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Outline

= Modelling mobility
o Mobility: gravity law
o The radiation model

m Relation between commuting distance and income

o Empirical results
o Testing the McCall model of job search
0 The ‘closest opportunity’ model

= Mobility: statistical properties

ENPC-2017



Motivations: understanding mobility

Structure of cities: spatial distribution of residences and
activity centers

Useful for modelling many practical applications:
0 Urban planning (transport planning)
0 epidemic spread

aQ ...
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General models:
gravity and radiation
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The gravity model

Distance r

P P;

= Number of trips between i and | ?

T, = K

ro

= Gravity law (Reilly 1929, Zipf 1946)
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The gravity model

= Problems with the gravity model
- Congestion ?
- Theoretical derivation ?

= A derivation proposal (Wilson, 1967): number of
ways to construct a configuration {T;}

T

Hij 13
s Maximize ) with
: T =15, T, =T,
constraints: Z 7 Z ’

? J
ZTij — T, ZTZJCZJ — C
¥ ¥

() =
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The gravity model
s We then obtain
Tz’j XX TiTje_BCij

= But the cost needs to be given

’ .
dij — Tf,;j ~ e_d(W)

’ \log d(Z,j) — Tij ~ 1/d(7ﬂ])a
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The radiation model (Simini et al, 2012)

= Alternative to the Gravity model

@ >

Home

Distance r

Office

= How to choose a job
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The radiation model (Simini et al, 2012)

— .

P P;

= Each individual has his threshold z;
= And |ooks for the closest job Z; such that

5]' > Z;
= Achoice z; = max{Xy,Xa,...,Xp,}
5]' — maX{Xl,Xg, ce ,ij}
with X ~ p(X) (and cumulative F)
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The radiation model (Simini et al, 2012)

= The probability of being emitted ati and
absorbed at | is:

P(i—j)= /dszi(z)PSij(< z)Pp, (> z)

where .
C W,
Ppi (Z) — qulr(,Z)PZ 15 Ji—l_
PSij(< z) = F(z)%
Pp,(>2)=1—F(2)"
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The radiation model (Simini et al, 2012)

s We then have:

P(i—j) = Pi/sz(z)P’i_l(ji—Z:F(z)sij(l — F(2)%)

a change of variables then gives (u=F)

Pin Sij e/

P(1— 1) =
(0= ) (P + 545) (P + Pj +545)

1+

Note: link with the rank = # individuals between i and |
(ie. such that d(i,w)<d(i,j)) ENPC.2017



Travellers (model)

Results

= Comparison with empirical data (US data):
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Results

= Comparison with empirical data (US data):

100

—e— Census data
=— Qravity
jla - Radialtion 2
109 10? 102 10° 104

Distance (km), r
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Mobility and socio-economics:
Commuting distance and
Income

What is the relation between income and

commuting distance ?
with G. Carra, I. Mulalic, M. Fosgerau
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Income and commuting distance

Office

lIncome Y

= Finding/choosing a job
= Questions:
0 Average commuting distance r versus Y

0 Distribution P(r]Y) ?
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Income and commuting distance: UK data
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Income and commuting distance: DK data

T (meters)

Y(DKK)

Y(DKK)
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Income and commuting distance: US data

o
T ~ Yﬁ
£~ 0.0 o
o %, oe
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Distribution of commuting distance (UK)

s Distribution
P(r|lY) ~r—7
v € [2.65, 3.0]
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Distribution of commuting distance (US)

= Distribution

P(r|lY) ~r~

v € [2.8,3.3]
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Summary: empirical results
= Average commuting distance
T~ YP
where (3 depends on the country

m Distribution: broad law

P(r|lY) ~r™7
where v 3
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Classical model: McCall (1971)

» Optimal strategy (stopping problem)

ao Offers drawn from cumulative distribution F(x)
o Waiting time cost ¢

0 Goal: maximize expected value v(w) for a given offer win

hand
= Z Bty (t)|offer = w)
where :
w it accepts offer
y(t) = «
LT € if refuses offer
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Classical model: McCall (1971)

= Bellman equation

v(w) :max{l fﬁ, c A 5/v(w’)dF(w')}

o First term: accepts offer w
o Second term: refuses; average over all possible offers w'

= Solution of the Bellman equation: optimal strategy with a
reservation wage 7

- If w<7 continue search
- If w>7 accept offer

= Probability to accept an offer:

p:/OOdF(w')zl—F(T)
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Adding space to the McCall model

s \We assume that the offers are distributed uniformlg in 2d
space with density - Individuals are starting at r=0 (home).

= Each time we encounter an offer, there is a probability p to
accept it. The probability to accept the Nt offer is:

P(N)=(1-p)" 'p

= Probability to be at distance r with
N points (uniform distribution):

2 1 — o7
P(R=r|N) = (N_l)!;(pm“z)Ne P
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Adding space to the McCall model

= P(R=r|N) and P(N) combined together lead to:

{ P(r|Y) = 27Tp7°pe_ppﬂr2 }

-> Exponentially decreasing ﬁ
function |

Centered at 7 ~ 1/, /Dp

with finite width 5 1//pp

=3

= The McCall model is not in agreement with data !

- ion 27
= Optimal strategy assumption ?- ENPC.2017
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The "closest opportunity” model

= Random reservation wage distributed according to the
same distribution ¢ (cumulative F) as offers

= Start from home, explore space with increasing r, accept
the first job search such that the offer>reservation wage

= Density of job offers depends on the income: higher skills
jobs less dense than lower skills jobs (skills <=> income)

_ Po
P=va

where (¢ characterizes the job market in the country

with: G. Carra, |. Mulalic, M. Fosgerau
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The closest opportunity model

s Random reservation wage distributed according to @

s We then have

P(r)dr = | ¢(7)P(x < 7‘)’””2 1— Pz < 71)>P] dr

/]

Probability to Probability Probability
have value T that there are that there is at
no interesting least one
offer in the interesting
disk <r offer in the
ring [r,r+dr]
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The closest opportunity model

= The expression
r)dr = /gb(T)P(:E < 7')’07””2 [1 — P(z < T)Zﬁrpdr} dr

can be rewritten as

P(R=r)= —27Tpr/gb ’”TT log F'(7)dT

which is independent from F and is equal to

4 )

27 pr
P —
() (1 + pmr?)?
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The closest opportunity model

= Consequences of

2
P(r) = uyos

(1 + pmr?)?

= Average distance: F(Y) — % 1}/(3‘/2
V Po

» Distribution decays as

P(r) ~ 1/r°

= Data collapse

27 PoU
(1 + mpou?)?

r—r/Y*?  Pu)=
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Discussion

s Optimal strateg?/ does not seem to be realistic for the
job search problem

= Empirical results: broad tail for the commuting distance
distribution

= A simple stochastic model

a Predicts the ‘universal’ broad tail

o Shows the importance of the relation between the
density of jobs and skills (not significative for the US,
strong for the UK and very strong for DK).

ENPC-2017



Mobility and statistical physics:
a multilayer view
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Human mobility: Levy f

= Many small jumps and some rare

ight ?

ong jumps
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Human mobility: Levy flight ?

s Empirical studies on the displacement distribution

Data Source Trajectories B K Arg
Dollar Bills [8] 464K 1.59 00 0
Mobile Phones [10] 100K 1.75 400 km 1.5 km
Mobile Phones [10] 206 1.75 80 km 1.5 km

Mobile Phones [11] 3M 1.55 100 km 0
Location Sharing [12] 220K 1.88 00 0
GPS tracks [32] 101 [1.16,1.82] 00 0
Location Sharing [20] 900K 1.50 00 2.87 km
Location Sharing [20] 900K 4.67 00 18.42 km
Taxis [18] 12K 0 4.29 km -
Taxis [19] 7K 1.2 10 km 0.31 km
Mobile Phones [22] 7K 0 [2, 5.8] km -
Travel Diaries [34] 230 1.05 50 km 0
Tweets [13] 13M 1.62 00 0
Location Sharing [25] 521K 0 300 km
Taxis [21] 30K 0 [2, 4.6] km -
Taxis [46] 1100 [0.50,1.17] [4.5, 6.5] km 0

1
P(A7r) ~ —Ar/k
(A7)~ A ¥ Arg)B®

= (Truncated) Levy flight ? Very empirical: model, mechanism ?

(Brockmann et al, Nature 2006; Gonzalez et al, Nature 2008)
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Human mobility: empirical results

s Empirical results on the trip duration (GPS, 800,000 private
cars in ltaly)

e Roma

10 F Soenis Milano |
c .’9{.,. Napoli ||
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" Palermo|]
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- -1
=10 | —t/(t
=1 P(t) ~ e /()
o
10_2§
0 1 2 3 4 5

Gallotti, Bazzani, Rambaldi, MB, Nature Comms 2016
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Human mobility: the further, the taster

= Average velocity with the trip duration

70

30 r
20 ¢ :

o

Py

...03¢00000

0 0.5

Gallotti, Bazzani, Rambaldi, MB, Nature Comms 2016

1

15 2
t(h)

2.5

V) >~ v+ at

Cars :

vo ~ 17.9km/h
a ~ 16.7km/h*
Public transport :
vo ~ T7.4km/h

a ~ 12km/h?
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Human mobility: a simple model

= Average trip: two phases (acceleration and decceleration).

8
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Gallotti, Bazzani, Rambaldi, MB, Nature Comms 2016 ENPC.2017



Human mobility: a simple model

» Acceleration phase: Random acceleration kicks

v =g + k(t)ov
VU = Vg + k(tm )0V

with :
P(k) = e *\*/k!
( , A= pt/2

Gallotti, Bazzani, Rambaldi, MB, Nature Comms 2016 ENPC.2017



Human mobility: a simple model

= This model predicts:

o—Pt/2+ =572 log(pt/2)
PO ~ e
LS

= Determine p and &v by fitting all P(v|t) for all durations v
(from t=5mns to 180mns)

= p=2jumps/hour and &§v=40km/h (consistent with 50-90-130)

Gallotti, Bazzani, Rambaldi, MB, Nature Comms 2016 ENPC.2017



Human mobility: recap

= Recap (all parameters determined):

P(t) ~ eVt P(vlt)

= Which gives P(Ar) for Ar = vt :
P(Ar) = / Po|t)P(£)5(Ar — vt)dud

1 s
P(Ar) ~ Ar’Ve cAa

s with 6=1/2 (y depends on the parameters)

Gallotti et al, Nature Comms 2016 ENPC-2017



Human mobility: predlc:tlons

10
m Result: o) Prlvate Cars data
Truncated Power Law
— Prediction
1072} 1
o
d
=~ 107 ]
®)
107° :
0.5 | 5 | 50 | 500
s Thisis not a fit ! Ar (km)

= Thisis not a Levy walk !

Gallotti et al, Nature Comms 2016 ENPC-2017



Summary and Perspectives

= The multilayer view allows:

- to describe and understand important features due to
the coupling of layers

- to characterize them and their efficiency (new tools

needed).

= Helpful for comparing systems, and testing and
finding specific optimization strategies.

= Simple models allow to understand the essential
mechanisms of mobility
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