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m
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L
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re
V

I

P
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K
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p
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S
p

ecifi
catio

n
an

d
classifi

catio
n

o
f

g
lo

b
al

co
n

strain
ts

•
R

ecently
system

atic
m

ethods
to

specify
and

classify
global

con-
straints

have
been

developed
(B

eldiceanu
2000)

•
T

he
follow

ing
slides

introduce
the

m
ain

ideas
of

a
form

alisation
of

globalconstraints
used

in
this

w
ork

•
T

he
approach

uses
a

m
ore

general
notion

of
constraint

graph
w

ith
certain

regularity
requirem

ents
w

hich
classification

m
ore

straightfor-
w

ard

1



C
h

aracterisatio
n

o
f

a
g

lo
b

alco
n

strain
t

1.
C

onstraintparam
eters

(variables
and

type
restrictions)

2.
E

lem
entary

constraint(e.g.
=

,
6=

,
≤

,
<

etc.)

•
also

for
com

pound
types

3.
G

raph
generator

(regular
structure)

(a)
V

ertexes
(b)

A
rcs

(one
type

ofarc
constraint)

•
(e.g.

self,loop,path,clique)

4.
G

raph
property

(e.g.
clique,no

ofvert.,no
ofconn.

com
p.

etc)

2

E
xam

p
le:

all-d
ifferen

t

V
ertex

g
en

erato
r

id
(V

a
r
s)

A
rc

g
en

erato
r

cliq
u
e(V

a
r
s)

A
rc

co
n

strain
t

=

•
N

ot
6=

!!!

G
rap

h
p

ro
p

erty
m

a
x

n
s
cc

≤
1

•
D

ifferentconstraintfor
e.g.

m
a
x

n
s
cc

≤
2

3



H
yp

er
v.s.

p
rim

alv.s.
fi

n
alg

rap
h

C
onstrainthyper

graph
Initialgraph

G
eneric

prim
algraph

x

y
z

x\=
y\=

z

{1
,2
,3
}

{1
,2
,3
}

{1
,2
,3
}

X

Y
Z

=

=
=

X

Y
Z

•
P

rim
algraph

is
resultofapplying

graph
generator

•
F

inalgraph
is

resultofenforcing
graph

property

4

S
w

eep
—

A
g

en
eric

p
ru

n
in

g
m

eth
o

d

N
.Y.I.

5



M
o

d
elin

g

•
T

he
com

putationalcom
plexity

ofthe
task

to
find

a
solution

to
a

given
problem

depends
to

a
large

extent
on

the
expressive

pow
er

of
the

language
used

to
form

alise
the

problem

•
To

form
ulate

a
m

athem
aticalm

odelofsom
e

realprocess
is

generally
a

difficult
task

that
requires

a
thorough

understanding
of

both
the

problem
dom

ain
and

the
m

ethods
em

ployed
to

solve
the

problem

–
To

som
e

extentthis
is

stillm
ore

ofa
craftthan

a
science

–
A

large
body

of
typicalproblem

s
w

ith
standard

m
odels

have
been

identified
–

E
arly

attem
pts

to
develop

a
m

ethodology
started

to
give

results

6

M
o

d
elin

g
exam

p
les

1.
P

uzzles

(a)
N

-queens
(w

ith
local&

globalconstraints)
(b)

M
agic

squares
(?and

sequence?)

2.
P

lanning
and

scheduling

7



E
xam

p
le

1
—

T
h

e
N

-q
u

een
s

p
u

zzle

•
G

iven
a

chess-board
of

size
N

,
is

it
possible

to
place

N
queens

on
the

board
such

thatno
queen

can
attack

another
queen?

•
F

irst,observe
thateach

solution
to

the
N

-queens
problem

m
usthave

the
queens

placed
on

differentrow
s

and
colum

ns

8

F
o

rm
alisatio

n

•
Let

the
variables

x
1 ,x

2 ,...,x
N

denote
the

row
position

of
queen

i,
located

at
colum

n
i

and
form

alise
the

N
-queens

puzzle
w

ith
the

fol-
low

ing
constraints

–
E

ach
queen

placed
on

a
row

ofthe
board

—
(∀

i)
x

i
∈
{1

,2
,...,N

}
–

N
o

tw
o

queens
placed

on
the

sam
e

row
—

(∀
i,j)

i
6=

j
→

x
i
6=

x
j

–
N

o
tw

o
queens

placed
on

the
sam

e
diagonal—

(∀
i,j)

i
6=

j
→

i
−

j
6=

x
i
−

x
j

(∀
i,j)

i
6=

j
→

i
−

j
6=

x
j
−

x
i

9



T
h

ree
q

u
een

s

•
A

s
an

exam
ple,

observing
som

e
redundancy

in
the

generic
form

ula-
tion

above
the

3-queens
problem

can
be

expressed
as

the
follow

ing
system

ofinequalities:

x
1 ,x

2 ,x
3
∈
{1

,2
,3}

x
1
6=

x
2 ,

x
2
−

x
1
6=

1
,

x
2
−

x
1
6=

−
1

x
1
6=

x
3 ,

x
3
−

x
1
6=

2
,

x
3
−

x
1
6=

−
2

x
2
6=

x
3 ,

x
3
−

x
2
6=

1
,

x
3
−

x
2
6=

−
1

•
T

his
instance

ofthe
N

-queens
problem

can
be

corresponds
w

ith
the

follow
ing

constraintgraph:

10

x3

x1

x2

x3-x1 \=
 -2

x1 \=
 x3

x3-x1 \=
 2

x3-x2 \=
 1

x2 \=
 x3

x3-x2 \=
 -1

x2-x1 \=
 1

x1 \=
 x2

x2-x1 \=
 -1

F
igure

1:
C

onstraintgraph
for

the
3-queens

problem
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F
o

rm
alisatio

n
w

ith
g

lo
b

alall-d
ifferen

t

•
U

sing
the

globalconstraintall-different(introduced
by

R
égin

in
1994)

w
hich

sim
ply

state
thata

setofvariables
should

take
distinctvalues,

the
form

ulation
can

be
reduced

to:

x
1 ,x

2 ,x
3
∈
{1

,2
,3}

a
ll
d
iff

e
re

n
t
(x

1 ,x
2 ,x

3 )
a
ll
d
iff

e
re

n
t
(x

1
−

1
,x

2
−

2
,x

3
−

3)
a
ll
d
iff

e
re

n
t
(x

1
+

1
,x

2
+

2
,x

3
+

3)

12

n
-q

u
een

s
in

P
ro

lo
g

:
-
u
s
e
m
o
d
u
l
e
(
l
i
b
r
a
r
y
(
c
l
p
f
d
)
)
.

n
q
u
e
e
n
s
(
L
,
S
)
:
-

l
e
n
g
t
h
(
L
,
L
e
)
,
d
o
m
a
i
n
(
L
,
1
,
L
e
)
,
a
l
l
d
i
f
f
e
r
e
n
t
(
L
)
,

l
e
n
g
t
h
(
L
2
,
L
e
)
,
U
b
i
s
2
*
L
e
,
d
o
m
a
i
n
(
L
2
,
1
,
U
b
)
,

a
l
l
d
i
f
f
e
r
e
n
t
(
L
2
)
,
n
q
c
o
n
n
e
c
t
(
+
,
L
,
1
,
L
2
)
,

l
e
n
g
t
h
(
L
3
,
L
e
)
,
L
b
i
s
-
L
e
,
d
o
m
a
i
n
(
L
3
,
L
b
,
L
e
)
,

a
l
l
d
i
f
f
e
r
e
n
t
(
L
3
)
,
n
q
c
o
n
n
e
c
t
(
-
,
L
,
1
,
L
3
)
,
S
=
(
L
,
L
2
,
L
3
)
.

n
q
c
o
n
n
e
c
t
(
,
[
]
,
,
[
]
)
.

n
q
c
o
n
n
e
c
t
(
+
,
[
C
|
L
]
,
I
,
[
C
2
|
L
2
]
)
:
-

C
2
#
=
C
+
I
,
I
1
i
s
I
+
1
,
n
q
c
o
n
n
e
c
t
(
+
,
L
,
I
1
,
L
2
)
.

n
q
c
o
n
n
e
c
t
(
-
,
[
C
|
L
]
,
I
,
[
C
2
|
L
2
]
)
:
-

C
2
#
=
C
-
I
,
I
1
i
s
I
+
1
,
n
q
c
o
n
n
e
c
t
(
-
,
L
,
I
1
,
L
2
)
.

s
o
l
v
e
(
L
)
:
-
n
q
u
e
e
n
s
(
L
,
)
,
l
a
b
e
l
i
n
g
(
[
]
,
L
)
.

/
*
s
o
l
v
e
(
[
A
,
B
,
C
,
D
]
)
.
*
/

13



E
xam

p
le

2
—

T
h

e
m

ag
ic

sq
u

ares
p

ro
b

lem

•
A

m
agic

square
oforder

n
is

a
n
×

n
m

atrix,containing
unique

occur-
rences

ofthe
integers

1
,2

,...,n
2

•
In

a
m

agic
square,

the
sum

of
each

row
,

colum
n

and
m

ain
diagonal

m
ustbe

equalto
the

sam
e

value

•
T

he
problem

is
to

find
m

agic
squares

for
a

given
n

.

14

F
o

rm
alisatio

n

•
Let

A
be

an
n

by
n

m
atrix

for
w

hich
it

holds
that

the
values

in
1
,2

,...,n
2

occur
exactly

once
(i.e.

an
a
ll
d
iff

e
re

n
t),and

∀
i
∈
{1

,...,n
}

:

n
∑j
=

1

A
i,j

=
k

∀
j
∈
{1

,...,n
}

:

n
∑i
=

1

A
i,j

=
k

n
∑i
=

1

A
i,i

=
k

n
∑i
=

1

A
i,n

−
i
=

k

15



M
ag

ic
sq

u
ares

in
P

ro
lo

g

:
-
u
s
e
m
o
d
u
l
e
(
l
i
b
r
a
r
y
(
c
l
p
f
d
)
)
.

:
-
u
s
e
m
o
d
u
l
e
(
l
i
b
r
a
r
y
(
l
i
s
t
s
)
)
.

f
l
a
t
t
e
n
(
[
]
,
[
]
)
.

f
l
a
t
t
e
n
(
[
M
1
|
M
R
]
,
L
)

:
-
f
l
a
t
t
e
n
(
M
R
,
L
p
)
,

a
p
p
e
n
d
(
M
1
,
L
p
,
L
)
.

m
a
k
e
l
i
s
t
(
[
]
,
[
]
)
.

m
a
k
e
l
i
s
t
(
[
V
1
|
V
r
]
,
[
[
V
1
]
|
L
r
]
)

:
-
m
a
k
e
l
i
s
t
(
V
r
,
L
r
)
.

t
r
a
n
s
p
o
s
e
(
[
R
]
,
L
)

:
-
m
a
k
e
l
i
s
t
(
R
,
L
)
.

t
r
a
n
s
p
o
s
e
(
[
R
1
|
R
R
]
,
L
)

:
-

t
r
a
n
s
p
o
s
e
(
R
R
,
L
p
)
,

d
i
s
t
r
i
b
u
t
e
(
R
1
,
L
p
,
L
)
.

d
i
s
t
r
i
b
u
t
e
(
[
]
,
L
,
L
)
.

d
i
s
t
r
i
b
u
t
e
(
[
V
1
|
V
r
]
,
[
L
1
|
L
r
]
,
[
[
V
1
|
L
1
]
|
L
r
2
]
)

:
-

d
i
s
t
r
i
b
u
t
e
(
V
r
,
L
r
,
L
r
2
)
.

d
i
a
g
L
(
[
]
,
,
[
]
)
.

d
i
a
g
L
(
[
L
1
|
L
r
]
,
N
,
[
R
1
|
R
r
]
)

:
-

n
t
h
(
N
,
L
1
,
R
1
)
,

N
2
i
s
N
+
1
,
d
i
a
g
L
(
L
r
,
N
2
,
R
r
)
.

d
i
a
g
R
(
[
]
,
,
[
]
)
.

d
i
a
g
R
(
[
L
1
|
L
r
]
,
N
,
[
R
1
|
R
r
]
)

:
-

n
t
h
(
N
,
L
1
,
R
1
)
,

N
2
i
s
N
-
1
,
d
i
a
g
R
(
L
r
,
N
2
,
R
r
)
.

16

p
o
s
t
s
u
m
(
,
[
]
)
.

p
o
s
t
s
u
m
(
K
,
[
E
|
L
r
]
)

:
-
s
u
m
(
E
,
#
=
,
K
)
,
p
o
s
t
s
u
m
(
K
,
L
r
)
.

m
a
g
i
c
(
N
,
M
,
L
,
K
)

:
-

l
e
n
g
t
h
(
M
,
N
)
,
f
i
n
d
a
l
l
(
E
,
(
m
e
m
b
e
r
(
E
,
M
)
,
l
e
n
g
t
h
(
E
,
N
)
)
,
M
)
,

f
l
a
t
t
e
n
(
M
,
L
)
,
N
2

i
s
N
*
N
,
d
o
m
a
i
n
(
L
,
1
,
N
2
)
,

a
l
l
d
i
f
f
e
r
e
n
t
(
L
)
,

K
i
s
(
N
2
*
N
+
N
)
/
/
2
,

p
o
s
t
s
u
m
(
K
,
M
)
,
t
r
a
n
s
p
o
s
e
(
M
,
M
T
)
,
p
o
s
t
s
u
m
(
K
,
M
T
)
,

d
i
a
g
L
(
M
,
1
,
D
l
)
,

s
u
m
(
D
l
,
#
=
,
K
)
,

d
i
a
g
R
(
M
,
N
,
D
r
)
,

s
u
m
(
D
r
,
#
=
,
K
)
.

s
o
l
v
e
(
N
,
(
M
,
K
)
)

:
-
m
a
g
i
c
(
N
,
M
,
L
,
K
)
,
l
a
b
e
l
i
n
g
(
[
]
,
L
)
.

17



R
eso

u
rce

sch
ed

u
lin

g

•
A

scheduling
problem

consists
ofa

num
ber

oftasks
w

ith
restrictions

on
starttim

es
and

durations

•
O

ften
the

tasks
are

partially
ordered

into
totally

ordered
sequences

•
S

uch
a

totally
ordered

subsetoftasks
is

often
called

a
job

•
E

ach
task

uses
one

or
m

ore
resources

during
its

duration

•
T

he
Job

shop
scheduling

problem
is

a
classic

and
w

ellstudied
case18

R
eso

u
rces

•
R

esources
are

abstractions
used

to
m

odel
w

idely
different

type
of

entities.
E

.g:

–
P

rocessing
equipm

entin
a

production
process

–
S

taffor
vehicles

in
a

transportnet
–

N
etw

ork
resources

such
as

sw
itches,

routers
and

transport
links

w
ith

lim
ited

capacity
in

transportor
inform

ation
netw

orks

•
In

scheduling
resources

have
discrete

capacity

–
a

single
task

atany
given

tim
e

–
a

cum
ulative

lim
itofsim

ultaneously
executing

tasks

19



S
ch

ed
u

lin
g

p
ro

b
lem

s

•
To

arrange
the

tasks
in

tim
e

so
that

no
lim

itations
in

resources
are

violated
is

called
to

schedule
the

tasks
and

it
is

in
general

a
very

difficult(N
P

-com
plete)

com
putationalproblem

•
N

evertheless
the

m
any

practicalapplications
for

m
ethods

in
this

area
m

ake
itfairly

w
ellstudied

3:1
2:4

5:4
1:1

4:4
7:1

6:4
T

1

2:3
1:2

4:3
6:3

7:2
3:2

5:3
T

2

1:3
7:3

6:2
2:2

5:2
4:2

3:3
T

3

1:4
7:4

2:1
5:1

4:1
3:4

6:1
T

4

G
annt-chartfor

6
jobs

consisting
of24

tasks
using

4
resources

20

R
eso

u
rce

fo
rm

alisatio
n

•
M

any
ofthe

bestapproaches
to

solving
difficultscheduling

problem
s

have
introduced

as
globalconstraints

in
constraintprogram

m
ing

sys-
tem

•
F

or
the

classicaljob
shop

every
resource

is
encoded

w
ith

one
global

s
e
r
i
a
l
i
z
e
d

constraints
e
r
i
a
l
i
z
e
d
(S

ta
r
ts

,D
u
r
s)

w
hich

enforce
the

condition
thatfor

each
pair

〈i,j〉
oftasks

using
the

resource
that

S
ta

r
ts

i
+

D
u
r
s

i
≤

S
ta

r
ts

j
∨

S
ta

r
ts

j
+

D
u
r
s

j
≤

S
ta

r
ts

i

21



Jo
b

fo
rm

alisatio
n

•
E

ach
job

is
encoded

as
a

totalorder
oftasks

S
ta

r
ts

i
+

D
u
r
s

i
≤

S
ta

r
s

j

for
each

pair
i,j

such
that

task
j

follow
s

im
m

ediately
after

task
i

in
som

e
job

•
N

ote
that

–
the

num
ber

ofinequalities
used

to
representthe

job
is

linear
in

the
num

ber
oftasks

–
a

single
condition

is
used

to
represent

the
quadratic

num
ber

of
disjunctions

representing
the

nonoverlap
ofthe

resource

22

A
larg

er
p

lan
n

in
g

p
ro

b
lem

:
P

ro
d

u
ctio

n
p

lan
n

in
g

in
th

e
railin

d
u

stry

•
T

he
follow

ing
exam

ples
are

taken
from

w
ork

done
on

scheduling
and

resource
planning

ofrailtraffic

•
P

roduction
planning

in
the

railindustry
can

be
seen

as
planning

the
m

ovem
ents

of
trains

according
to

a
specification

of
train

trips
w

here
each

trip
m

ustbe
allocated

–
Track

tim
e

slots
–

V
ehicle

resources
–

Travelling
personnel

23



Trip
sp

ecifi
catio

n

•
W

e
assum

e
that

the
trips

needed
to

supply
a

certain
transport

re-
quirem

enthas
been

predeterm
ined

and
is

represented
as

a
fixed

set
of

trips
w

ith
requirem

ents
on

departure,
traversal

and
arrival

tim
es,

vehicle
and

personnel

•
F

or
each

trip
w

e
assum

e
furtherm

ore
that

the
path

it
w

illtraverse
in

the
track

netw
ork

is
given

•
T

his
specification

can
be

expressed
using

a
specialised

language
allow

ing
expansion

ofcyclic
activities:

24

t
r
i
p
S
p
e
c
(
p
a
t
h
N
a
m
e
:
’
A
R
B
-
H
P
B
G
-
0
’

d
e
p
T
i
m
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i
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p
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p
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e
p
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p
e
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b
n
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w
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e
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n
c
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u
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:
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(
d
a
y
:
m
o
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f
r
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h
o
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u
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u
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p
e
:
t
t
(
t
y
p
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S
u

b
p

ro
b

lem
s

•
O

ne
can

regard
the

three
above

m
entioned

problem
s

as
separate

•
H

ow
ever

they
are

obviously
correlated

•
O

ne
can

solve
the

com
plete

problem
by

solving
each

ofthe
problem

s
in

sequence
(A

“w
aterfall”

process)
e.g:

1.
Tracks

slots
2.

V
ehicles

3.
P

ersonnel

•
W

e
w

illlook
in

m
ore

detailon
tw

o
ofthe

problem
s

and
their

com
bina-

tion
in

the
follow

ing
slides

26

Track
slo

t
allo

catio
n

•
Track

slotallocation
can

in
principle

be
m

odeled
and

solved
as

clas-
sicaljob

shop
scheduling

problem
w

here

–
Track

blocks
are

unary
resources

–
Trains

are
jobs

consisting
ofsequences

oftrack
slottasks

P
ro

b
lem

:
V

ery
large

num
ber

of
track

blocks
give

practically
insoluble

scheduling
problem

A
ltern

ate
ap

p
ro

ach
:

U
se

abstract
track

resources
consisting

of
sev-

eral
blocks

and
use

m
ore

intricate
scheduling

m
odel

using
several

durations
for

each
task

(headw
ays)

27



H
ead

w
ay

m
o

d
el

H
eadw

ay

S
tation 2

S
tation 1

B
lock 1

B
lock 2

B
lock 3

28

C
o

n
strain

t
m

o
d

el

•
W

e
w

ish
to

enforce
conditions

thatfor
each

track
that:

1.
F

oreach
pair

oftrips
traversing

the
track

in
opposite

directions,the
intervals

during
w

hich
the

traversals
take

place
w

illnotoverlap
2.

F
or

each
pair

of
trips

traversing
the

track
in

the
sam

e
direction,

headw
ay

is
respected

atboth
departure

and
arrivallocations

•
D

efine
a

(disjointness)
relation

�
on

pairs
(S

,D
)

of
tim

e
points

and
durations

as
follow

s:

(S
i ,D

i )
�

(S
j ,D

j )
⇔

(S
i
+

D
i
≤

S
j )

∨
(S

j
+

D
j
≤

S
i )

29



•
T

hen
for

each
track

i
and

each
pair

of
trips

k
and

l
traversing

it
one

ofthe
follow

ing
tw

o
relations

m
usthold:

1.
Iftrips

k
and

l
traverse

i
in

opposite
directions

(S
ik

,D
ik )

�
(S

il ,D
il )

H
ik

S
ik

ik
D

S
il

30

2.
If

k
and

l
traverse

i
in

the
sam

e
direction

(S
ik

,m
ax

(H
ik

,H
ik

+
D

ik
−

D
il ))

�
(S

il ,m
ax

(H
il ,H

il
+

D
il
−

D
ik ))

H
ik

S
ik

S
il

S
ik H

ik
D

ik
il

D
-

S
il

N
o

te
T

he
m

ax
expressions

are
used

to
analyse

the
cases

w
hen

speeds
are

different.
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G
lo

b
alco

n
strain

t
fo

rm
u

latio
n

•
U

se
version

of
s
e
r
i
a
l
i
z
e

that
handles

unique
setup

tim
e

betw
een

any
pair

oftasks

•
Lettask

duration
be

the
m

inim
um

headw
ay

betw
een

any
tw

o
task

•
U

se
the

setup
param

eters
to

enforce
larger

tim
e

distances
betw

een
trains

w
ith

differentspeeds
and

travelling
in

opposite
directions

•
T

his
m

odel
scales

to
problem

s
of

the
size

of
the

goods
traffic

in
northen

S
w

eden

32

A
co

m
p

letely
d

eterm
in

ed
tim

etab
le

Track
tim

e
slotschedule

33



E
n

g
in

e
circu

its

•
T

he
problem

ofdeterm
ining

engine
circuits

is
solved

by
determ

ining,
for

each
engine,

a
closed

path
through

the
netw

ork
such

that
each

trip
is

supplied
w

ith
the

type
and

num
ber

ofengines
itneeds

•
T

his
includes

determ
ining

certain
passive

transports
ofengines

from
the

arrivallocation
ofone

trip
to

the
departure

location
ofthe

nexttrip
in

its
circuit

•
T

his
can

be
done

in
tw

o
w

ays:

–
T

he
engine

runs
w

ith
an

already
scheduled

trip
—

better
–

T
he

engine
runs

alone
as

a
new

trip
(that

has
to

be
scheduled

separately
on

free
tim

e
slots)

—
w

orse

34

S
o

lu
tio

n
o

f
th

e
en

g
in

e
circu

it
p

ro
b

lem

•
T

his
problem

can
be

solved
by

traditional
optim

isation
m

ethods
(N

etw
ork-S

IM
P

LE
X

)
ifthe

tim
etable

has
been

predeterm
ined

•
Ifnotthe

problem
becom

es
considerably

m
ore

difficult

•
T

his
is

because
in

this
case

the
generation

of
the

vehicle
circuit

has
in

addition
to

partially
solve

the
scheduling

problem

•
T

his
com

bined
problem

is
a

particularly
difficultinstance

a
“travelling

sales
m

an”
problem

•
R

ecently
introduced

heuristic
m

ethods
w

orks
fairly

w
ellfor

problem
s

ofm
oderate

size

35



E
ngine

circuits

36

P
erso

n
n

elcircu
its

•
F

inally
one

has
to

generate
personnelcircuits

•
T

his
problem

is
superficially

very
sim

ilar
to

the
vehicle

problem

•
U

nfortunately
it

also
contains

a
large

num
ber

of
com

plicating
addi-

tionalrequirem
ents

e.g.

–
P

eople
w

ould
notlike

to
spend

m
ore

than
a

lim
ited

tim
e

aw
ay

from
hom

e
–

P
eople

can
w

ork
only

so
long

before
taking

a
break

–
etc

37



C
o

o
rd

in
atio

n

•
T

he
ordering

of
the

planning
activities

suggested
by

the
w

aterfall
m

odelis
traditionally

used
in

the
railtransportindustry

•
U

nfortunately
itis

suboptim
aleven

ifthe
solution

ofeach
ofthe

sub-
problem

s
is

optim
al

–
To

see
this

consider
the

follow
ing

exam
ple:

∗
A

ssum
e

that
a

specification
contains

slack
in

the
departure

and
arrivaltim

es
for

each
trip

∗
A

ssum
e

that
a

particular
solution

to
the

scheduling
problem

fix
som

e
departures

to
justbefore

arrivals
atthe

sam
e

location
–

T
his

m
eans

thatthe
sam

e
engine

(and
personnel)

cannotbe
used

to
service

certain
sequences

oftrips

38

A
n

altern
ative

seq
u

en
ce

o
f

su
b

p
ro

b
lem

so
lu

tio
n

•
S

olve
(partially)

engine
(and

m
aybe

personnel)
cirquit

problem
s

be-
fore

track
allocation

–
U

nfortunately
this

m
akes

it
m

uch
m

ore
difficult

to
find

efficient
so-

lutions
to

the
engine

(and
personnel)

problem
s

–
N

ew
m

ethods
(heuristics,

iterative
interactive

planning
)

has
to

be
em

ployed

•
W

e
have

builtan
interactive

toolforanalysis
and

coordination
ofthese

tasks

•
T

he
m

ethods
w

e
em

ploy
in

this
toolcan

be
thought

of
as

the
kernel

and
a

setoftools
for

im
plem

enting
generaldecision

supporttools
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F
igure

5:
G

raphicaluser
interface

for
a

coordination
com

ponent
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