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1W
e
lc
o
m
e

T
ransp
ortation
is
a
very
im
p
ortant
area
in
m
odern
societies.

In
m
ost
w
estern
countries
transp
ortation
occupies
around
5-10

p
ercent
ofthe
G
N
P
.W
ithin
transp
ortation
vehicle
routing
form
s

an
im
p
ortant
part
of
the
sub
ject.

A
lso
w
ithin
the
op
erations
research
scienti�c
com
m
unity
ve-

hicle
routing
is
an
im
p
ortant
area
leading
to
m
any
journal
arti-

cles
and
applications,
and
leading
to
m
any
developm
ents
w
ithin

optim
ization.

R
O
U
T
E
2000
aim
s
to
provide
a
forum
for
scienti�c
exchange

and
coop
eration
in
the
�eld
of
vehicle
routing
and
related
are-

as.
T
he
18
presentations
range
from
theoretical
contributions

to
real-life
im
plem
entations
and
cases,
and
cover
areas
as
the

traveling
salesm
an
problem
,
dynam
ic
vehicle
routing,
vehicle

routing
w
ith
tim
e
w
indow
s,
and
crew
scheduling.

5

6

R
o
lig
h
ed
�

A
u
g
u
st
1
6
t
h-1
9
t
h

2
0
0
0

It
is
m
y
hop
e
that
the
very
interesting
presentations,
the
in-

form
al
w
orkshop
form
,
the
single
stream
of
presentations,
and

the
nice
surroundings
w
ill
result
in
a
very
constructive
and
en-

riching
m
eeting.

F
inally
I
w
ould
like
to
thank
the
D
anish
SocialScience
F
oun-

dation
and
T
he
T
echnicalU
niversity
of
D
enm
ark
for
supp
orting

the
w
orkshop.

O
li
B
.G
.
M
adsen

C
hairm
an
of
R
O
U
T
E
2000
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esearch
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odelling
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T
h
e
N
o
r
t
h

Z
e
a
la
n
d

E
x
c
u
r
s
io
n

T
he
excursion
on
T
hursday
starts
at
1:30pm
w
here
w
e
w
ill
b
e

picked
up
by
a
bus
and
head
north
along
the
coast.
O
ur
�rst

stop
is
�L
ouisiana�,
the
w
orld-fam
ous
m
useum
of
m
odern
art

in
H
um
lebæ
k.
Its
p
erm
anent
exhibition
is
D
anish
and
interna-

tionalart
from
after
1945.
T
he
m
useum
is
situated
in
a
spacious,

old
park
w
ith
a
�ne
view
across
the
Ø
resund
(the
sm
all
strait

b
etw
een
Z
ealand
and
Sw
eden).
It
houses
an
exquisite
collec-

tion
of
m
odern
art
by
international
artists
such
as
A
rp,
F
rancis

B
acon,
C
alder,
M
ax
E
rnst,
H
enry
M
oore,
P
icasso
and
W
arhol.

L
ouisiana
is
not
m
erely
an
exp
erience
in
m
odern
and
con-

tem
p
orary
art,
but
a
congenial
re�ection
of
the
interplay
b
e-

tw
een
art,
architecture
and
landscap
e.
T
he
m
agni�cent
park

serves
as
an
idealsetting
for
displaying
the
collection
of
m
odern

sculptures.

C
o�
ee
and
pastry
is
served
at
3pm
in
the
cafeteria
of
the

m
useum
,
and
3:30pm
w
e
w
ill
leave
the
m
useum
and
continue

the
trip
north
along
the
b
eautiful
coastline.

A
s
w
e
reach
the
�northern
gate�
of
Ø
resund
w
e
w
ill
m
ake

a
sm
all
stop
at
the
castle
of
�K
ronb
org�.
K
ronb
org
C
astle
is

one
of
the
m
ost
im
p
ortant
renaissance
castles
in
the
north
of

E
urop
e.
E
very
year,severalhundred
thousand
tourists
visit
the

m
agni�cent
castle
on
the
seaw
ard
approach
to
the
Ø
resund.

T
he
m
any
foreign
guests
m
ainly
associate
K
ronb
org
w
ith

Shakesp
eare's
dram
a
ab
out
H
am
let,
P
rince
of
D
enm
ark.
F
or

D
anish
visitors
the
castle
is
a
national
and
historic
m
onum
ent.

K
ronb
org
w
as
built
in
the
years
b
etw
een
1574-1585
by
the

K
ing
of
D
enm
ark
F
rederik
II.
A
t
the
entrance
of
the
Ø
resund,

14

R
o
lig
h
ed
�

A
u
g
u
st
1
6
t
h-1
9
t
h

2
0
0
0

the
bright
castle
grew
out
of
the
m
edieval
fortress
�K
rogen�.

D
uring
the
years,
the
various
kings
built
other
castles,
and

K
ronb
org
ended
up
having
to
b
e
content
w
ith
the
hum
ble
role

as
�K
eep
er
of
the
Ø
resund�.

In
the
b
eginning
of
the
tw
entieth
century
K
ronb
org
w
as
re-

stored
and
op
ened
for
public
access.

F
rom
K
ronb
org
our
bus
w
ill
take
us
back
to
R
olighed.
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C
o
o
rd
in
a
te
d

v
e
h
ic
le
ro
u
tin
g

w
ith

u
n
c
e
rta
in
d
e
m
a
n
d

C
a
r
lo
s
F
.
D
a
g
a
n
z
o
(D
e
pa
rt
m
e
n
t
o
f
C
iv
il
a
n
d
E
n
v
ir
o
n
-

m
en
ta
l
E
n
g
in
e
e
r
in
g
,
U
n
iv
e
r
sit
y
o
f
C
a
lifo
r
n
ia
,
B
e
r
k
e
-

le
y
)

A
la
n
L
.
E
rera

N
um
erical
optim
ization
m
ethods
have
b
een
develop
ed
and

applied
successfully
to
m
any
determ
inistic
variants
of
the
so-

called
vehicle
routing
problem
(V
R
P
).
U
nfortunately,
existing

num
erical
m
ethodologies
are
not
as
e�
ective
for
planning
and

design
problem
s
w
hen
uncertainty
is
a
signi�cant
issue.
In
view

15

16

R
o
lig
h
ed
�

A
u
g
u
st
1
6
t
h-1
9
t
h

2
0
0
0

of
this,
this
presentation
w
ill
show
how
approxim
ation
m
odels

for
large-scale
uncertain
V
R
P
's
can
com
plem
ent
conventional

optim
ization
m
ethods
and
allow
for
the
exploration
of
a
broader

set
of
design
and
op
erating
strategies
than
is
currently
p
ossible.

T
he
presentation
w
ill
consider
vehicle
routing
problem
s
w
here

vehicles
have
a
�nite
capacity
and
dem
and
is
uncertain,focusing

on
strategies
that
coordinate
the
actions
of
all
vehicles
in
the

�eet
in
real
tim
e
as
inform
ation
b
ecom
es
available.

W
hen
uncertainty
exists,
system
s
should
b
e
designed
w
ith

degrees
of
�exibility
that
allow
for
e�
cient
control
in
real
tim
e.

In
the
case
of"single-p
eriod"
vehicle
routing
problem
s
w
e
should

determ
ine
tw
o
things:
(i)
the
system
con�guration,
including

the
�eet
size
and
com
p
osition
and
an
initialset
ofvehicle
routes,

and
(ii)
a
dynam
ic
control
plan
(algorithm
)
w
hich
sp
eci�es
how

vehicle
routes
are
m
odi�ed
in
real
tim
e
as
inform
ation
b
ecom
es

available.
U
ncertainty
should
b
e
considered
w
hen
designing

b
oth
the
system
con�guration
and
its
control
algorithm
.
F
ur-

therm
ore,con�guration
decisions
should
b
e
m
ade
w
ith
b
oth
the

�ow
of
inform
ation
and
the
control
m
ethod
in
m
ind.
F
or
the

capacitated
V
R
P
w
ith
uncertain
dem
and,
the
desirability
and

feasibility
of
sp
eci�c
designs
w
ill
dep
end
on
how
and
w
hen
lot

size
inform
ation
b
ecom
es
available
and
the
degree
ofcontrolthat

a
dispatcher
can
exert
over
en-route
vehicles.

R
esearchers
have
attem
pted
to
obtain
optim
al
designs
m
ini-

m
izing
exp
ected
op
erating
costs
for
problem
s
in
w
hich
custom
er

lot
size
inform
ation
b
ecom
es
know
n
only
after
the
arrival
of
a

vehicle.
U
nfortunately,
all
the
solutions
prop
osed
to
date
are

based
either
on
con�gurations
that
are
unlikely
to
b
e
feasible

in
practice,
such
as
single-vehicle
�eets,
or
on
feasible
op
erating
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plans
that
are
too
restrictive
to
b
e
app
ealing
in
practice.
A
p
os-

sible
alternative
system
design
that
m
ay
b
e
m
ore
practical
and

e�
cient
w
ould
allow
tour
failures
to
b
e
consolidated
into
sec-

ondary
�sw
eep
er�
routes.
T
he
approach
here
w
ould
b
e
to
plan

initial
routes
as
if
the
vehicle
capacity
w
ere
sm
aller
(q�
<

q)

to
ensure
that
few
prim
ary
tours
w
ould
fail,
and
then
to
serve

the
over�ow
custom
ers
w
ith
a
set
of
secondary
tours
w
here
ve-

hicles
are
allow
ed
to
coop
erate.
U
nfortunately,
although
this

con�guration
is
sim
ple
to
describ
e,
it
is
already
too
di�
cult
to

optim
ize
exactly.
M
ore
prom
ising
designs
w
here
vehicles
w
ould

b
e
allow
ed
to
coop
erate
during
the
prim
ary
tours
are
even
m
ore

di�
cult
to
treat
exactly.

T
he
presentation
w
ill
show
how
a
system
in
w
hich
vehicles

are
allow
ed
to
coop
erate
during
the
prim
ary
phase
can
b
e
de-

signed
and
op
erated
by
m
inim
izing
and
approxim
ate
"logistic

cost
function"
of
key
design
param
eters.
T
he
e�
ectiveness
of

the
prop
osed
strategies
is
com
pared
against
(a)
current
strate-

gies
in
w
hich
there
is
little
or
no
coordination,
and
(b)
against

determ
inistic
strategies
for
equivalent
problem
s
w
ithout
uncer-

tainty.
It
is
show
n
that
the
introduction
of
coordination
in

prop
er
w
ays
low
ers
the
op
eration
cost
from
the
b
est
levels
that

can
b
e
achieved
w
ithout
coordination
(a)
to
levels
close
to
(b).

4
.2
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In
the
usualsequentialprocess
of
planning
the
op
erations
for

an
airline,the
�eet
assignm
ent
problem
arises
b
etw
een
the
prob-

lem
ofdeterm
ining
a
�ight
schedule
given
the
passenger
dem
and

curves
for
each
pair
of
origin
and
destination,
and
the
prob-

lem
of
routing
individual
aircraft
to
cover
all
scheduled
�ight

legs
w
hile
satisfying
m
aintenance
requirem
ents.
It
consists
of

determ
ining
the
aircraft
typ
e
to
assign
to
each
�ight
leg
of
a

given
�ight
schedule.
T
hese
decisions
m
ust
b
e
m
ade
in
order
to

m
axim
ize
the
sum
of
the
exp
ected
pro�ts
for
each
leg
(w
hich

dep
end
on
the
chosen
aircraft
typ
e),
w
hile
satisfying
a
certain

num
b
er
of
constraints
describ
ed
later
on.
T
he
sequential
plan-

ning
process
is
then
com
pleted
by
com
puting
crew
rotations
and

m
onthly
schedules
for
individual
crew
m
em
b
ers
that
m
inim
ize

crew
costs
w
hile
satisfying
governm
ent
regulations
and
collective

agreem
ent
w
orking
rules.

T
his
research
addresses
the
�eet
assignm
ent
problem
for
a

w
eekly
�ight
schedule
w
here
it
is
desirable
to
assign
the
sam
e

typ
e
of
aircraft
to
the
legs
op
erating
on
di�
erent
days
of
the

w
eek
but
w
ith
the
sam
e
�ight
num
b
er.
E
ven
though
it
reduces

schedule
pro�tability,
aircraft
typ
e
hom
ogeneity
is
sought
in
or-

der
to
im
prove
custom
er
service
and
the
planning
of
op
erations.

Indeed,
w
hen
the
sam
e
aircraft
typ
e
is
assigned
to
legs
w
ith
the

sam
e
�ight
num
b
er,
the
sam
e
gate
can
b
e
used
for
these
legs,

w
hich
is
considered
as
m
ore
convenient
for
regular
passengers.

A
lso,
the
ground
equipm
ent
needed
to
service
and
resupply
the

aircraft
can
rem
ain
near
that
gate.
F
inally,
w
hen
crew
s
are
as-

signed
to
one-day
rotations,
as
it
is
often
the
case
for
regional

carriers,hom
ogeneous
assignm
ents
allow
building
the
sam
e
crew
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rotations
day
after
day.
Such
rotations
are
appreciated
by
the

crew
m
em
b
ers,
w
hich
usually
prefer
regular
w
orking
days.

T
o
our
know
ledge,
no
pap
ers
have
b
een
published
on
this

extension
of
the
airline
�eet
assignm
ent
problem
.
H
ow
ever,sev-

eral
pap
ers
addressing
the
classical
version
can
b
e
found
in
the

literature.
T
he
problem
is
often
form
ulated
as
a
m
ixed
inte-

ger,
linear,
m
ulticom
m
odity
�ow
problem
w
ith
side
constraints

de�ned
on
a
tim
e-space
netw
ork
(see
A
bara
(1989),
Subram
a-

nian
et
a
l.
(1994)
and
H
ane
et
a
l.
(1995)).
In
D
esaulniers
et

a
l.
(1997)
and
R
exing
et
a
l.
(2000),
a
variant
of
the
problem

is
tackled
w
here
som
e
�exibility
on
the
�ight
departure
tim
es

is
allow
ed.
T
hese
departure
tim
es
m
ust
fall
w
ithin
given
tim
e

intervals
called
tim
e
w
indow
s.
Such
�exibility
op
ens
up
new

feasible
�ight
connection
opp
ortunities
and,
thus,
can
yield
a

m
ore
pro�table
�eet
assignm
ent.
F
orm
ulating
the
problem
as

a
sp
ecial
case
of
the
uni�ed
form
ulation
for
tim
e
constrained

vehicle
and
crew
scheduling
problem
s
subsequently
presented

in
D
esaulniers
et
a
l.
(1998),
D
esaulniers
et
a
l.
(1997)
solve

it
using
a
colum
n
generation
approach
em
b
edded
in
a
branch-

and-b
ound
search
tree.
B
ased
on
a
discretization
of
the
tim
e

w
indow
s,
R
exing
et
a
l.
(2000)
form
ulate
the
problem
as
an
in-

teger
linear
program
sim
ilar
to
the
one
prop
osed
for
the
case

w
ith
�xed
departure
tim
es
and
solve
it
using
a
preprocessor,
an

lp
solver
and
a
branch-and-b
ound
schem
e.

Som
etim
es,
solving
the
�eet
assignm
ent
problem
for
a
single

day
of
the
w
eek
can
b
e
a
good
starting
p
oint
to
obtain
a
�eet

assignm
ent
for
the
w
hole
w
eek.
Indeed,
if
the
daily
schedules

are
su�
ciently
sim
ilar
from
one
day
to
the
other,one
can
obtain

an
initial
(p
erhaps
infeasible)
solution
by
duplicating
the
one-
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day
solution
over
the
w
eek.
T
his
initial
w
eekly
solution
often

needs
to
b
e
adapted
to
take
into
account
the
m
inor
di�
erences

existing
b
etw
een
the
days
(for
instance,
w
hen
a
�ight
is
not

�ow
n
every
day
of
the
w
eek
or
w
hen
the
passenger
dem
and
of
a

�ight
varies
substantially
over
the
w
eek).
In
the
latter
case,
it

m
ight
b
e
advantageous
to
assign
di�
erent
aircraft
typ
es
to
�ight

legs
having
quite
di�
erent
dem
ands.

A
w
eekly
assignm
ent
derived
from
a
daily
solution
tends
to

b
e
hom
ogeneous.
H
ow
ever,in
m
ost
cases,it
is
not
optim
alsince

the
aircraft
typ
e
assignm
ent
is
determ
ined
from
the
schedule
of

a
given
day
rather
than
from
the
w
hole
w
eek
schedule.
T
his

is
all
the
m
ore
true
w
hen
the
di�
erences
b
etw
een
the
days
are

im
p
ortant.
In
particular,
signi�cant
di�
erences
can
often
b
e

observed
b
etw
een
w
eekdays
and
w
eekend
days.

O
n
the
other
hand,
w
hen
the
problem
size
allow
s
it,
one

m
ay
solve
the
problem
(w
ithout
hom
ogeneity)
considering
the

w
hole
w
eek
schedule
by
using
a
m
odelsim
ilar
to
that
of
H
ane
et

a
l.
(1995).
Such
an
approach
can
produce
optim
al
solutions
in

term
s
of
pro�ts
but
does
not
favor
hom
ogeneity
since
it
is
not

taken
into
account.

T
he
�rst
contribution
of
this
research
is
to
prop
ose
a
m
odel

for
the
�eet
assignm
ent
problem
w
ith
hom
ogeneity
that
can
b
e

used
to
yield
high
pro�table
hom
ogeneous
solutions.
Its
sec-

ond
contribution
consists
of
developing
di�
erent
heuristic
solu-

tion
approaches
for
this
m
odel
that
provide
solutions
of
various

qualities
in
various
solution
tim
es.
T
hird,
these
m
ethodologies

can
b
e
used
to
evaluate
the
im
pact
of
trading-o�
pro�ts
for
ho-

m
ogeneity.
F
inally,
this
research
show
s
that
optim
ization
tools

can
b
e
used
to
produce
solutions
directly
usable
in
practice
by
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introducing
elem
ents
that
facilitate
the
op
erations.

C
om
putationalresults
obtained
on
A
ir
C
anada
instances
in-

volving
up
to
4400
�ight
legs
are
rep
orted.
T
he
system
produces

realistic
solutions
arising
from
a
trade-o�
b
etw
een
pro�ts
and

hom
ogeneity,
and
solves
large-scale
instances
in
short
tim
es.
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Issu
e
s
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D
y
n
a
m
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F
le
e
t
M
a
n
a
g
e
-

m
e
n
t

G
e
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H
a
sle
(D
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rt
m
en
t
o
f
O
pt
im
izat
io
n
,
S
IN
T
E
F
A
p-

plied
M
at
h
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at
ic
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In
local
pick-up
and
delivery,
there
is
a
huge
p
otential
for

im
provem
ent
of
logistics
p
erform
ance.
F
or
op
erations
of
som
e

size,
dynam
ic,
real-tim
e
routing
is
a
very
com
plex
co-ordination

task.
D
espite
this
fact,
logistics
m
anagem
ent
of
local
distribu-

tion,is
predom
inantly
p
erform
ed
by
hum
an
dispatchers,even
for

large
com
panies.
C
om
m
ercial
V
R
P
softw
are
is
predom
inantly

used
for
generation
of
static
routes.
V
ery
few
cases
of
real-life,

real-tim
e,
dynam
ic
routing
supp
orted
by
IC
T
tools
based
on

V
R
P
optim
ization
are
know
n
to
this
author.
T
he
m
a
jor
V
R
P

softw
are
vendors
claim
that
their
V
R
P
tools
supp
ort
dynam
ic

routing.
W
hat
are
the
reasons
for
this
m
ism
atch?

T
here
are
a
num
b
er
of
plausible
reasons.
F
irstly,
�eet
m
an-

agem
ent
system
s
for
real-tim
e
routing
m
ust
b
e
based
on
a
rich

V
R
P
m
odel.
G
enerally,
existing
V
R
P
tools
are
in�exible,
and

based
on
an
idealized
m
odel.
C
on�guration
to
the
application
at

hand
m
ay
b
e
im
p
ossible
or
very
costly.
Secondly,
there
are
very

strong
resp
onse
tim
e
versus
plan
quality
dem
ands,b
oth
for
plan

generation
and
plan
m
aintenance.
V
R
P
tools
of
today
(to
the

extent
that
w
e
know
their
w
orkings)
seem
to
b
e
based
on
fairly

old
and
sim
ple
construction
heuristics,or,generaltechniques
for

solving
M
IP
-form
ulations
of
the
V
R
P
.
Such
techniques
are
not

p
ow
erful
enough,
or
they
�nd
the
optim
al
solution
to
an
irrele-
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vant
question
due
to
inadequacy
oftheir
underlying
V
R
P
m
odel.

A
lso,there
are
im
p
ortant
softw
are
engineering
issues.
R
ealtim
e

�eet
m
anagem
ent
system
s
need
to
b
e
tightly
integrated
w
ith
or-

der
handling
system
s,
system
s
for
vehicle
p
osition
tracking,and

com
m
unication
system
s.
A
vailability
and
quality
of
inform
a-

tion
on
transp
ortation
orders,
road
netw
ork,
vehicle
p
ositions,

and
tra�
c
situation
is
crucialfor
F
inally,
a
p
ossible
explanation

are
related
w
ith
organizationalissues
such
as
lack
of
education,

resistance
from
em
ployees,
lack
of
supp
ort
from
m
anagem
ent,

and
bad
pro
ject
m
anagem
ent.
R
ecent
and
current
research
at

our
D
epartm
ent
aim
s
at
resolving
the
technical
part
of
the
is-

sues
alluded
to
ab
ove.
A
m
a
jor
goal
for
us
is
to
develop
V
R
P

technology
for
resolution
of
real-life
applications
in
transp
orta-

tion
m
anagem
ent,
for
di�
erent
transp
ortation
m
odalities,
and

for
supply-chain
coordination.

A
m
a
jor
part
our
recent
research
has
concentrated
on
the

developm
ent
of
generic
tools
for
V
R
P
s
w
ith
focus
on
local
dis-

tribution.
T
his
entails
developm
ent
of
a
rich
V
R
P
m
odel
and

corresp
onding
e�
cient
algorithm
s
for
construction,
optim
iza-

tion
and
repair
of
routing
plans.
A
crucial,
basic
com
p
onent

of
this
technology
is
a
highly
e�
cient
cheap
est
path
calculator

for
road
netw
orks,w
hich
takes
driving
restrictions
into
consider-

ation.
W
e
have
develop
ed
such
a
com
p
onent
based
on
transfor-

m
ation
of
the
road
netw
ork
graph,
and
a
variant
of
D
ijkstra's

algorithm
extended
w
ith
hash-tables.
A
second
com
p
onent
is

functionality
for
last
m
inute
optim
ization
of
tours
b
efore
a
ve-

hicle
is
loaded
or
dispatched.
H
ere,
w
e
have
investigated
exact

m
ethods
for
T
SP
s
w
ith
side
constraints
based
on
branch
and

b
ound.
T
he
last
part
is
e�
ective
algorithm
s
for
construction,
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iterative
im
provem
ent,
and
repair
of
routing
plans
for
dynam
ic,

rich
V
R
P
m
odels.
O
ur
research
and
developm
ent
has
focused
on

insertion-based
construction
techniques,
coupled
w
ith
iterative

im
provem
ent
m
ethods
based
on
local
search,
constraint
prop-

agation
and
m
eta-heuristics.
B
ased
on
our
research
e�
orts
in

V
R
P
,
the
D
epartm
ent
develops
a
generic
V
R
P
softw
are
toolkit.

T
he
toolkit
includes
functionality
for
autom
ated
con�guration,

a
client-server
architecture
that
supp
orts
m
ultiple
users
and
"or-

ganic"
planning,
as
w
ell
as
standardized
interfaces
to
external

system
s.

A
nother
part
of
our
current
research
and
technology
devel-

opm
ent
related
w
ith
V
R
P
deals
w
ith
m
ethods
for
solving
com
-

plex
vessel
routing
problem
s
w
ith
additional
constraints
related

w
ith
supply-chain
coordination.
O
ne
case
is
shipm
ent
of
am
m
o-

nia
b
etw
een
producer
and
consum
er
p
orts
of
raw
m
aterials
in

process
industries,
w
here
there
are
hard
stock
level
constraints.

F
or
this
case
w
e
have
develop
ed
a
hybrid
m
ethod
w
hich
com
-

bines
a
heuristic
m
ethod
for
the
com
binatorial
part
w
ith
an
L
P

solver
for
feasibility
checking
and
detailed
decisions
on
tim
ing

and
volum
es.

T
he
D
epartm
ent
also
conducts
m
ore
fundam
ental
research

on
solving
non-standard
constraint
satisfaction
problem
s,
i.e.,

problem
s
w
ith
preferential
constraints,
over-constrained
prob-

lem
s,
and
problem
s
w
ith
m
ultiple
optim
ization
criteria.

In
this
talk,
the
author
shall
describ
e
the
status
of
ongoing

research
and
technology
developm
ent
related
w
ith
V
R
P
w
ithin

the
D
epartm
ent.
H
e
shall
also
p
oint
to
challenges
that
w
ill
set

the
agenda
for
future
research.
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c
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c
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p
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P
w
C
has
in
C
op
enhagen
a
C
entre
of
E
xcellence
in
D
istribu-

tion
P
lanning
System
s,
that
during
the
last
decade
has
devel-

op
ed
and
im
plem
ented
a
series
of
state
of
the
art
real-tim
e
vehi-

cle
scheduling
system
s.
T
he
challenges
in
m
aking
such
system
s

w
ork
in
a
real
life
environm
ent
are
huge
-
technical
as
organisa-

tional.
B
ut
the
reallife
transp
ortation
planning
is
ab
out
m
aking

real
tim
e
decisions,
so
the
challenges
m
ust
b
e
overcom
ed.
A
nd

they
are
!
D
uring
the
sp
each,
I'll
give
exam
ples
from
running

applications,
covering
their
background
and
vision,
solutions
to

and
exp
eriences
from
using
event-driven
optim
isation
in
trans-

p
ortation
order-b
ooking
as
w
ell
as
in
the
concurrently
running

re-scheduling
based
on
G
P
S
p
ositioning
and
status-rep
orts
from

the
individual
trucks.

4
.5

C
la
ssic
a
l
a
n
d
m
o
d
e
rn
h
e
u
ristic
s
fo
r

th
e
v
e
h
ic
le
ro
u
tin
g
p
ro
b
le
m

G
ilb
e
r
t
L
a
p
o
r
te
(É
c
o
le
d
e
s
H
a
u
t
e
s
É
t
u
d
e
s
C
o
m
m
e
r
-

c
ia
le
s
a
n
d
C
e
n
t
r
e
fo
r
R
esea
r
c
h
o
n
T
r
a
n
sp
o
rtat
io
n
)

26

R
o
lig
h
ed
�

A
u
g
u
st
1
6
t
h-1
9
t
h

2
0
0
0

T
he
V
eh
icle
R
o
u
tin
g
P
ro
blem
(V
R
P
)
holds
a
centralplace
in

distribution
m
anagem
ent.
It
is
also
an
im
p
ortant
com
binatorial

optim
ization
problem
that
has
stim
ulated
several
p
ow
erful
ex-

act
and
approxim
ate
solution
m
ethodologies.
T
he
m
ost
studies

version
is
the
capacitated
V
R
P
on
an
undirected
graph
w
hich

can
b
e
de�ned
as
follow
s.
L
et
G

=
(V
;E
)
b
e
a
graph
w
here

V
=
f
v
o ;v
1 ;:::;v
n
g
is
the
vertex
set
and
E
=
f
(v
i ;v
j )
:
v
i ;v
j
2

V
;i
<
jg
is
the
edge
set.
V
ertex
v
0

represents
a
dep
ot
at
w
hich

are
based
m

identical
vehicles
of
capacity
Q
.
In
som
e
versions

of
the
problem
s,
m

is
a
know
value,
in
others
it
is
a
decision

variable.
T
he
rem
aining
vertices
represent
cities
or
custom
ers.

W
ith
every
vertex
v
i
is
associated
a
non-negative
dem
and
q
i .

A
lso,
a
non-negative
cost
or
distance
c
ij

is
associated
w
ith
ev-

ery
edge
(v
i ;v
j ).
T
he
V
R
P
consists
of
determ
ining
a
set
of
m

vehicle
routes
i)
starting
and
ending
at
the
dep
ot;
ii)
such
that

every
custom
er
is
visited
exactly
once
by
one
vehicle;
iii)
such

that
the
total
dem
and
of
each
vehicle
route
does
not
exceed
Q
;

iv)
having
m
inim
um
total
cost.

T
he
V
R
P
is
an
N
P
-hard
problem
that
is
exceedingly
di�
cult

to
solve
to
optim
ality.
T
o
this
day,
no
exact
algorithm
can

consistently
solve
V
R
P
instance
in
excess
of
50
cities,
although

severallarger
instance,som
e
involving
m
ore
than
100
cities,have

b
een
solved
optim
ally.
T
hus,
the
only
practical
approach
is
the

use
of
heuristics.
T
hese
b
elong
to
tw
o
broad
classes:
classical

heuristics
and
m
odern
heuristics
heuristics
(or
m
etaheuristics).

C
lassicalV
R
P
heuristics
can
b
e
broadly
classi�ed
into
three

categories.
C
o
n
stru
ctive
h
eu
ristics
gradually
build
a
feasible
so-

lution
w
hile
keeping
an
eye
on
the
solution
cost,
but
do
not
con-

tain
an
im
provem
ent
phase
per
se.
In
tw
o
-p
h
a
se
h
eu
ristics,
the
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problem
is
decom
p
osed
into
its
tw
o
naturalcom
p
onents:
cluster-

ing
of
vertices
into
feasible
routes
and
actualroute
construction,

w
ith
p
ossible
feedback
loops
b
etw
een
the
tw
o
stages.
T
w
o-phase

heuristics
can
b
e
divided
into
tw
o
classes:
clu
ster-�
rst,
ro
u
te-

seco
n
d
m
ethods
and
ro
u
te-�
rst,
clu
ster-seco
n
d.
In
the
�rst
case,

vertices
are
�rst
organized
into
feasible
clusters,
and
a
vehicle

route
is
constructed
for
each
of
them
.
In
the
second
case,
a

tour
is
�rst
built
on
all
vertices
and
is
then
segm
ented
into

feasible
vehicle
routes.
F
inally,
im
p
ro
vem
en
t
m
eth
od
s
attem
pt

to
upgrade
any
feasible
solution
by
p
erform
ing
a
sequence
of

edge
or
vertex
exchanges
w
ithin
or
b
etw
een
vehicle
routes.
T
he

distinction
b
etw
een
constructive
and
im
provem
ents
m
ethods
is,

how
ever,often
blurred
since
m
ost
constructive
algorithm
s
incor-

p
orate
im
provem
ent
steps
(typically
3-opt)
at
various
stages.

A
s
far
as
w
e
are
aw
are,
six
m
ain
typ
es
of
m
etaheuristics

have
b
een
applied
to
the
V
R
P
:
1)
Sim
ulated
A
nnealing
(SA
),

2)
D
eterm
inistic
A
nnealing
(D
A
),
3)
T
abu
Search
(T
S),
4)
G
e-

netic
A
lgorithm
s
(G
A
),
5)
A
nt
System
s
(A
S),
and
6)
N
eural

N
etw
orks
(N
N
).
T
he
�rst
three
algorithm
s,
SA
,
D
A
and
T
S,

start
from
an
initial
solution
x
1 ,
and
m
ove
at
each
iteration
t

from
x
t

to
a
solution
x
t
+
1

in
the
neighb
ourhood
N
(x
t )
of
x
t ,

until
a
stopping
condition
is
satis�ed.
If
f
(x
)
denotes
the
cost

of
x
,
then
f
(x
t
+
1 )
is
not
necessary
less
than
f
(x
t ).
A
s
a
result,

care
m
ust
b
e
taken
to
avoid
cycling.
G
A
exam
ines
at
each
step

a
p
opulation
of
solutions.
E
ach
p
opulation
is
derived
from
the

preceding
one
by
com
bining
its
b
est
elem
ents
and
discarding

the
w
orst.
A
S
is
a
constructive
approach
in
w
hich
several
new

solutions
are
created
at
each
iteration
using
som
e
of
the
infor-

m
ation
gathered
at
previous
iterations.
A
s
w
as
p
ointed
out
by
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T
aillard
et
a
l.,
T
S,
G
A
and
A
S
are
m
ethods
that
record,
as
the

search
proceeds,
inform
ation
on
solutions
encountered
and
use

it
to
obtain
im
proved
solution.
N
N
is
a
learning
m
echanism
that

gradually
adjusts
a
set
of
w
eights
until
an
acceptable
solution

is
reached.
T
he
rules
governing
the
search
di�
er
in
each
case

and
these
m
ust
also
b
e
tailored
to
the
shap
e
of
the
problem
at

hand.
A
lso,
a
fair
am
ount
of
creativity
and
exp
erim
entation
is

required.

T
he
purp
ose
ofthis
talk
is
to
provide
an
overview
ofthe
m
ost

im
p
ortant
classical
and
m
odern
heuristics
for
the
V
R
P
.
Several

com
parative
com
putational
results
w
ill
b
e
presented.
Som
e
fu-

ture
research
directions
w
ill
b
e
outlined.
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F
rom
kjefag@
enter.vg
T
ue
A
ug
15
08:35:46
2000
D
ate:
M
on,

14
A
ug
2000
11:19:17
+
0200
(C
E
ST
)
F
rom
:
kjefag@
enter.vg

T
o:
Jesp
er
L
arsen
<
jla@
im
m
.dtu.dk>
Sub
ject:
N
ew
sub
ject

for
presentation
on
R
O
U
T
E
2000

H
ello
Jesp
er,

according
to
our
conversation
on
the
phone
earlier
today,

I
send
you
the
title
and
abstract
of
m
y
new
presentation
on

R
O
U
T
E
2000.
I
hop
e
this
change
in
presentation
does
not
m
ake

any
trouble
to
you.
I
look
forw
ard
to
seeing
you
in
R
olighed
on

W
ednesday.

B
est
regards

29
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K
jetil

Ship
scheduling
w
ith
soft
tim
e
w
indow
s

A
bstract

T
his
pap
er
considers
a
real
ship
scheduling
problem
that

can
b
e
considered
as
a
m
ulti-ship
pickup
and
delivery
prob-

lem
w
ith
soft
tim
e
w
indow
s.
T
he
m
otivation
for
introducing

soft
tim
e
w
indow
s
instead
of
hard
is
that
by
allow
ing
controlled

tim
e
w
indow
violations
for
som
e
custom
ers,
it
m
ay
b
e
p
ossi-

ble
to
obtain
b
etter
schedules
and
signi�cant
reductions
in
the

transp
ortation
costs.
T
o
controlthe
tim
e
w
indow
violations,in-

convenience
costs
for
servicing
custom
ers
outside
their
tim
e
w
in-

dow
s
are
im
p
osed.
A
n
optim
isation
based
approach
based
on

a
set
partitioning
form
ulation
is
prop
osed
to
solve
the
problem
.

F
irst,
all
(or
a
num
b
er
of
prom
ising)
feasible
routes
are
enum
er-

ated.
Second,
the
various
p
ossible
schedules
of
each
route
are

com
puted
as
w
ell
as
the
corresp
onding
op
erating
and
inconve-

nience
costs.
F
inally,
the
schedules
are
given
as
input
to
a
set

partitioning
problem
.
T
he
solution
m
ethod
also
determ
ines
the

optim
al
sp
eeds
for
the
ships
on
the
various
sailing
legs.
T
he

com
putational
results
show
that
the
prop
osed
approach
w
orks

on
the
real
ship
scheduling
problem
.

A
uthor:
K
jetil
F
agerholt
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B
illiard,
dart,
table
tennis,
outdoor
volleyball,
T
V
and

video
(V
H
S),
library,
public
accessible
w
ood
and
a
b
each

from
w
here
is
is
p
ossible
to
go
for
a
sw
im
.

�
A
d
d
r
e
ss

T
he
address
of
R
olighed
is
Skodsb
org
Strandvej
303,
D
K
-

2942
Skodsb
org.
P
hone:
45
89
17
00,
fax
45
89
17
68.
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R
oom
s
have
to
b
e
vacated
b
efore
9am
at
departure.
K
eys

m
ust
b
e
returned
at
the
reception.
T
he
reception
w
ill

show
you
w
here
to
place
your
luggage.

If
you
have
used
the
phone
in
your
room
you
m
ust
also

pay
for
the
usage
at
the
reception.

�
F
a
c
ilitie
s

W
hiteb
oard,
�ip-over,
overhead-pro
jector,
T
V
and
video

(V
H
S),
slide
pro
jector,
sound
system
,
fax,
photocopier,

P
C
w
ith
M
icrosoft
P
ow
erp
oint
and
StarO
�
ce
P
resenta-

tion.

�
M
e
e
tin
g
r
o
o
m
s

B
eside
the
large
conference
room
that
can
hold
up
to
60

p
ersons
there
are
sm
all
room
s
available.
A
large
m
eet-

ing
room
that
has
a
capacity
of
16
p
ersons
is
also
avail-

able.
A
dditionally
there
are
4
m
eeting
room
s
w
here
there

is
room
for
up
12
p
ersons,
and
1
sm
allroom
that
can
hold

up
to
8
p
ersons.

�
P
h
o
n
e

T
here
are
phones
in
the
room
s.
It
is
p
ossible
to
get
a
direct

line
out
of
R
olighed,
but
all
incom
ing
calls
are
handles

by
the
reception.
T
herefore
it
is
not
p
ossible
to
receive

incom
ing
calls
on
the
room
s
after
7pm
.

It
is
m
ore
exp
ensive
to
m
ake
phone
calls
from
the
room

than
from
the
coin
phone
available
for
the
guests
in
the
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reception
area
(the
num
b
er
of
the
phone
is
45
89
16
29).

T
he
phone
in
the
hall
has
num
b
er
45
89
16
54,
and
is

available
for
receiving
calls
after
7pm
.

�
P
u
b
lic
tr
a
n
sp
o
r
ta
tio
n

F
rom
C
op
enhagen
A
irp
ort
(K
astrup)
and
from
the
C
op
en-

hagen
M
ain
Station
there
is
a
regionaltrain
going
to
V
ed-

bæ
k
(V
edbaek)
station
-
direction:
H
elsingør
(E
lsinore).

B
etw
een
4:46am
and
0:26am
there
are
trains
to/from
the

A
irp
ort
(via
the
C
op
enhagen
M
ain
Station)
and
E
lsinore

every
20
m
inutes.
D
eparture
from
the
A
irp
ort
is
06,
26

and
46.
A
rrival
at
the
C
op
enhagen
M
ain
Station
19,
39

and
59.
D
eparture
from
the
C
op
enhagen
M
ain
Station
21,

41
and
01.
A
rrival
at
V
edbæ
k
station
47,
07
and
27.

A
t
the
airp
ort
tickets
can
b
e
purchased
at
the
D
SB
T
icket

O
�
ce
in
term
inal
3.
A
ticket
from
the
A
irp
ort
to
V
ed-

bæ
k
costs
42
D
anish
C
row
ns,
from
the
C
op
enhagen
M
ain

Station
to
V
edbæ
k
the
price
w
ill
b
e
36
D
anish
C
row
ns.

F
rom
V
edbæ
k
station
there
is
ab
out
2
kilom
eters
to
w
alk.

A
lternatively
a
taxifrom
V
edbæ
k
station
to
R
olighed
costs

approx.
45
D
anish
C
row
ns.

T
axis
can
b
e
called
on
45
83
83
83.
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�
Q
u
e
stio
n
s

If
you
have
further
questions
ab
out
the
w
orkshop,
R
o-

lighed
etc.
you
are
w
elcom
e
to
ask
the
m
em
b
ers
of
the

organizing
com
m
ittee:
O
li
M
adsen
is
in
room
31,
Jesp
er

L
arsen
is
in
room
13
and
R
ené
M
unk
Jørgensen
is
in
room

14.

�
R
e
c
e
p
tio
n

T
he
reception
is
op
en
on
arrival
and
departure
and
from

8am
to
7pm
.
In
the
reception
it
is
p
ossible
to
buy
tobacco,

candy,
toilet
requisites,
p
ostcards
etc.

M
ail
can
b
e
sent
from
the
reception.
A
ll
m
ail
handed
in

b
efore
4pm
w
ill
b
e
processed
on
the
sam
e
day.

T
he
reception
accepts
the
follow
ing
credit
cards:
V
ISA
,

E
urocard/M
astercard,
E
urocheck
and
JC
B
.
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o
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h
e
d
e
n

R
olighed
is
b
eautifully
situated
in
the
m
iddle
of
a
large
park,

w
ith
a
view
of
b
oth
forest
and
sea.
T
he
interior
is
characterized

by
a
quiet
m
odern
elegance,
in
w
hich
it
is
im
p
ossible
not
to
feel

com
fortable.
A
s
a
conference
hotel,
R
oligheden
is
also
used
for

fam
ily
events,
receptions
and
m
eetings.
T
he
nam
e
R
olighed
is

D
anish
for
p
eace
and
quiet.

T
he
story
of
R
olighed
can
b
e
dated
at
least
200
years
back.

T
he
buildings
m
ight
b
e
even
older,
but
in
1780
the
land
w
as

b
ought
by
a
N
orw
egian,
C
arsten
T
ank
A
nker.
B
ack
then
there

w
ere
already
severallarge
country
estates
around
the
sm
alltow
n

V
edbæ
k,
w
hich
m
akes
it
likely
that
R
olighed
w
as
once
part
of

one
of
the
neighb
ouring
estates
Sølyst
and
E
nrum
.

T
he
A
nker
fam
ily
w
as
very
close
friends
to
the
D
uke
of

W
ellington,
w
hich
saved
R
olighed
w
hen
the
E
nglish
in
1807

41
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h
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w
ent
on
shore
and
took
over
the
large
estates
along
the
coast-

line.
T
he
D
uke
protected
R
olighed,
w
hich
is
w
hy
his
p
ortrait
is

still
displayed
at
R
olighed
today.

In
1813
C
arsten
A
nker
sold
R
olighed
to
captain
John
C
hrist-

m
as,
and
w
hen
he
died
in
1826
the
estate
w
as
b
ought
by
the

w
ell
know
m
erchant
W
illiam
D
unzfeld,
w
ho
again
in
1841
sold

R
olighed
to
the
E
nglish
diplom
at
P
eter
B
row
ne.
A
fter
B
row
ne

returned
to
E
ngland,the
estate
w
as
sold
to
the
D
anish
m
erchant

L
.J.T
.
G
røn,
w
ho
lived
on
the
estate
w
ith
his
w
ife
for
a
long
p
e-

riod
until
it
w
as
passed
on
to
his
son
H
ow
ard
G
røn.
H
ow
ard

rebuilt
the
estate
in
the
1920's,
w
here
the
old
w
ooden
m
ain

building
w
as
torn
dow
n
and
replaced
w
ith
the
present
b
eautiful

brick
building.

Several
m
em
b
ers
of
the
G
røn
fam
ily
has
lived
on
R
olighed,

until
the
F
oundation
of
M
ay
28th.
1948
b
ought
the
estate.
In

1960-61
R
olighed
w
as
slightly
m
odi�ed
to
its
present
look.
A

m
odern
conference
centre
in
elegant
old
surroundings.
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h
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n
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a
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U
n
iv
e
rsity
o
f
D
e
n
m
a
rk

T
h
e
T
e
ch
n
ic
a
l
U
n
iv
e
rsity
o
f
D
e
n
m
a
rk

T
he
T
echnical
U
niversity
of
D
enm
ark
(D
T
U
)
w
as
founded
in

1829
by
the
fam
ous
D
anish
scientist
H
.
C
.
Ø
rsted.
T
oday
it

is
one
of
the
leading
E
urop
ean
technical
universities
and
it
is

the
largest
research
and
teaching
center
w
ithin
engineering
in

N
orthern
E
urop
e.
D
T
U
has
7000
bachelor
and
m
aster
students

and
650
P
h.D
.
students.
R
esearch
is
p
erform
ed
by
approx.1250

researchers
and
600
P
h.D
.students
em
ployed
at
33
departm
ents.

T
here
is
an
extensive
coop
eration
w
ith
industry,
country-w
ide

and
internationally.
M
ore
than
halfofthe
research
p
erform
ed
at

43
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h
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D
T
U
is
�nanced
by
external
resources.
F
or
further
inform
ation

see
h
t
t
p
:
/
/
w
w
w
.
d
t
u
.
d
k.

D
e
p
a
rtm
e
n
t
o
f
M
a
th
e
m
a
tic
a
l
M
o
d
e
llin
g

T
he
D
epartm
ent
of
M
athem
atical
M
odelling
(IM
M
),
w
hich
is

one
of
D
T
U
's
largest
departm
ents,
consists
of
a
num
b
er
of
re-

search
sections
focusing
on
applied
m
athem
atics
and
num
erical

com
putations.
P
resently
the
research
sta�
num
b
er
m
ore
than

50
researchers
and
60
P
h.D
.
students.
IM
M
focuses
on
m
athe-

m
atical
and
statistical
m
odelling
of
e.g.,
physical,
technical,
bi-

ologicalor
socialsystem
s.
T
eaching
and
research
are
carried
out

under
the
follow
ing
headlines:
N
um
ericalA
nalysis
and
Scienti�c

C
om
puting,
M
athem
atical
P
hysics
and
N
on-L
inear
D
ynam
ics,

O
p
erations
R
esearch,
M
athem
atical
Statistics,
Im
age
A
nalysis,

and
D
igital
Signal
P
rocessing.

O
ne
of
the
research
sections
is
the
O
p
erations
R
esearch
Sec-

tion
presently
consisting
of
5
researchers
and
4
P
h.D
.
students.

F
or
the
O
p
erations
R
esearch
section
it
is
im
p
ortant,that
the

group
covers
the
w
hole
sp
ectrum
from
the
collection
ofdata
and

problem
analysis
in
the
one
end,to
the
practicalim
plem
entation

in
the
other
end.

T
he
areas,
w
hich
the
section
is
focusing
on,
can
b
e
divided

according
to
the
sp
eci�c
application
or
according
to
the
tools

w
hich
are
used
or
develop
ed.
O
ne
of
the
m
ain
research
areas

for
the
O
p
erations
R
esearch
Section
is
transp
ort,
logistics,
in-

ventory
and
distribution
system
s,
and
crew
scheduling.
O
f
sp
e-

ci�c
tools
one
can
m
ention
m
ethods
for
solving
continuous
and
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45

discrete
optim
ization
problem
s
(branch
and
b
ound,
L
agrange

relaxation
and
decom
p
osition,
sub-gradient
optim
ization,
dy-

nam
ic
program
m
ing),developm
ent
of
m
etaheuristics
(sim
ulated

annealing,tabu
search,genetic
algorithm
s
and
neuralnetw
orks)

and
the
use
of
parallel
com
puters.
M
any
pro
jects
are
carried

out
in
coop
eration
w
ith
private
or
public
com
panies.
F
or
fur-

ther
inform
ation
ab
out
IM
M
see
h
t
t
p
:
/
/
w
w
w
.
i
m
m
.
d
t
u
.
d
k.
Y
ou

can
also
visit
the
w
ebsite
of
the
O
p
erations
R
esearch
section
at

h
t
t
p
:
/
/
w
w
w
.
i
m
m
.
d
t
u
.
d
k
/
o
r
/.

C
e
n
tre
fo
r
T
ra
�
c
a
n
d
T
ra
n
sp
o
rta
tio
n

R
e
se
a
rch

T
he
C
entre
for
T
ra�
c
and
T
ransp
ort
R
esearch
(C
T
T
)
at
D
T
U

w
as
established
on
January
1.
1999
in
order
to
strengthen
the

research
w
ithin
tra�
c
and
transp
ort.
T
he
m
ain
research
ar-

eas
are
tra�
c
m
odels,
tra�
c
inform
atics,
risc-
and
evaluation

m
odels,
logistics,
and
transp
ort
optim
ization.
F
urther
infor-

m
ation
can
b
e
obtained
from
the
D
T
U
-w
ebserver
at
the
link

h
t
t
p
:
/
/
w
w
w
.
a
d
m
.
d
t
u
.
d
k
/
i
n
s
t
i
t
u
t
t
e
r
/
t
r
a
f
i
k
/
s
i
d
e
1
_
d
.
h
t
m.


