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The traffic congestion problem

@ Infamous symptoms of traffic con-
gestion: lost time, disrupted sched-
ules, wasted fuel, deteriorating air
quality, and discomfort.

o Costed urban Americans approxi-
mately $121 billion in 2012.

@ A daunting challenge for the devel-
oping countries due to rapid urban-
ization.
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TTI report

National Congestion Tables
Table 1. What Congestion Means to You, 2011

Yearly Delay per Auto
Urban Area Commuter Travel Time Index
Hours Rank LValue Rank

Very Large Average (15 areas) 52 1.27

Washington DC-VA-MD 67 1 1.32 4
Los Angeles-Long Beach-Santa Ana CA 61 2 1.37 1
San Francisco-Oakland CA 61 2 1.22 23
New York-Newark NY-NJ-CT 59 4 1.33 3
Boston MA-NH-RI 53 5 1.28 6
Houston TX 52 6 126 10
Atlanta GA 51 7 124 17
Chicago IL-IN 51 7 125 14
Philadelphia PA-NJ-DE-MD 48 9 1.26 10
Seattle WA 48 9 1.26 10
Miami FL 47 " 1.25 14
Dallas-Fort Worth-Arlington TX 45 18] 1.26 10
Detroit MI 40 25 1.18 37
San Diego CA 37 37 1.18 37
Phoenix-Mesa AZ 35 40 1.18 37
Wery Large Urban Areas—over 3 million population Medium Urban Areas—over 50
Large Urban Areas—over 1 million and less than 3 million population. Small Urban Areas—less than

Yearly Delay per Auto Commuter—Extra travel time during the year divided by the number of people who commute in private
; Travel Time Index—The ratio of travel time in the peak period to the travel time at free-flow conditions. A value of 1.30 indic:
d.
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Autonavi report: Top 10 most congested Chinese cities
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The solutions

@ Increase supply: more roads,
better management, new
technologies  (autonomous
and connected vehicles very
promising)

e May face financial and

, physical limits.

vV - o May be self-defeating as it

induces demand.

S\ m @ Manage demand: reduce to-
m' J;,_;‘_m tal VMT by automobiles.
) e Sticks: pricing or rationing
car ownership and/or use
o Carrots: incentivizing ef-
ficient and green travel
modes (sharing, walking,
NORTHWESTERN biking).
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Congestion pricing

The basic economic theory is com-

pelling
o If nothing is done, everybody
will travel at the low speed.

o If some drivers are "forced”
out the fast road, the total
travel time will be reduced.
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Why nobody likes it?

@ Successful stories of congestion pricing are limited to a handful
of cities (Singapore, London, Stockholm)

e High-profile public rejections (Hong Kong, Edinburgh, New
York)

" Illl'
Yet another tax!!! pense of the poor”!!!

"The rich benefits at the ex—J
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Introduction
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Why nobody likes it?

@ Successful stories of congestion pricing are limited to a handful
of cities (Singapore, London, Stockholm)

e High-profile public rejections (Hong Kong, Edinburgh, New
York)

o Politically too expensive even for very powerful governments.

" Illl'
Yet another tax!!! pense of the poor”!!!

"The rich benefits at the ex—J

; l;"::l/'l,l/./“ /7,’/ /',/’
i
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New vehicle quota: a low-hanging fruit?

Yehicle Quota System

EESE/IBIR10G
RYIERSEREISERMBIER
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New vehicle quota: a low-hanging fruit?

; @ VQS was first implemented
in Singapore (New license

EESE/IEIT105
FRYITEL sk = RIER plates were sold through auc-
RN BB .
tion)
@ Shanghai adopted Singa-

‘ pore's VQS
y @ Beijing 2010, license plates
are distributed by lottery

e Guangzhou (2012), Tian-
jin (2013), Hangzhou and
ShengZhen (2014) - mixed

distribution schemes.
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Licence plate rationing: the other low-hanging fruit?
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Licence plate rationing: the other low-hanging fruit?

o Mexico City's “No Cir-
culating Day” scheme
(1989)
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o Mexico City's “No Cir-
culating Day” scheme
(1989)

@ Manila, Philippine (1996)
@ Sao Paulo, Brazil (1997)
@ Bogota, Columbia (2000)

NORTHWESTERN
UNIVERSITY



Introduction
0000e0

Licence plate rationing: the other low-hanging fruit?

Mexico City's “No Cir-
culating Day” scheme
(1989)

@ Manila, Philippine (1996)

@ Sao Paulo, Brazil (1997)

@ Bogota, Columbia (2000)

@ Beijing, China (2011)

@ Chengdu, Tianjin,
Hangzhou.... (since
2012)
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Objectives

Appeal of LPR
o Easy to implement and enforce
@ Revenue neutral
@ Perceived as fair (since restrictions apply to all)

© First, | will explain why LPR is a not a good policy

@ Second, | will propose and analyze a few alternative policies
that retain these advantages of LPR as much as possible.
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Choice 2, Own two cars.
auto capital cost = 2¢
Driving travel time = ¢, Assumptions

@ The travel demand is fixed;

operating cost = cA

. Choice 1: Own one car i

auto capital ost = §

Choice 0: Take transit travel time = 7,
operating cost = cT

Value of Time
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auto capital cost = 2¢
Driving travel time = ¢, Assumptions

@ The travel demand is fixed;
@ Travelers choose between driving
(with one or two cars) and taking
transit based on travel cost;

= operating cost = cA

. Choice 1: Own one car i

auto capital ost = §
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auto capital cost = 2

- ~ o Driving, travel time = t,

= operating cost = cA

. Choice 1: Own one car i
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Value of Time

NORTHWESTERN
UNIVERSITY

@ The travel demand is fixed;

@ Travelers choose between driving
(with one or two cars) and taking
transit based on travel cost;

@ Taking transit is slower but cheaper
than driving;
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Driving time 7 is flow dependent,
whereas travel time on transit « is
constant;
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Assumptions

The travel demand is fixed;

Travelers choose between driving
(with one or two cars) and taking
transit based on travel cost;

Taking transit is slower but cheaper
than driving;

Driving time 7 is flow dependent,
whereas travel time on transit « is
constant;

Travelers are heterogeneous in their
value of time 3, which follows a con-
tinuous distribution;




Choice 2, Own two cars
auto capital cost = 2

-7 Teo Dring trave time = Assumptions
operating cost = cA

. Choice 1:0wn one car i @ The travel demand is fixed;

auto capital ost = §

@ Travelers choose between driving
(with one or two cars) and taking
transit based on travel cost;

Choice 0: Take transit travel time = 7,
operating cost = cT

@ Taking transit is slower but cheaper
than driving;

@ Driving time 7 is flow dependent,
whereas travel time on transit « is
constant;

@ Travelers are heterogeneous in their
value of time 3, which follows a con-
tinuous distribution;

Value of Time

@ One car is sufficient to meet travel
needs (drivers would buy the second

car only to avoid use restriction).
y
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Choice 2, Own two cars
auto capital cost = 2

-7 Teo Dring trave time = Assumptions
operating cost = cA

. Choice 1:0wn one car i @ The travel demand is fixed;

auto capital ost = §

@ Travelers choose between driving
(with one or two cars) and taking
transit based on travel cost;

Choice 0: Take transit travel time = 7,
operating cost = cT

@ Taking transit is slower but cheaper
than driving;

@ Driving time 7 is flow dependent,
whereas travel time on transit « is
constant;

@ Travelers are heterogeneous in their
value of time 3, which follows a con-

Value of Time

The travel cost is represented as tinuous distribution;

_ @ One car is sufficient to meet travel
ua = p7(q) + ca + ¢, needs (drivers would buy the second
ur = By + cr. car only to avoid use restriction).

”
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UNIVERSITY



Model
(o] 1¢}

User equilibrium

Ignoring corner solutions, the equilibrium is achieved when
up = ur, i.e.

F1(ge)7(qe) + ca+ ¢ = vF1(ge) + cT.

(v — 7(qe))Be = Ac (1)
where Be = F71(ge),Ac=ca+ ¢ —cr >0
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Model
(o] 1¢}

User equilibrium

Ignoring corner solutions, the equilibrium is achieved when
up = ur, i.e.

F1(ge)7(qe) + ca+ ¢ = vF1(ge) + cT.

(v — 7(qe))Be = Ac (1)
where Be = F71(ge),Ac=ca+ ¢ —cr >0
@ Travelers with 5 > B will drive

o Travelers with 5 < B, will ride transit.
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System optimum

The total system cost can be written as
N q d
6= [ F i wyr@dw+ [ F (whdw+ (cat d)a+ crld — a)
0 q

The first-order optimality condition leads to

e = 0= (= r(a)F (@) = Ae+r(a) [ F 7wy

If gs is solution to the above equation, then the system optimal toll is

o= @) [ F )
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Why not work?

Setting of LPR

@ Under LPR, all travelers with one car can only drive on a fraction of
all days depending on the last digit of the license plate. This fraction
is denoted as A € [0,1].
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Why not work?

Setting of LPR

Under LPR, all travelers with one car can only drive on a fraction of
all days depending on the last digit of the license plate. This fraction
is denoted as A € [0,1].

A = 1 means no restriction, and A = 0 represents full restriction.
Typically we assume A > 0.5 (odd-even rationing).

A traveler may respond to rationing by purchasing another vehicle, if
it reduces the travel cost.

There are three choices: 0 (taking transit), 1 (owning one car), and
2 (owning two cars).
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User equilibrium (UE) solutions

ur = AN(B7(q) + ca) + (1 = A)(By + 1) + ¢,
uy = fB7(q) + ca + 2¢,
up = By + cr.

Also note that highway flow g = f, + A\fi.

Characteristics of UE solutions

NORTHWESTERN
UNIVERSITY



Why not work?
©0000

User equilibrium (UE) solutions

ur = AN(B7(q) + ca) + (1 = A)(By + 1) + ¢,
uy = fB7(q) + ca + 2¢,
up = By + cr.

Also note that highway flow g = f, + A\fi.

Characteristics of UE solutions

@ When A\ is sufficiently close to 1, travelers will choose between taking transit
and owning one car;

NORTHWESTERN
UNIVERSITY



Why not work?
©0000

User equilibrium (UE) solutions

u = XB7(q) +ca) + (L= A)(By+cr) + ¢,
uy = fB7(q) + ca + 2¢,
up = By + cr.

Also note that highway flow g = f, + A\fi.

Characteristics of UE solutions

@ When A\ is sufficiently close to 1, travelers will choose between taking transit
and owning one car;

@ When ) reaches a threshold }, wealthy travelers will begin to acquire the
second car.
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Why not work?
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User equilibrium (UE) solutions

u = XB7(q) +ca) + (L= A)(By+cr) + ¢,
uy = fB7(q) + ca + 2¢,
up = By + cr.

Also note that highway flow g = f, + A\fi.

Characteristics of UE solutions

@ When A\ is sufficiently close to 1, travelers will choose between taking transit
and owning one car;

@ When ) reaches a threshold }, wealthy travelers will begin to acquire the
second car.

@ When X is reduced to 0.5, all drivers would have two cars.
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System optimum (SO) solution

. f f+f
minG:/O Ffl(W)T(q)dw—i-(cA—i-Z(;S)fz—l—/f F~Yw) (Ar(q) + (1 — A)y) dw

d
+M(ca+ )+ (1— NS+ cr) +/f Fw)dw +er(d — fi— )
L +h

subject to:f € [0,d], X € [0,1]
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Why not work?
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System optimum (SO) solution

f1+f
min G = / “(w)r(q)dw + (ca +26)f + / (w) (Ar(@) + (1 = A)y) dw

+M(ca+ )+ (1— NS+ cr) +/f Fw)dw +er(d — fi— )
L +h

subject to:f € [0,d], X € [0,1]

g—f =AY A+ £)(1(q) =) + AT+ AAc+ (1 — A
ZZ OF YA+ 6H) — (1 - NFHB)((q) =) + 7+ Ac+ ¢
%(;; _ /:+6 F=Y(w)dw(r(q) — ) + i + fi(ca — c7),

ere

& 7T=T(q)/()\/f2 1(W)dw+/ 1 (w)dw)
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Main result |: cost at UE

Proposition

Let [, 1] and [fle, fY] be UE solutions corresponding to Aa and . (1) If
1> 0> X > A 7(¢°) > 7(¢°); and (2) If X > Xy > \» > 0.5 and
fF+6 <R+, 7(¢°) > 7(q").
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Main result |: cost at UE

Proposition

Let [f2, 1] and [f ,fzb] be UE solutions corresponding to A, and X». (1) If
1> X > X > A 7(q) >T(q) and (2) IF X > X\a > X\» > 05 and
ff+ 6 <f+F, 7(q) > 7(q").

| \

Implications

@ Highway travel time decreases with tighter rationing policies until travelers
begin to buy the second car.
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1> X > X > A 7(q) >T(q) and (2) IF X > X\a > X\» > 05 and
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Main result |: cost at UE

Proposition

Let [f2, 1] and [f ,fzb] be UE solutions corresponding to A, and X». (1) If
1> X > X > A 7(q) >T(q) and (2) IF X > X\a > X\» > 05 and
ff+ 6 <f+8, 7(q) > (q").

Implications

| A\

@ Highway travel time decreases with tighter rationing policies until travelers
begin to buy the second car.

@ A sufficient condition is that the share of transit mode must increase in
response to a tighter rationing policy (a very strong condition)

@ Unexpected result: 7 may increase when ) is reduced!

@ The total system cost at UE MAY increase under LPR.
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Main result Il: cost at SO

Proposition

Let [f*,\*] be the solution to SO problem. Ignoring trivial corner solutions,
A =1.

For any given A\ < 1, the system cost can always be minimized with \ being
treated as a parameter instead of a variable.

Implications
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Main result Il: cost at SO

Proposition

Let [f*,\*] be the solution to SO problem. Ignoring trivial corner solutions,
A =1.

For any given A\ < 1, the system cost can always be minimized with \ being
treated as a parameter instead of a variable.

Implications

@ Proposition 2 asserts that the solutions for those parametric problems would
be always inferior to that with A = 1.

@ The total system cost will always increase at SO!

@ Even if a first-best policy can be implemented, it cannot minimize the
system cost under LPR.
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Main result Ill: SO toll

SO toll under LPR

Under LPR, to decentralize the SO we will need to charge one-car travelers a
toll equal A7 and two-car travelers a toll equal 7, where

fith f
W:T(q)/()\/f F_l(w)der/O F~(w)dw)
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SO toll under LPR

Under LPR, to decentralize the SO we will need to charge one-car travelers a
toll equal A7 and two-car travelers a toll equal 7, where

fith f
Tr:T(q)'(A/f F_l(w)der/O F~(w)dw)

@ Those who opt to buy a second car need to pay an extra toll equal to
1=

@ This additional toll may be collected as an extra “sales tax” (or an addi-
tional registration fee) upon the purchase of the second car.
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Main result Ill: SO toll

SO toll under LPR

Under LPR, to decentralize the SO we will need to charge one-car travelers a
toll equal A7 and two-car travelers a toll equal 7, where

fith f
Tr:T(q)'(A/f F_l(w)der/O F~(w)dw)

@ Those who opt to buy a second car need to pay an extra toll equal to
1=

@ This additional toll may be collected as an extra “sales tax” (or an addi-
tional registration fee) upon the purchase of the second car.

@ This SO toll is progressive

NORTHWESTERN
UNIVERSITY




Why not work?
®0000

Experimental setting

NORTHWESTERN
UNIVERSITY



Why not work?
®0000

Experimental setting

1000 R _
b= —06 Rich population)
900 | Tl ,P,:o,w (Del;auf:))pu e
wol- el p=4 (Poor population)
& 4
700F - - z
600 - T(q) - <1 O (E) ) ’
Z s
400
\ F(g) = L0 =0)
200 (ﬂ) - B + /BU
100 - \
0
0 10 20 30 0 o ©

pis called the index of wealth
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Experimental setting

- - -~ p=-06 Rich population)
00 N i:o,w {DefauTl) P
s00l Tl N p=4 (Poor population)
700 ’ q
7(q) = 7o <1+0.15 (E) )
2 s00
400 o
| F() = 4B = 5)
200 F N - 3
pB + Bu
100 -
0
0 10 20 30 20 50 60
P @ p = 0: a uniform distribution be-
pis called the index of wealth tween 0 and BU

@ p € (—1,0), skewed to individuals
with higher VOT

@ p € (1,00), skewed to individuals
with lower VOT
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Experimental setting

Table: Description of model parameters

Parameters | Default value Unit | Description

¥ 1 hour | Transit travel time/trip

cr 5 $ | Transit operating cost/trip

70 0.5 hour | Highway free flow travel time/trip
C 500 | veh/hour | Highway capacity
d 1000 person | Total demand

ca 6 $ | Auto operating cost/trip
ol 5 $ | Auto capital cost/trip

Bu 60 $/hour | Highest VOT
p 0.1 - | Index of wealth

Scenario D All parameters take default values.

Scenario P All parameters take default values except p = 4 (poor population)
Scenario R All parameters take default values except p = —0.6 (rich population)
Scenario L All parameters take default values except ¢ = 2.5 (low auto capital

cost)
Scenario H All parameters take default values except p = 10 (high auto capital

NORTHWESTERN cost)
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Default scenario

Drivers begin to buy the second car

1
700 31210
600 3.05
500}~ 3
00 — @ 295
g
H b 8 29
& 300 s
S 285
200 28
100 2.75
0 — 27
0.5 06 0.7 0.8 0.9 1 05 0.6 0.7 0.8 0.9 1
Rationing ratio (\) Rationing ratio (\)
1200 0.75
— CarPop (UE) 5
= = HighwayFlow (UE) 2
1000 —— CarPop(S0) e o7
- = HighwayFlow(SO) =
8001 2 065
H T £
[t g
. £ 06
=
2
3
2 055
S __/
2
z
200 . . . . , 05 . . . . ,
0.5 0.6 0.7 0.8 0.9 1 0.5 0.6 0.7 0.8 0.9 1
Rationing ratio (\) Rationing ratio (\)
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Default scenario

x 10
700 3.1 UE cost first decreases, then
600 305 increases
500~ 3
00 — & 295
3 = 8 29 ost always increases
T 300 =
S 285
200 28
100 275
0 S 27
0.5 06 0.7 0.8 0.9 1 0.5 0.6 0.7 0.8 0.9 1
Rationing ratio (\) Rationing ratio (\)
1200 0.75

— CarPop (UE)
HighwayFlow (UE)
— CarPop(SO)

== HighwayFlow(SO)

1000

e
3

800F

o
Y
a

Flow
Average highway travel time (hour)
o
>

055 -
200 . . . . , 05 . . . . ,
05 06 07 0.8 09 1 05 06 0.7 0.8 09 1
Rationing ratio (\) Rationing ratio (\)
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Default scenario

1
700 31210
600 3.05
500}~ 3
00 — @ 295
3
H b 8 29
& 300 E
S 285
200 28
100 2.75
0 — 27
0.5 0.6 0.7 0.8 0.9 1 05 06 0.7 0.8 0.9 1
Rationing ratio (\) Rationing ratio (\)
1200 0.75
— CarPop (UE) 5
= = HighwayFlow (UE) 2
1000 —— CarPop(S0) e o7
= = HighwayFlow(SO) =
£ 065
g
3 <
[ 3
£ 06
2
2
400 =i % 055
""" = ‘Totalhumber of cars keeps increasing, @ o
0 5] _—
and itincreases at much higher pace when E
200 ._the second car purchase kicks in , 05 . . . . ,
0.5 0.6 0.7 0.8 0.9 1 05 06 0.7 0.8 0.9 1
Rationing ratio (\) Rationing ratio (\)
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Default scenario

700
600
5001
- e
400 3
N 8
& 300 s
5
2
200
100
0 N
0.5 06 0.7 0.8 0.9 1
Rationing ratio (\)
1200
— CarPop (UE) 5
= = HighwayFlow (UE| g
1000 CIQ wayFlow (UE) £
— CarPop(SO) GE’
== HighwayFlow(SO) =
E
B £
[ g
H
£
=]
=
@
>
@
s
2
Ed
200 . . . . ,
0.5 0.6 0.7 0.8 0.9 1
Rationing ratio (\)
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285
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®

275

27
0.5 0.6 0.7 0.8 0.9 1

Rationing ratio (\)

o
3
o

e
3

At UE, LPR is effective in reducing driving
time untildrives begin to bypass the policy
by buying the second car.

o
Y
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A\
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Welfare effects: cost increases compared to UE

o
=
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£
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©
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Welfare effects: cost increases compared to UE
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Sensitivity to index of wealth p

1300 800

Car population at UE - D Highway flow at UE - D
1200 s Car population at SO — D s Highway flow at SO — D
1100 — — - Car population at UE — P 7001 | — — - Highway flow at UE - P

= = = Carpopulation at SO - P = = = Highway flow at SO - P

Car population at UE — R 600 Highway flow at UE - R
Car population at SO - R 111 Highway flow at SO - R

1000

900

g 5 500
o = L o
-7 -
- -
300 e T e
e —zZzm=m=="
E-z -
SN mmaaa fo=m=="
300 . . . ! ) 200 . . . . ,
05 06 07 08 09 1 05 06 07 08 09 1
Rationing ratio ( 1) Rationing ratio ( 1)

@ The total number of cars is higher for the richer population.
@ The highway flow is higher for the richer population.
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Sensitivity to index of wealth p

x10
45 09
Travel time at UE - D
o 085 | s Travel time at SO — D
— — - Travel time at UE - P
<= 08r = = =Travel time at SO - P
35t 3 Travel time at UE - R
g 0751 | Travel time at SO - R
 e— E} 07
g
System cost at UE - D T Roes|
L _ E
25| | me—System costat SO - D z
— = - System cost at UE - P £ el
= = = System costat SO - P
2r System cost at UE — R 055 -
| System cost at SO — R e e m s mm .. - _ - -
15 0.5 - - m =
05 06 07 08 09 1 05 06 07 08 9 1
Rationing ratio ( %) Rationing ratio ( %)

@ The difference between SO and UE diminishes as the population
becomes poorer

o Highway travel increases as A\ becomes more restrictive, for the
rich population.
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How to fix it?

Proposed strategies

The key is to encourage travelers to cope with the restriction by switching to
transit, not by getting the second car. J

Proposed policy Rationale

LPR coupled with new
vehicle quota
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Proposed strategies

The key is to encourage travelers to cope with the restriction by switching to
transit, not by getting the second car. J

Proposed policy Rationale

LPR coupled with new | Curtail the growth of auto ownership triggered by
vehicle quota LPR, hence improve its effectiveness

LPR coupled with | Inspired by the recent studies on tradable credit
trading among auto | schemes (TCS), desirable access to driving may be
owners achieved at a lower cost by purchasing permits than
another car

Permit rationing and
trading among all
travelers
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How to fix it?

Proposed strategies

The key is to encourage travelers to cope with the restriction by switching to
transit, not by getting the second car. J

Proposed policy Rationale

LPR coupled with new | Curtail the growth of auto ownership triggered by
vehicle quota LPR, hence improve its effectiveness

LPR coupled with | Inspired by the recent studies on tradable credit
trading among auto | schemes (TCS), desirable access to driving may be
owners achieved at a lower cost by purchasing permits than
another car

Permit rationing and | Avoid making the right to drive as a de facto “enti-
trading among all | tlement” of auto owners
travelers
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How to fix it?
(1]

New vehicle quota (NVQ)

Recall

u(B) = MB7(q) + ca) + (L = A)(By + 1) + &,
w(B) = B1(q) + ca + 24,
uo(B) = By +cT.

The NVQ scheme will introduce the following constraint:
fi +2f < Kofe

where Ky > 1 is the desired vehicle control target and f. is the UE
flow when A\ = 1.0.

NORTHWESTERN
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How to fix it?
oce

New vehicle quota (NVQ)

Let v be the multiplier associated with the capacity constraints, the
complementarity requires

v > 0;v(fi +2f — Kofe) =0
The UE conditions that incorporate this complementarity condition are

fi € (0,d) =361 € [B1, Bul,s.t. w(Br) +v = uo(br)
fr >0 =36 € [Br,Bu],s.t. tn(B2) +v = wn(B)+2v
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Model trading with auto owners (TAO)

rationale

@ Buying another vehicle to gain more access to the highway
could be more expensive than acquiring permits

o Facilitate efficient allocation of permits among auto owners
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Model trading with auto owners (TAO)

rationale

@ Buying another vehicle to gain more access to the highway
could be more expensive than acquiring permits

o Facilitate efficient allocation of permits among auto owners

y

Implementation issues

@ Permit no longer tied to license plates

\
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Model trading with auto owners (TAO)

rationale

@ Buying another vehicle to gain more access to the highway
could be more expensive than acquiring permits

o Facilitate efficient allocation of permits among auto owners

y

Implementation issues

@ Permit no longer tied to license plates

@ Virtual permits must be used.

@ Permits can then be traded in a virtual market and linked to registered
vehicles through an on-board unit.

\
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How to fix it?

000000

Model trading with auto owners (TAO)

rationale

@ Buying another vehicle to gain more access to the highway
could be more expensive than acquiring permits

o Facilitate efficient allocation of permits among auto owners

4

Implementation issues

@ Permit no longer tied to license plates

@ Virtual permits must be used.

@ Permits can then be traded in a virtual market and linked to registered
vehicles through an on-board unit.

@ Transaction and enforcement may be done via vehicle-to-infrastructure
(V2l) communication.

\
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LPR-TAO

Travelers face four choices: transit (0), own one car and sell permits (1-), own
one car and buy permits (14), and own two cars and sell extra permits(2).

Policy 2, Own two cars, sell extra permits

Driving, travel time = 7, operating cost = ¢,

Policy1+: Own one car, ownership cost =
olicy 1-: Own one car, ownershy

Policy 0: Transit travel time =, operating cost = T

NORTHWESTERN
UNIVERSITY



How to fix it?
0®0000

LPR-TAO

Travelers face four choices: transit (0), own one car and sell permits (1-), own
one car and buy permits (14), and own two cars and sell extra permits(2).

Policy 2, Own two cars, sell extra permits

Policy1+: Own one car, ownership cost = Driving, travel time = , operating cost = ¢

olicy 1-: Own one car, ownershy

Policy 0: Transit,travel time =, operating cost = cT

ui+(8) = (A +3(B))(BT +ca) + (1 = A = 3(B))(By + cT) + 6+ 6(B)P
u—(B)=A=0B))(BT+ca)+ (1 =A+8)(By+cT)+9—3d(B)P
u(B) = BT + ca+ 20 — P(B)

uo(B) = By +cr
where P is the price of permits required to gain full driving access.

NORTHWESTERN
UNIVERSITY

Nie LPR



How to fix it?
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Trading function

A traveler may purchase or sell certain

amount of permits, which is assumed
to be a function of 3, denoted as §(53)
I

Transit
users

One-car users Two-car
users

3(B)

&+

-—---t

Buy permits |

81y B p2l pu

By 1 Sell permits ! 291
5 B |
5 |
|

B =F Nk +hy)
Br=F7(f + fi)
ﬂz =F Nh)ifi=fs +fie
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How to fix it?
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Trading function

A traveler may purchase or sell certain
amount of permits, which is assumed

. Lemma
to be a function of 3, denoted as §(53)

! Consider two travelers a and b, each

with a VOT 3, and By such that 3, > S
and permits ., A\p € (0,1). Traveler a
would always gain more than what trav-
o eler b would lose if € € (0, min(Ap,1 —

| Sell pormis ] e Aa))) permit is transferred from b to a. |
" NS
3% {

B = F_l(fz + fiy)
BL=F(f+h)

ﬂz =F{(R)ifi=fy + fie

NORTHWESTERN
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How to fix it?
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Trading function

A traveler may purchase or sell certain
amount of permits, which is assumed

to be a function of 3, denoted as §(53)
! Consider two travelers a and b, each
with a VOT 3, and By such that 3, > S
and permits ., A\p € (0,1). Traveler a
would always gain more than what trav-
o eler b would lose if € € (0, min(Ap,1 —

ol 5 W ) ] e Aa))) permit is transferred from b to a. |
¥ S

@ Trading will always occur when A
is restricted below 1.

Transit
users

|
3(B) !
|
I

8" = F7 (f+ fir)
- Since trading is mutually benefi-
=FYf+f ° g Y
hr (f+ ) cial, the permit price must be pos-
ﬂz =F (R)ifi=Ffi+fi itive.
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Main result: characteristics of the trading function

Proposition I |
If >\ * B 71?"_5; 1 B _Onc_—car_usc; T _|_T\;o—c;r B
E [057 1] and /31 < ,8 < /32 < 5B) users | - users
Bu, then at user equilibrium, the permit | —
trading function |
Bl B p2l pU
12\ ﬁ S [62, BU] B | Sell permits el |_|
B =4 1-1 Be[sp) L T
-\ B € [B1,B") | : [
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How to fix it?
000®00

Main result: characteristics of the trading function

Proposition I |
* B 71?"_5; 1 B _Onc_—car_usc; T _|_T\;o—c;r B
If \ € [05,1] and /61 < ,8 < /32 < 5B) users | - users
Bu, then at user equilibrium, the permit | —
trading function I
Bl p* p2l U
1-— 2)\ ﬁ S [,32, ,BU] B I sell permits 291 I_I
5(B)=4 1-x Be[sf) SR —
—-A B € [B1,B") | ! [

The amount of permits traded jumps abruptly, and its change
coincides with the change in the primary travel choices
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Main results: characteristics of UE solution

@ As ) decreases from 1, relatively rich one-car travelers will begin to buy permits
from their relatively poor peers.

NORTHWESTERN
UNIVERSITY



How to fix it?
0000@0

Main results: characteristics of UE solution

@ As ) decreases from 1, relatively rich one-car travelers will begin to buy permits
from their relatively poor peers.

@ As A\ becomes more restrictive, the permit will become more valuable, and more
zero-car travelers will become permit suppliers.

NORTHWESTERN
UNIVERSITY



How to fix it?
0000@0

Main results: characteristics of UE solution

@ As ) decreases from 1, relatively rich one-car travelers will begin to buy permits
from their relatively poor peers.

@ As A\ becomes more restrictive, the permit will become more valuable, and more
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How to fix it?
0000@0

Main results: characteristics of UE solution

@ As ) decreases from 1, relatively rich one-car travelers will begin to buy permits
from their relatively poor peers.

@ As A\ becomes more restrictive, the permit will become more valuable, and more
zero-car travelers will become permit suppliers.

@ When very restrictive \ drives the demand for permits sufficiently high, the richest
travelers may begin to acquire the second automobile to increase the permit
supply.

The UE solution may be summarized as follows.
@ When X\ € [max(0.5,}),1), travelers may choose policy 0, 14 or 1—, but not 2.
@ When X € [0.5, max(0.5, :\)] travelers may choose policy 14, 1— or 2, but not 0.

where X is the threshold where travelers begin to acquire the second car.
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Summary

e Enabling permit trading may initially motivate more travelers
to become car owners.
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Summary

e Enabling permit trading may initially motivate more travelers
to become car owners.
@ For a restrictive LPR, all travelers would choose to own at least

one vehicle.
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Summary

e Enabling permit trading may initially motivate more travelers
to become car owners.

@ For a restrictive LPR, all travelers would choose to own at least
one vehicle.

@ There would be many who own cars but never use them - a
waste of social resources.
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How to fix it?
[elelelelel )

Summary

e Enabling permit trading may initially motivate more travelers
to become car owners.

@ For a restrictive LPR, all travelers would choose to own at least
one vehicle.

@ There would be many who own cars but never use them - a
waste of social resources.

@ The overall effectiveness of the policy is questionable.
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How to fix it?
®000000

Permit rationing and trading with all travelers (PRA-TAT)

o Distribute all driving permits evenly among all travelers.
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o Distribute all driving permits evenly among all travelers.

@ The authority decides the percentage of eligible travelers who
will be allowed to drive, also called .

@ A hybrid of LPR and tradable credit scheme (TCS).
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How to fix it?
®000000

Permit rationing and trading with all travelers (PRA-TAT)

o Distribute all driving permits evenly among all travelers.

@ The authority decides the percentage of eligible travelers who
will be allowed to drive, also called A.

@ A hybrid of LPR and tradable credit scheme (TCS).

@ Permits are given to travelers, not to vehicles, so no incentive
to buy extra vehicles.
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How to fix it?
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Main result

Transit
users

One-car users |
|

3(B) (e
| &+

Buy permits |
I

I

BL Bl

Sell permits IéS_ellperml B pU
A

Three choices: use transit and sell all
permits to auto owners (0), own one car
and sell portion of the permit to other
car owners (1-), and own one-car and buy

options (1+).
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How to fix it?
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Main result

. With the proposed PRA-TAT scheme, (1)

1 no traveler would choose to own a car but
sell permits at UE, i.e., fi— = 0. (2) One-
car travelers must purchase 1 — \ permit at

|

T

I

! .
112 UE, i.e.,
|

I

I

|

Transit
users

|
I
3(B) I
I
I
I
I

One-car users

Buy permits

(5(,8):{ 1-A /BE[/BDBU]

BL B! -\ BEIBL )

1 Sell permits B BU

Sell permits

- | (3) For target highway flow qo, driving re-
I striction A = qo/d; and (4) the permit price
]

P =g/

v

Br=F Mfip +fi),B* = F X(fiy).
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Main result

. With the proposed PRA-TAT scheme, (1)
1 | no traveler would choose to own a car but
Transit | Onocar users T sell permits at UE, i.e., fi— = 0. (2) One-
users | : car travelers must purchase 1 — \ permit at
3(B) | 11 UE, i.e.,
|
| Buy permits :
! I 1-X BeBf,Bu]
6(B) = ’
BL B, ! ®) { =X BE[BL )
Sell pefmits ! Sell permits p pu
- : (3) For target highway flow qo, driving re-
I striction A = qo/d; and (4) the permit price
: P =g/
Br=F ML+ A_),8" =F Ay). @ Permit trading in PRA-TAT leads to
a surprisingly simple equilibrium solu-
tion!
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Main result

. With the proposed PRA-TAT scheme, (1)

| no traveler would choose to own a car but
T sell permits at UE, i.e., fi— = 0. (2) One-
: car travelers must purchase 1 — \ permit at
(=Y UE, i.e.,
I
|
|
|

Transit
users

One-car users
3(B)
Buy permits

_ [ 1-x BelnBul
‘W)—{ X BelB )

11 ity
Sell petmits Sell permits p pu

- (3) For target highway flow qo, driving re-
striction A = qo/d; and (4) the permit price

P =g/

1
|
|
|
|
|
BL i
I
I
I
I
1

v

Br=F ML+ A_),8" =F Ay). @ Permit trading in PRA-TAT leads to
a surprisingly simple equilibrium solu-
tion!

@ Trading behavior is defined by auto

ownership, independent of user het-
NORTHWESTERN .
UNIVERSITY erogeneity.



LPR-NVQ: Result

How to fix it?
00®0000

— — — UEwith shadow cost (K =1.2)-D
= = = UE without shadow cost (K | =12)-D

33 %10 ~ .~ UEwith shadow cost (K | =1)-D
1000 . = = UE without shadow cost (K | =1)-D
. - = =UEK ,=12)-D ~ 1o UEwithout shadow cost (K =1.5) -D
B ° 32 ~ o
900 - = UEK 0:1)—D F=~o e UE with shadow cost (K 0:1.5) -D
S UEK (=15)-D

Car population

System cost ($)

500 28
400 27
05 06 07 08 09 1 05 06 07 08 0.9 1

Rationing ratio ( %)

@ Each NVQ policy effectivel
the level dictated by Ko

Rationing ratio ( )

y restricts the total number of automobiles at

® When the shadow cost is excluded, LPR-NVQ improve the system cost

NORTHWE@EMVith the shadow cost, the
UNIVERSITY

system costs under LPR-NVQ becomes worse.
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LPR-NVQ: Result

— — — UEwith shadow cost (K | =1.2) -D

850 ) ‘ ‘ = = = UEwithout shadow cost (K | =1.2)- p
x10* UE without shadow cost (K | =1.2) - 4
800 33 0
___________ e UE with shadow cost (K | =1.2) -H
A}
750 \ 12 UE with shadow cost (K ; =1.2) ~L
700 ‘. Te~a | UE without shadow cost (K | =12) -
s Se—-—
B 650 - = = UE(K, =12-D ~-a 31
2 —_
I3 UE(K_ =12)-H I
g 600 ° %
5 CUEK, =12)-L ¢ s
550 o
2
&
500 29
450
28
400
05 0.6 0.7 0.8 09 1
27

05 06 07 08 09 1
Rationing ratio ( )

Rationing ratio ( A)
@ Higher auto capital cost leads to lower auto ownership
® Low auto capital cost leads to high shadow price.

NORTHWEREM{ith shadow price, the system is better off with high auto capacity cost!
UNIVERSITY
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LPR-TAQO: Result

1000 =g 600
~,
~.
S~ 500
800 LTI
Trading leads to more 400
600 One-carowners
[ «™ 300
400
200
200 100
~,
[} [0}
0.5 0.6 0.7 0.8 09 1 0.5 06 0.7 0.8 09 1
Rationing ratio ( ) Rationing ratio ( 1)
1100 3.06
1000 3.04
S 900 2 302
5 S
3 §
£ 800 z 3
E} &
4
700 298
600 2.96
05 0.6 0.7 08 0.9 1 05 0.6 0.7 0.8 0.9 1
Rationing ratio ( 1) Rationing ratio ( 1)
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LPR-TAQO: Result

1000 =g 600
~.
~,
Srs 500
800 R
400 :
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LPR-TAO: Sensitivity to auto capital cost
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PRA-TAT: Result
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Welfare effects of LPR-TAO vs. PRA-TAT

Default population

(a) LPR-TAO, Scenario-D (b) PRA-TAT, Scenario-D
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@ LPR-TAO benefits the travelers with high value of time at the expense of
those with medium value of time.

@ Under PRA-TAT all travelers benefit (Pareto-improving), though the ben-
efits of “middle class” are the lowest.

Equity issue generally is worse when rationing is more restrictive.
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Welfare effects of LPR-TAO vs. PRA-TAT

Rich population

(c) LPR-TAO, Scenario—R (d) PRA-TAT, Scenario—R
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@ Benefits of both policies are improved with a rich population
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Welfare effects of LPR-TAO vs. PRA-TAT

Poor population

(e) LPR-TAO, Scenario—P (f) PRA-TAT, Scenario—P
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@ Benefits of both policies are worsened with a poor population
@ Even PRA-TAT does not achieve Pareto-improving.

@ Whether or not such a policy is effective depends on the distribution of

.E VOT.
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@ LPR is neither first-best nor second- @ LPR-NVQ can improve “nominal” so-
best. cial welfare; but with shadow cost, it
@ LPR is bound to worsen the system worsens the system cost.
optimum cost (with or without the @ Allowing auto owners to trade their
second car purchase). permit to drive is generally a worse

@ The policy may lead to unintended policy than LPR itself.

consequences (hig_her car ownership @ Allowing all travelers to trade permits
and worse congestion).

4 is more efficient than other alterna-

tives.
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@ LPR is neither first-best nor second-
best.

@ LPR is bound to worsen the system
optimum cost (with or without the
second car purchase).

@ The policy may lead to unintended
consequences (higher car ownership
and worse congestion).

Shortcomings Possible solutions

@ LPR-NVQ can improve “nominal” so-
cial welfare; but with shadow cost, it
worsens the system cost.

@ Allowing auto owners to trade their
permit to drive is generally a worse
policy than LPR itself.

@ Allowing all travelers to trade permits
is more efficient than other alterna-
tives.

@ A revenue-neutral first-best
policy with our assumptions.

@ can be introduced as an amend-
ment in cities where LPR is al-
ready in place
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Conclusions
oceo

Future studies

@ Generalize the analysis to determine the optimal control target
in PRA-TAT in real-world applications

@ Validating the trading behavioral with day-to-day dynamics mod-
els or agent-simulation model

e Combine PRA-TAT with other TDM policies, e.g. NVQ (many
cities have both)...

@ Implementation issues?
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Thank you!
Questions and comments?
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