—_————
0

oc i w(x]0) 1u(6)

‘ infinite dimensional (non-convex) optimization! ‘
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Support Discretization

action 2 action 2
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Support Discretization

action 2 action 2
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Support Discretization

action 2 action 2

> [ @@ - @) araoue de - (@@ =GE) " 7010 ue)

) k, 60

‘ finite dimensional but non-convex ‘
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Equivalence under Finite Discretization

Optimize over Grid Points

min a:,gk) Ke(scl(k)) 7(2*)10) 1(0)

action 2
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Equivalence under Finite Discretization

Optimize over Grid Points

min a:,gk) Ke(scl(k)) 7(2*)10) 1(0)

action 2

_|_

@ polynomial ¢ Example
BPR function is 4th order
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Equivalence under Finite Discretization

Optimize over Grid Points

min a:,gk) Ke(acl(k)) 7(2*)10) 1(0)

action 2

_|_

@ polynomial ¢ Example
BPR function is 4th order

!

equivalent poly optimization if # grid pts > (p°|yp°;§e;$gr”r1“"ks)
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N
Proof Sketch: Cubature Formula

Tchakaloff Thm
o 3{z®} st

/poly x)dr = Z poly(z ( )) Y poly
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N
Proof Sketch: Cubature Formula

Tchakaloff Thm
o 3{z®} st

/poly x)dr = Z poly(z ( )) Y poly

Problem of Moments

mmZ/xz (1) 7(]0) u(0) da

moments

s.t. ewi—e-xj x; m(x T < ]
¢ %j/(m )= () 2 w(2]6) p(6) dz <0

moments
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Information Design as Polynomial Optimization

optimize over sufficiently many grid pts + polynomial ¢

I

polynomial optimization (non-convex)
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Information Design as Polynomial Optimization

optimize over sufficiently many grid pts + polynomial ¢

I

polynomial optimization (non-convex)

@ arbitrarily tight lower bound by hierarchy of semi-definite relaxations [Lo
@ low hierarchies sufficient in practice

o e.g., first hierarchy is tight for 2 links and affine £

E_Ol J. B. Lasserre, “Global optlmlzatlon with polynomials and the problem of moments”,
Journal on Optimization, 2
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Extension to Heterogeneous Agents

@ only a fraction participate in information design
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Extension to Heterogeneous Agents

@ only a fraction participate in information design

mm Z/ xity) O (zi4y;) m(x)|0) 1(0) de

Z / (zi4y;) — ¢ V(J,‘_,-—Q—yj)) x;m(x|0) u(@)de <0 Vi,j (obedience)

Ketan Savla (USC) Information Design 8 Nov 2022 10 / 26



Extension to Heterogeneous Agents

@ only a fraction participate in information design

mm Z/ xity) O (zi4y;) m(x)|0) 1(0) de
Z / (2:+yq) (v(,z‘_]-—ﬁ—yj)) x;m(x|0) u(@)de <0 Vi,j (obedience)

Zq/ (€8s + i) — (5 + ) i w(alf) p(B)dz < O ¥i,j (Nash)
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Public vs Private Signals

@ Private: optimal social cost non-increasing with participation rate
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Public vs Private

Signals

@ Private: optimal social cost non-increasing with participation rate

@ Public: optimal social cost may increase with participation rate
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Towards Repeated Setting

Obedience involves agents computing >°, [ 4;(z;) z; 7(x|0) 1(0) dz
—_————

posterior
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-
Towards Repeated Setting

Obedience involves agents computing >°, [ 4;(z;) z; 7(x|0) 1(0) dz
—_————

posterior

\ obedience constraint

@ Bayesian calculation X
@ long evaluation phase X

@ requires knowledge of 7w, u X
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-
Towards Repeated Setting

Obedience involves agents computing >°, [ 4;(z;) z; 7(x|0) 1(0) dz
—_————

posterior
\ obedience constraint “empirical” obedience?
@ Bayesian calculation X @ myopic decision v
@ long evaluation phase X — @ dynamic obedience v
@ requires knowledge of 7w, u X @ no knowledge of m, u v
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A Dynamic Model of Obedience

Sy s

Agent
Population
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-
A Dynamic Model of Obedience

Sy s

Agent
Population

Participating Agents
@ action space = {obey, do not obey}
) PI'(Obe}/) ~ Z Lreco — Lalternate
—_——

agents, stages
——

socio-temporal

regret
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-
A Dynamic Model of Obedience

Sy s

Agent
Population

Participating Agents alternate
@ action space = {obey, do not obey} 0 x
o Pr(obey) ~ Z lreco — Lalternate reco * 0
agents, stages regret %
socio-temporal * *x ... 0
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-
A Dynamic Model of Obedience

l,\ $— O~ p

Agent
Population

Non-participating Agents
o strategy space = {1,2}

@ best response to Pr(obey)
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-
A Dynamic Model of Obedience

S mlls

LR

Agent
Population

2
Participating Agents: v fraction
@ Pr(obey) oc ** & projection (socio-temp) avg regret
——

q
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A Dynamic Model of Obedience

S,

LR

Agent
Population

2
Participating Agents: v fraction
@ Pr(obey) oc ** & projection (socio-temp) avg regret
——
q
z(q) =vq w(l) +v(l-q  PT (]9
actual link flows reco link flows non-obedient routing
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-
A Dynamic Model of Obedience

S
£y [ /SN

~

Agent
Population

2
Participating Agents: v fraction
@ Pr(obey) oc ** & projection (socio-temp) avg regret
——
q
z(q) =vq w(l) +v(l-q  PT (]9
actual link flows reco link flows non-obedient routing

Non-participating Agents: 1 — v fraction

@ y(q): Bayes Nash flow for given ¢

v
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Model Summary

Key Assumptions

@ Pr(obey) ox * & *

ot
@ avg regret Prolection # « %

@ J non-obedient routing matrix P

Ketan Savla (USC) Information Design 8 Nov 2022 16 / 26



-
Model Summary

Key Assumptions

@ Pr(obey) ox * & *

ot
@ avg regret Prolection # « %

@ J non-obedient routing matrix P

Contrast with Literature: [HM:00,FV:97,.. ]
o finite agents
@ action space = {route 1, route 2, ...}

@ agent's action based on personal regret associated with action pairs

[HM:00]: S. Hart and A. Mas-Colell, “A simple adaptive procedure leading to correlated equilibrium”, 2000.
[FV:97]: D. P. Foster and R. V. Vohra, “Calibrated learning and correlated equilibrium”, 1997.
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Experiment Procedure
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Experiment Procedure

Average Rating: 5.0

Scenario 1

1: Traffic Network & Routes

G ) Gonshobocken oo

i

Haverford Calege

Hare g Wyrihewood
a Fairmount Park
Route 3 &
: -
* e R
Philadel|

Ketan Savla (USC)

Select a Route:
Route 1 Route2  Route3
Select

2: Travel Time Forecasts

Route 1
§ 25
g2
&1
1]
5 n 1416 20
Minutes
Route 2
a
525
220
& 10
12 1617 20 25
Minutes
Route 3
45
52
E 20
£
10
Rl |
5 16 20 24
Minutes

Information Design

8 Nov 2022

17 / 26



Experiment Procedure
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Experiment Procedure

Average Rating: 5.0
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Experiment Procedure

Average Rating: 5.0

Scenario 1

T rb 2
A= =
P et
I o) Wyrhewood &=
S . Philadel _

=" "“Review Rating |~ £
[=50AT &

oev=1

@ 100 scenarios/participant x 33 participants

ws 8%

25
20

Route ZI [Travel Time: 20.0 minutes] I
40

Actual Travel Time

Route ll [Travel Time: 16.2 minutes] I

5 1 1416 20
Minutes

12 1617 20 25
Minutes

Route JI [Travel Time: 15.6 minutes] I

16 20 24
Minutes

w

Ketan Savla (USC)

Information Design

8 Nov 2022

17 / 26



Connecting Experiment to Theory

o ThKk (t+1) = t+1 rating(t )+t+1 avg historical reviews

rating

o x = rating - m(.|) + (1 — rating) P"x(.|0)

Average Rating: 50 i
Scenario 1 wower
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o x = rating - m(.|) + (1 — rating) P"x(.|0)
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@ convergence of P 7
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Connecting Experiment to Theory

o ThKk (t+1) = t+1 rating(t )+t+1 avg historical reviews

rating

o x = rating - m(.|) + (1 — rating) P"x(.|0)

Average Rating: 5.0

Scenario 1 wower

. Hypotheses
e @ Pr(obey) o rating ?
‘.‘,,.,\‘ 2 | @ convergence of P ?
Yy & s @ rating oc — avg regret?
,:I | 1 @ rating(t) — ? |
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Obedience vs Displayed Rating

‘ Pr(obey) o rating ?‘

Ketan Savla (USC) Information Design 8 Nov 2022 19 / 26



-
Obedience vs Displayed Rating

‘ Pr(obey) o rating ?‘
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o
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strong positive correlation (R? = 0.9522)
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Long Run Behavior of P

P converges with increasing s?
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-
Long Run Behavior of P

P converges with increasing s?
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Displayed Rating vs Average Regret

‘ rating oc —avg regret ?‘
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-
Displayed Rating vs Average Regret

‘ rating o« —avg regret ?‘

y=-0.3061x+5.45
R?=0.9683

Displayed Rating r?' (k + 1)
& En & H
R

EN

IS

3 3.5 4 4.5 5
Time-averaged Aggregated Regret 1! (k)

n
2]

Strong negative correlation (R? = 0.9683) for an unbiased individual
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Convergence

For all obedient 7, ¢(t) =1 aus. J
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Convergence

For all obedient 7, ¢(t) =1 a.s.

Proof Sketch

all obey

~~
@ yv=1: avgregret — Z w(0) 7T (x]6) (I — P) ¢~
0

<0: obedience constraint

>0: quadratic form

Ketan Savla (USC) Information Design

8 Nov 2022

22 / 26



Convergence

For all obedient 7, ¢(t) =1 aus. J

Proof Sketch

all obey
PN
@ v=1: avg regretﬁZ/,L(G) T (z|0) (I — P) £* —
4 >0: quadratic form

<0: obedience constraint
o vr<i:

o 3 avg regret subsequence — < 0
o deviation of parent sequence is sufficiently small asymptotically
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-
Long Run Behavior of the Displayed Rating

‘ rating(t) — ? ‘
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-
Long Run Behavior of the Displayed Rating

‘ rating(t) — ? ‘

45

3.5

Displayed Ratings for the Last Participant % (k)

25 L L L L L L
10 20 30 40 50 60 70 80 90 100
Scenario Number k

Ketan Savla (USC) Information Design 8 Nov 2022 23 /26



|
Long Run Behavior of Pr(obey)

‘ Pr(obey) — 1 ?‘
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|
Long Run Behavior of Pr(obey)

‘ Pr(obey) — 1 ?‘

o Pr(obey) — 0.87

o consistent with Pr(obey) — 0.91 from the regression model
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Summary

Key Takeaways
o Information design for non-atomic games as finite optimization
o A learning model for correlated equilibrium in non-atomic games

@ Empirical evidence and analytical convergence

Ketan Savla (USC) Information Design 8 Nov 2022 25/ 26



Summary

Key Takeaways
o Information design for non-atomic games as finite optimization
o A learning model for correlated equilibrium in non-atomic games

@ Empirical evidence and analytical convergence

Ongoing Work
o Approximation algorithms
@ Learning model for non participating agents

@ Other decision-making settings: e.g., scheduling
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