
B a c k g r o u n d M o t i v a t i o n & C h a l l e n g e s O p t i m a l P l a n P r o p e r t i e s E m p i r i c a l E v a l u a t i o n E x a m p l e s

V a l u e D r i v e n L a n d m a r k s f o r O v e r s u b s c r i p t i o n P l a n n i n g

D a n i e l M u l l e r & E r e z K a r p a s

T e c h n i o n - I s r a e l I n s t i t u t e o f T e c h n o l o g y

J u n e 2 4 , 2 0 1 8

m u l l e r d m @ g m a i l . c o m



B a c k g r o u n d M o t i v a t i o n & C h a l l e n g e s O p t i m a l P l a n P r o p e r t i e s E m p i r i c a l E v a l u a t i o n E x a m p l e s

V a l u e D r i v e n L a n d m a r k s f o r O v e r s u b s c r i p t i o n P l a n n i n g

D a n i e l M u l l e r & E r e z K a r p a s

T e c h n i o n - I s r a e l I n s t i t u t e o f T e c h n o l o g y

J u n e 2 4 , 2 0 1 8

m u l l e r d m @ g m a i l . c o m



B a c k g r o u n d



B a c k g r o u n d M o t i v a t i o n & C h a l l e n g e s O p t i m a l P l a n P r o p e r t i e s E m p i r i c a l E v a l u a t i o n E x a m p l e s

C l a s s i c a l P l a n n i n g P r o b l e m

INIT Goal

O b j e c t i v e

F i n d a s e q u e n c e o f a c t i o n s f r o m a g i v e n i n i t i a l s t a t e t o a c h i e v e a g o a l

s t a t e

O p t i m a l C l a s s i c a l P l a n n i n g

c o n s t r a i n e d t o t h e c h e a p e s t c o s t s e q u e n c e o f a c t i o n s w h i c h a c h i e v e s

t h e g o a l
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O v e r s u b s c r i p t i o n ( O S P ) P l a n n i n g P r o b l e m

INIT

Budget = 5

u(   )=1

u(   )=2

u(   )= -3

OSP
Objective

U=3

U = 2

U = 7

U = 8

u(   )=0

u(   )= -1

U = -1

O b j e c t i v e

F i n d a s e q u e n c e o f a c t i o n s f r o m a g i v e n i n i t i a l s t a t e t o a

v a l u a b l e s t a t e , w i t h i n a l i m i t e d b u d g e t o n a c t i o n c o s t

O p t i m a l O S P

C o n s t r a i n e d t o f i n d i n g a s e q u e n c e o f a c t i o n s w h i c h a c h i e v e s a s t a t e

w i t h m a x i m a l u t i l i t y
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L o g i s t i c s T a s k - S e a r c h S p a c e E x a m p l e
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F o r m a l i s m

C l a s s i c a l P l a n n i n g

Π = 〈V, s0, G;A, c〉
O v e r s u b s c r i p t i o n P l a n n i n g ( O S P )

Π = 〈V, s0, u;A, c, b〉

A B C D

S t a t e V a r i a b l e s

• V = {v1, . . . , vn}.
• S = dom(v1)×· · ·×dom(vn).

I n i t i a l S t a t e

• s0 ∈ S .
A c t i o n s

• A = {a1, . . . , an}.
• E a c h a ∈ A r e p r e s e n t e d

b y a p a i r ;

• 〈pre(a), eff(a), c〉.
• pre(a), eff(a) a r e p a r t i a l

a s s i g n m e n t s t o V .
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F o r m a l i s m

C l a s s i c a l P l a n n i n g

Π = 〈V, s0, G;A, c〉
O v e r s u b s c r i p t i o n P l a n n i n g ( O S P )

Π = 〈V, s0, u;A, c, b〉

A B C D

I n i t i a l S t a t e R e p r e s e n t a t i o n

• vtruck1 = a t ( t r u c k 1 , l o c - A )

• vpkg1 = a t ( p k g 1 , l o c - A )

• vpkg2 = a t ( p k g 2 , l o c - A )

A c t i o n R e p r e s e n t a t i o n

• a = l o a d - t r u c k p k g 1 t r u c k 1 l o c - A

• pre(a) = { a t ( p k g 1 , l o c - A ) }

• eff(a) = { i n ( p k g 1 , t r u c k 1 ) }

• c(a) = 1



B a c k g r o u n d M o t i v a t i o n & C h a l l e n g e s O p t i m a l P l a n P r o p e r t i e s E m p i r i c a l E v a l u a t i o n E x a m p l e s

H a r d G o a l s v s . U t i l i t y & B u d g e t

C l a s s i c a l P l a n n i n g

Π = 〈V, s0,G;A, c〉

• G i s a p a r t i a l a s s i g n m e n t o n

s t a t e v a r i a b l e s

• G ⊆ V .

O v e r s u b s c r i p t i o n P l a n n i n g ( O S P )

Π = 〈V, s0,u;A, c,b〉

• u i s a s t a t e u t i l i t y f u n c t i o n

u : S → R.

• b ∈ R0+
i s a n c o s t b u d g e t a l l o w e d

f o r t h e t a s k o v e r a c t i o n s .
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R e c e n t A d v a n c e s i n H e u r i s t i c S e a r c h O S P

S m i t h , 2 0 0 4

• p r e s e n t e d t h e O S P p r o b l e m

M i r k i s a n d D o m s h l a k , 2 0 1 4

• L o g i c a l l a n d m a r k s f o r g o a l r e a c h a b i l i t y ( ” B r i n g m e S o m e t h i n g ” )

• B u d g e t R e d u c t i o n
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” B r i n g m e S o m e t h i n g ” L a n d m a r k s i n O S P - L o g i s t i c s T a s k

B u d g e t = 4

u=-0

AAA

u=0

u=0

ATT

u=1

u=0

u=1

u=0

BTT

ol1

omc

omb

ol2

omd

omb

omb

oul2

ol1

oul1

omb

ol2

omc omd

omc omd

oul1

oul2

omc oul2 omd

omc oul1 omd

u=0

CTT

u=0

DTT

u=2

DDDoul1

oul2

oul2

oul1

u=0

BAA CAA DAA

BBA

u=0

BTA

u=1

CBA

u=1

DBA

u=1

BBT

u=1

CBT

u=2

CBC

u=2

DBC

u=0

ATA

u=0

AAT

u=1

BAT

u=1

BAB

u=1

CAB

u=1

DAB

u=1

BTB

u=1

CTB

u=2

CCB

u=2

DCB

omc omd

u=1

DDT

u=1

DTD

u=0 u=0



B a c k g r o u n d M o t i v a t i o n & C h a l l e n g e s O p t i m a l P l a n P r o p e r t i e s E m p i r i c a l E v a l u a t i o n E x a m p l e s

” B r i n g m e S o m e t h i n g ” L a n d m a r k s - C o m p i l a t i o n
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” B r i n g m e S o m e t h i n g ” L a n d m a r k s - C o m p i l a t i o n

B u d g e t = 4

(a1 ∨ a2) ∧ (a3 ∨ a4 ∨ a5 ∨ a6) ∧ (a8 ∨ a9 ∨ a10 ∨ a11 ∨ a12 ∨ a13)
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” B r i n g m e S o m e t h i n g ” L a n d m a r k s - B u d g e t R e d u c t i o n

D i s c o u n t e d A c t i o n s & R e d u c e d B u d g e t = 4 1
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T h e G a p i n H e u r i s t i c O S P S e a r c h

L i m i t e d E x p r e s s i v i t y

• 0 - b i n a r y u t i l i t y f u n c t i o n s

• n o n - n e g a t i v e u t i l i t y

INIT

Budget = 5u(   )=1

u(   )=2

u(   )= -3

OSP
Objective

U=3U = 2
U = 7

U = 8

u(   )=0

u(   )= -1

This work State of the 

art
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B r i d g e T h e G a p i n H e u r i s t i c O S P S e a r c h

A r b i t r a r y A d d i t i v e U t i l i t y F u n c t i o n s

• n o n 0 - b i n a r y u t i l i t y f u n c t i o n s

• n e g a t i v e u t i l i t y f u n c t i o n s

INIT

Budget = 5u(   )=1

u(   )=2

u(   )= -3

OSP
Objective

U=3U = 2
U = 7

U = 8

u(   )=0

u(   )= -1

This work State of the 

art



M o t i v a t i o n & C h a l l e n g e s
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W h y N e g a t i v e V a l u e s E f f e c t s N e e d a S p e c i a l T r e a t m e n t ?

C l a s s i c a l P l a n i n g & N o n - N e g a t i v e O S P

S t r i v e t o c o l l e c t t h e g o a l s ( o r v a l u a b l e f a c t s ) w h i c h a r e a p a r t i a l

a s s i g n m e n t t o s t a t e v a r i a b l e s
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W h y N e g a t i v e V a l u e s E f f e c t s N e e d a S p e c i a l T r e a t m e n t ?

G e n e r a l O S P

C o n s i d e r a n e n t i r e s t a t e

A v o i d i n g c o l l e c t i o n o f f a c t s c a r r y i n g n e g a t i v e v a l u e s
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I n S t a t e N e g a t i v e I n t e r a c t i o n s B e t w e e n F a c t s

W h e n t h e f o c u s i s o n g o a l o r v a l u a b l e f a c t s , w e h a v e 3 g o a l s t a t e s
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Stack(c,b)

Stack(c,a)
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G
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Current State
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AClear(     ) = 1

Clear(     ) = 1

Clear(     ) = 1

B

ANot Clear(     ) = - 2

Not Clear(     ) = - 2

Not Clear(     ) = - 2

B

C
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I n S t a t e N e g a t i v e I n t e r a c t i o n s B e t w e e n F a c t s

W h e n c o n s i d e r i n g a w i d e r s e t o f f a c t s , w e s t a y w i t h o n e g o a l s t a t e

BA

C

BA

C

BA C

Stack(c,b)

Stack(c,a)

Put down(c)

G

U=0

U=0

U=3BA

C

Current State

C

AClear(     ) = 1

Clear(     ) = 1

Clear(     ) = 1

B

ANot Clear(     ) = - 2

Not Clear(     ) = - 2

Not Clear(     ) = - 2
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C
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G o o d i s n o t E n o u g h

N e g a t i v e I n t e r a c t i o n s B e t w e e n S t a t e s

W h e n t h e f o c u s i s j u s t o n t a r g e t s t a t e , w e h a v e a g o a l

Stack(c,a) G

BA

C

Current State

C

AClear(     ) = 10

Clear(     ) = 1

Clear(     ) = 5

B

BA

C

Current State

U = 6
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I n O S P w e w a n t B e t t e r

N e g a t i v e I n t e r a c t i o n s B e t w e e n S t a t e s

W h e n w e c o n s i d e r a l s o a c t i o n o r i g i n s t a t e , i t s e e m s t o b e l e s s

a t t r a c t i v e

Stack(c,a) G

BA

C

Current State

BA

C

Current State

U = 6U = 11

C

AClear(     ) = 10

Clear(     ) = 1

Clear(     ) = 5

B
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R e l a t i v e E v a l u a t i o n o f A c h i e v e m e n t s

F o c u s o n i m p r o v i n g s t a t e - v a r i a b l e s r a t h e r t h a n o n c o l l e c t i n g v a l u a b l e

f a c t s :

• c h a r a c t e r i z a t i o n o f t h e p r o c e s s o f s e a r c h i n g f o r a n i m p r o v e m e n t

• w e d e f i n e t h e u t i l i t y o f a c t i o n s

• e x p l o i t i n g d e s c r i p t i v e n e s s o f a c t i o n s

• d i s c o v e r p r o p e r t i e s o f o p t i m a l p l a n s o n t h e l e v e l o f a c t i o n s a n d s e q u e n c e s

o f a c t i o n s

• s y n e r g i s t i c c o m b i n a t i o n o f t h e s e p r o p e r t i e s a l l o w s h a n d l i n g a r b i t r a r y

a d d i t i v e u t i l i t y f u n c t i o n s o v e r m u l t i - v a l u e d v a r i a b l e s

• d e f i n e a n e f f e c t i v e s e a r c h s p a c e
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R e l a t i v e E v a l u a t i o n o f A c h i e v e m e n t s

F o c u s o n i m p r o v i n g s t a t e - v a r i a b l e s r a t h e r t h a n o n c o l l e c t i n g v a l u a b l e

f a c t s :

• c h a r a c t e r i z a t i o n o f t h e p r o c e s s o f s e a r c h i n g f o r a n i m p r o v e m e n t

• R e l a t i v e e v a l u a t i o n o f p l a n s ( e l i m i n a t e d e p e n d e n c e o n i n i t i a l s t a t e )

• d y n a m i c r e f e r e n c e p o i n t f o r i m p r o v e m e n t

• o p t i m a l a n d s a t i s f i c i n g p l a n n i n g

• t r e a t r e a l - w o r l d i n v e s t m e n t s c e n a r i o s

• d o m a i n a n d u t i l i t y s e t t i n g i n d e p e n d e n t



O p t i m a l P l a n P r o p e r t i e s



B a c k g r o u n d M o t i v a t i o n & C h a l l e n g e s O p t i m a l P l a n P r o p e r t i e s E m p i r i c a l E v a l u a t i o n E x a m p l e s

H i g h L e v e l O v e r v i e w

A B C D

o2 o8

o4

o1

o3

o7

o11

o9

o17

o16

o18

o13

o15o12

o14

DBA

CDB

o6

BDC

u=6 u=7

u=3

u=4 u=6 u=6 u=6

u=4 u=4 u=7u=4u=5

u=1

CDB

DAB

CCC BCB

BCC

CBB

DAA

BBC

ACC

o10
BCB

u=3

o5 o20

DBC

DBA

o19

o21

BDB

u=5

u=4

o23

CAB

DAA

o22

o24

BBB

u=4

u=3

u=9u=4u=4 u=8 u=7u=4 u=6 u=3

BBB

DCC

DCC

DDC

CDC

DDD



B a c k g r o u n d M o t i v a t i o n & C h a l l e n g e s O p t i m a l P l a n P r o p e r t i e s E m p i r i c a l E v a l u a t i o n E x a m p l e s

U t i l i t y F u n c t i o n D e f i n i t i o n f o r A c t i o n s

D e f i n i t i o n

F o r a n O S P a c t i o n a, t h e n e t u t i l i t y o f a i s

unet
a (a) =

∑
v∈V(eff(a))

[uv(eff(a)[v])− uv(pre(a)[v])]

C a p t u r e s S t a t e D e p e n d e n c i e s

• T r a c e s t o t a l b e n e f i t o f a n a c t i o n w i t h r e s p e c t t o i t s o r i g i n s t a t e

• I n O S P , g o a l c o u l d b e a c h i e v e d j u s t t h r o u g h a n a c t i o n w i t h t o t a l

p o s i t i v e n e t v a l u e



B a c k g r o u n d M o t i v a t i o n & C h a l l e n g e s O p t i m a l P l a n P r o p e r t i e s E m p i r i c a l E v a l u a t i o n E x a m p l e s

U t i l i t y F u n c t i o n D e f i n i t i o n f o r A c t i o n s

D e f i n i t i o n

F o r a n O S P a c t i o n a, t h e n e t u t i l i t y o f a i s

unet
a (a) =

∑
v∈V(eff(a))

[uv(eff(a)[v])− uv(pre(a)[v])]

C a p t u r e s S t a t e D e p e n d e n c i e s

• T r a c e s t o t a l b e n e f i t o f a n a c t i o n w i t h r e s p e c t t o i t s o r i g i n s t a t e

• I n O S P , g o a l c o u l d b e a c h i e v e d j u s t t h r o u g h a n a c t i o n w i t h t o t a l

p o s i t i v e n e t v a l u e



B a c k g r o u n d M o t i v a t i o n & C h a l l e n g e s O p t i m a l P l a n P r o p e r t i e s E m p i r i c a l E v a l u a t i o n E x a m p l e s

H i g h L e v e l O v e r v i e w - I m p r o v i n g A p p r o a c h
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B a c k g r o u n d M o t i v a t i o n & C h a l l e n g e s O p t i m a l P l a n P r o p e r t i e s E m p i r i c a l E v a l u a t i o n E x a m p l e s

N e t P o s i t i v e S u f f i x T e r m i n a t i o n

F o r e a c h p l a n π, t h e r e i s p l a n π′
t h a t :

• e n d s w i t h a n e t p o s i t i v e u t i l i t y v a l u e a c t i o n alast ,

• i s a t m o s t a s c o s t l y a s π, a n d

• i s a t l e a s t a s v a l u a b l e a s π
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B a c k g r o u n d M o t i v a t i o n & C h a l l e n g e s O p t i m a l P l a n P r o p e r t i e s E m p i r i c a l E v a l u a t i o n E x a m p l e s

I m p r o v i n g A p p r o a c h

D y n a m i c R e f e r e n c e P o i n t t o I m p r o v e

G i v e n a n O S P t a s k Π = 〈V, s0, u;A, c, b〉 a n d a s t a t e s, l e t i m p r o v e d ( s)

b e t h e s e t o f a l l p r o p o s i t i o n s 〈v/d〉 ∈ D s u c h t h a t uv(d) > uv(s[v]).

G r o s s P o s i t i v e A c t i o n s

G i v e n a n O S P t a s k Π = 〈V, s0, u;A, c, b〉 a n d a s t a t e s, t h e g r o s s p o s i t i v e

a c t i o n s r e l a t i v e t o s AgPos(s) ⊆ A o f Π a r e

AgPos(s) = {a ∈ A, eff(a) ∩ improved(s) 6= ∅}.



B a c k g r o u n d M o t i v a t i o n & C h a l l e n g e s O p t i m a l P l a n P r o p e r t i e s E m p i r i c a l E v a l u a t i o n E x a m p l e s

G r o s s P o s i t i v e P r e f i x L e m m a

G r o s s P o s i t i v e P r e f i x
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o5 o7
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B a c k g r o u n d M o t i v a t i o n & C h a l l e n g e s O p t i m a l P l a n P r o p e r t i e s E m p i r i c a l E v a l u a t i o n E x a m p l e s

M a i n t a i n e d A c h i e v e m e n t s L e m m a

E a c h i m p r o v i n g p l a n o v e r a g i v e n s t a t e

• s t a r t s w i t h a g r o s s p o s i t i v e a c t i o n agPos , a n d

• a v a l u a b l e f a c t a c h i e v e d b y agPos i s m a i n t a i n e d a l o n g t h e s u f f i x .
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B a c k g r o u n d M o t i v a t i o n & C h a l l e n g e s O p t i m a l P l a n P r o p e r t i e s E m p i r i c a l E v a l u a t i o n E x a m p l e s

T h e W i n d o w o f O p p o r t u n i t y T h e o r e m

s y n e r g i s t i c c r i t e r i a o f o p t i m a l p l a n

• s t a r t s w i t h a g r o s s p o s i t i v e a c t i o n s

• t e m p o r a l m a i n t a i n e d a c h i e v e m e n t

• t e r m i n a t e s w i t h a n e t p o s i t i v e a c t i o n
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B a c k g r o u n d M o t i v a t i o n & C h a l l e n g e s O p t i m a l P l a n P r o p e r t i e s E m p i r i c a l E v a l u a t i o n E x a m p l e s

A N o v e l L a n d m a r k s G e n e r a t i o n A p p r o a c h

o17

o3o3

CCC
o7

DCC

o18

DDC

o14

DBA

CDB

o6

BDC

u=6 u=7

u=3

u=4 u=6 u=6 u=6

u=4 u=4 u=7u=4u=5

u=1

BCB

BCC

CBB

DAA

BBC
o10

u=3

o5

DBC

DBA

BDB

u=5

u=4

CAB

DAA

BBB

u=4

u=3

u=9u=4u=4 u=8 u=7u=4 u=6 u=3

BBB

BCB

o12
ACC

o2

o4

o1

o7

o11

o9

o16o13

o20

o19

o21

o23

o22

o24o15

DDD

DCC

CDCCDB

DAB



E m p i r i c a l E v a l u a t i o n



B a c k g r o u n d M o t i v a t i o n & C h a l l e n g e s O p t i m a l P l a n P r o p e r t i e s E m p i r i c a l E v a l u a t i o n E x a m p l e s

I m p r o v i n g v s . C o l l e c t i n g A p p r o a c h - E x p a n d e d N o d e s

U t i l i t y s e t t i n g u(dom(v)) ∈ {0, 1, 2}



B a c k g r o u n d M o t i v a t i o n & C h a l l e n g e s O p t i m a l P l a n P r o p e r t i e s E m p i r i c a l E v a l u a t i o n E x a m p l e s

I m p r o v i n g v s . C o l l e c t i n g A p p r o a c h - S o l v e d W i t h o u t a S e a r c h

U t i l i t y s e t t i n g u(dom(v)) ∈ {0, 1, 2}



B a c k g r o u n d M o t i v a t i o n & C h a l l e n g e s O p t i m a l P l a n P r o p e r t i e s E m p i r i c a l E v a l u a t i o n E x a m p l e s

I m p r o v i n g v s . C o l l e c t i n g A p p r o a c h - R e d u c e d B u d g e t

U t i l i t y s e t t i n g u(dom(v)) ∈ {{0, 1, 2}}

R e d u c e d B u d g e t D i s c o u n t e d A c t i o n s E f f e c t i v e n e s s S c o r e

I m p r o v i n g C o l l e c t i n g I m p r o v i n g C o l l e c t i n g I m p r o v i n g C o l l e c t i n g

a i r p o r t ( 1 7 ) 4 8 4 2 1 7 6 3 1 8 2 0 3 7 5 1 5 7 . 6 8 9 7 0 . 2 4

b l o c k s ( 1 6 ) 1 5 4 1 8 2 1 5 1 4 2 1 . 4 0 7 . 8 9

d e p o t ( 3 ) 3 2 3 5 6 9 2 1 1 7 . 7 8 7 . 0 0

f r e e c e l l ( 1 1 ) 5 4 1 1 5 8 5 1 1 5 3 3 1 1 0 8 . 3 5 1 3 9 3 . 7 3

g r i d ( 2 ) 2 6 1 5 2 1 3 2 1 0 5 9 8 2 . 0 0 7 0 . 6 0

g r i p p e r ( 4 ) 6 0 4 1 7 2 2 2 4 2 . 8 7 5 6 . 0 0

l o g i s t i c s 0 0 ( 1 1 ) 1 8 9 1 1 2 1 2 1 1 8 1 . 1 2 1 0 . 7 3

l o g i s t i c s 9 8 ( 3 ) 4 0 3 1 1 4 4 0 2 . 8 5 1 3 . 3 3

m i c o n i c ( 4 0 ) 5 8 6 1 2 1 2 8 9 2 1 6 9 1 4 . 9 4 1 3 . 9 8

m y s t e r y ( 1 1 ) 4 9 1 5 5 1 4 2 2 1 2 2 1 0 4 . 9 4 1 4 1 . 4 7

p i p e s w - n t ( 1 2 ) 3 9 2 8 1 4 7 5 1 1 8 5 0 0 3 7 8 . 2 3 6 6 0 . 7 1

p i p e s w - t ( 6 ) 1 2 6 9 0 1 6 5 6 6 4 7 5 1 . 3 3 9 4 4 . 0 0

p s r - s m a l l ( 4 7 ) 1 6 7 5 5 2 3 3 0 1 5 3 4 1 3 . 9 5 2 7 . 8 9

r o v e r s ( 6 ) 4 4 1 4 3 8 0 4 5 6 8 . 6 4 3 2 . 5 7

s a t e l l i t e ( 4 ) 4 6 1 0 2 6 4 1 2 0 5 . 7 4 1 2 . 0 0

t p p ( 6 ) 6 2 2 5 1 5 5 1 5 8 2 . 5 0 6 . 3 2

t r u c k s ( 2 ) 2 6 7 6 0 2 9 3 1 2 3 . 1 5 1 3 3 . 0 0

z e n o t r a v e l ( 8 ) 5 7 8 1 2 1 3 4 0 7 2 1 . 2 8 5 0 . 8 8

t o t a l ( 2 0 9 ) 2 1 2 7 3 7 5 1 2 2 3 2 8 6 8 8 9 3 5 7 . 5 1 1 8 3 . 7 1



B a c k g r o u n d M o t i v a t i o n & C h a l l e n g e s O p t i m a l P l a n P r o p e r t i e s E m p i r i c a l E v a l u a t i o n E x a m p l e s

N e g a t i v e U t i l i t y S e t t i n g

U t i l i t y s e t t i n g u(dom(v)) ∈ {{−1, 0, 1}}

2 5 % 5 0 % 7 5 % 1 0 0 %

E x p a n d e d S o l v e d T i m e E x p a n d e d S o l v e d T i m e E x p a n d e d S o l v e d T i m e E x p a n d e d S o l v e d T i m e

a i r p o r t ( 1 5 ) 0 1 5 ( 1 5 ) 4 7 . 7 6 4 4 5 9 9 1 5 ( 6 ) 7 4 . 0 2 1 5 1 8 6 0 1 5 ( 6 ) 1 4 9 . 1 1 2 0 3 3 7 2 1 5 ( 0 ) 6 9 . 3 8

b l o c k s ( 1 7 ) 4 0 5 1 7 ( 4 ) 2 1 . 1 7 2 4 3 7 9 1 7 ( 1 ) 3 2 . 0 9 1 9 4 5 7 2 4 1 7 ( 1 ) 1 4 4 . 8 1 1 4 2 1 8 6 1 1 1 7 ( 1 ) 7 0 6 . 2 6

d e p o t ( 3 ) 2 5 3 ( 2 ) 1 1 . 4 2 1 6 9 2 8 3 ( 1 ) 1 7 . 3 8 3 8 2 1 5 4 3 ( 0 ) 4 3 . 4 6 1 3 9 0 0 2 ( 0 ) 8 . 8 8

f r e e c e l l ( 5 ) 4 8 5 ( 1 ) 7 7 . 5 1 2 4 6 3 5 ( 0 ) 1 2 2 . 8 1 1 4 6 4 4 5 ( 0 ) 1 3 2 . 9 5 2 4 7 3 3 5 ( 0 ) 1 4 1 . 5 1

g r i d ( 2 ) 0 2 ( 2 ) 3 5 . 4 9 2 0 2 1 2 ( 1 ) 3 6 . 7 6 1 1 4 2 5 5 5 2 ( 0 ) 1 1 1 . 8 8 1 4 0 9 9 9 6 2 ( 0 ) 3 9 9 . 3 1

g r i p p e r ( 3 ) 8 2 1 3 ( 1 ) 3 . 2 7 1 0 2 5 8 3 ( 0 ) 6 . 8 4 3 4 2 1 4 3 ( 0 ) 1 0 . 2 5 6 0 2 0 7 3 ( 0 ) 1 4 . 2 5

l o g i s t i c s 0 0 1 0 ) 1 0 4 3 1 0 ( 2 ) 1 4 . 4 1 5 4 4 7 0 1 0 ( 0 ) 2 2 . 8 4 4 7 9 8 6 6 1 0 ( 0 ) 4 0 . 5 1 1 8 5 4 1 6 5 1 0 ( 0 ) 1 0 8 . 1 2

l o g i s t i c s 9 8 ( 2 ) 9 2 ( 1 ) 1 . 9 7 1 0 9 5 7 2 ( 0 ) 3 . 9 8 9 4 9 6 1 2 ( 0 ) 8 . 2 3 3 2 7 9 2 9 2 ( 0 ) 2 1 . 9 5

m i c o n i c ( 4 0 ) 1 2 7 4 6 4 0 ( 1 5 ) 4 4 . 2 3 6 3 9 7 9 7 4 0 ( 6 ) 1 3 4 . 4 3 4 7 4 8 5 9 6 4 0 ( 1 ) 4 2 5 . 2 2 1 1 3 3 7 7 0 6 4 0 ( 0 ) 9 3 3 . 1 8

m y s t e r y ( 1 1 ) 0 1 1 ( 1 1 ) 4 9 . 4 8 1 6 0 1 1 ( 1 0 ) 5 1 . 7 1 1 2 5 1 6 1 1 ( 5 ) 6 7 . 3 9 3 9 5 5 1 1 1 1 ( 0 ) 1 2 1 . 1 3

p i p e s w - n t 1 1 ) 2 5 0 1 1 ( 2 ) 4 8 . 1 9 2 1 4 9 0 1 1 ( 0 ) 9 9 . 0 9 2 9 0 0 7 9 1 1 ( 0 ) 1 7 8 . 4 2 2 4 8 0 2 8 1 1 ( 0 ) 6 7 7 . 6 6

p i p e s w - t ( 5 ) 7 1 5 ( 1 ) 4 5 . 6 8 6 3 8 6 5 ( 0 ) 7 1 . 0 5 9 5 5 3 3 5 ( 0 ) 8 8 . 7 1 3 5 6 7 3 6 5 ( 0 ) 1 1 5 . 9 1

r o v e r s ( 4 ) 1 5 4 ( 1 ) 2 . 6 7 5 6 3 4 ( 0 ) 5 . 5 8 2 6 3 7 4 ( 0 ) 5 . 1 8 1 0 1 8 1 4 ( 0 ) 7 . 2 1

s a t e l l i t e ( 4 ) 3 0 4 ( 2 ) 4 . 5 3 1 3 9 4 9 4 ( 0 ) 9 . 9 7 1 8 7 1 7 6 4 ( 0 ) 2 4 . 5 2 1 0 1 3 1 0 8 4 ( 0 ) 1 0 4 . 5 4

t p p ( 5 ) 0 5 ( 5 ) 2 . 6 1 1 9 3 2 5 ( 1 ) 3 . 5 4 1 4 4 5 5 5 ( 1 ) 3 . 3 5 2 8 2 7 8 5 ( 0 ) 4 . 4 9

t r u c k s ( 2 ) 7 3 0 2 ( 1 ) 2 . 9 2 2 1 9 4 6 2 ( 0 ) 6 7 7 3 8 2 2 ( 0 ) 9 . 6 2 8 2 9 6 9 2 ( 0 ) 1 0 . 8 8

z e n o t r a v e l ( 7 ) 3 4 7 ( 4 ) 1 1 . 9 4 1 0 5 9 4 7 ( 1 ) 1 9 . 9 4 2 2 9 1 4 4 7 ( 1 ) 3 0 . 1 4 1 4 7 7 2 6 6 7 ( 1 ) 8 5 . 4 9

t o t a l ( 1 4 6 ) 1 6 2 2 7 1 4 6 ( 7 0 ) 4 2 5 . 1 8 8 8 2 8 9 2 1 4 6 ( 2 7 ) 7 1 8 . 0 3 9 9 0 3 4 9 6 1 4 6 ( 1 5 ) 1 4 7 3 . 7 2 3 5 0 6 2 6 9 6 1 4 5 ( 2 ) 3 6 3 0 . 1 5
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E x a m p l e - D y n a m i c R e l a t i v e I m p r o v e m e n t P o i n t

dom(v1) = {at(pkg1, loc−A), at(pkg1, loc−B) . . . at(pkg1, loc−H)}
dom(v2) = {at(pkg2, loc−A), at(pkg2, loc−B) . . . at(pkg2, loc−H)}
.

.

.

dom(v7) = {at(pkg7, loc−A), at(pkg7, loc−B) . . . at(pkg7, loc−H)}
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D y n a m i c R e l a t i v e I m p r o v e m e n t P o i n t

A 1 7 0 1 2 8 . 5 0 . 6 - 1 . 5 - 1 0 - 1 9 0

B 1 3 0 1 7 7 . 5 0 . 5 - 5 - 7 - 1 4 0

C 1 4 0 1 1 8 0 . 2 - 3 . 5 - 5 - 1 5 0

D 1 0 0 1 4 6 . 5 0 . 4 - 3 - 6 - 2 0 0

E 1 5 0 1 0 7 0 - 2 . 5 - 4 - 1 7 0

F 1 1 0 1 5 6 0 . 1 - 4 - 8 - 1 8 0

G 1 2 0 1 6 5 0 . 7 - 4 . 5 - 9 - 1 3 0

H 1 6 0 1 3 5 . 5 0 . 3 - 2 - 3 - 1 6 0

v1 v2 v3 v4 v5 v6 v7
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D y n a m i c R e l a t i v e I m p r o v e m e n t P o i n t

1 7 0 1 2 8 . 5 0 . 6 - 1 . 5 - 1 0 - 1 9 0

1 3 0 1 7 7 . 5 0 . 5 - 5 - 7 - 1 4 0

1 4 0 1 1 8 0 . 2 - 3 . 5 - 5 - 1 5 0

1 0 0 1 4 6 . 5 0 . 4 - 3 - 6 - 2 0 0

1 5 0 1 0 7 0 - 2 . 5 - 4 - 1 7 0

1 1 0 1 5 6 0 . 1 - 4 - 8 - 1 8 0

1 2 0 1 6 5 0 . 7 - 4 . 5 - 9 - 1 3 0

1 6 0 1 3 5 . 5 0 . 3 - 2 - 3 - 1 6 0

v1 v2 v3 v4 v5 v6 v7
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D y n a m i c R e l a t i v e I m p r o v e m e n t P o i n t

1 7 0 1 7 8 . 5 0 . 7 - 1 . 5 - 3 - 1 3 0

1 6 0 1 6 8 0 . 6 - 2 - 4 - 1 4 0

1 5 0 1 5 7 . 5 0 . 5 - 2 . 5 - 5 - 1 5 0

1 4 0 1 4 7 0 . 4 - 3 - 6 - 1 6 0

1 3 0 1 3 6 . 5 0 . 3 - 3 . 5 - 7 - 1 7 0

1 2 0 1 2 6 0 . 2 - 4 - 8 - 1 8 0

1 1 0 1 1 5 . 5 0 . 1 - 4 . 5 - 9 - 1 9 0

1 0 0 1 0 5 0 - 5 - 1 0 - 2 0 0

v1 v2 v3 v4 v5 v6 v7

u ( s * ) - 3 9 . 8
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D y n a m i c R e l a t i v e I m p r o v e m e n t P o i n t

1 7 0 1 7 8 . 5 0 . 7 - 1 . 5 - 3 - 1 3 0

1 6 0 1 6 8 0 . 6 - 2 - 4 - 1 4 0

1 5 0 1 5 7 . 5 0 . 5 - 2 . 5 - 5 - 1 5 0

1 4 0 1 4 7 0 . 4 - 3 - 6 - 1 6 0

1 3 0 1 3 6 . 5 0 . 3 - 3 . 5 - 7 - 1 7 0

1 2 0 1 2 6 0 . 2 - 4 - 8 - 1 8 0

1 1 0 1 1 5 . 5 0 . 1 - 4 . 5 - 9 - 1 9 0

1 0 0 1 0 5 0 - 5 - 1 0 - 2 0 0

v1 v2 v3 v4 v5 v6 v7

u ( s * ) - 3 5 . 3
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D y n a m i c R e l a t i v e I m p r o v e m e n t P o i n t

1 7 0 1 7 8 . 5 0 . 7 - 1 . 5 - 3 - 1 3 0

1 6 0 1 6 8 0 . 6 - 2 - 4 - 1 4 0

1 5 0 1 5 7 . 5 0 . 5 - 2 . 5 - 5 - 1 5 0

1 4 0 1 4 7 0 . 4 - 3 - 6 - 1 6 0

1 3 0 1 3 6 . 5 0 . 3 - 3 . 5 - 7 - 1 7 0

1 2 0 1 2 6 0 . 2 - 4 - 8 - 1 8 0

1 1 0 1 1 5 . 5 0 . 1 - 4 . 5 - 9 - 1 9 0

1 0 0 1 0 5 0 - 5 - 1 0 - 2 0 0

v1 v2 v3 v4 v5 v6 v7

u ( s * ) - 2 0 . 3
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D y n a m i c R e l a t i v e I m p r o v e m e n t P o i n t

1 7 0 1 7 8 . 5 0 . 7 - 1 . 5 - 3 - 1 3 0

1 6 0 1 6 8 0 . 6 - 2 - 4 - 1 4 0

1 5 0 1 5 7 . 5 0 . 5 - 2 . 5 - 5 - 1 5 0

1 4 0 1 4 7 0 . 4 - 3 - 6 - 1 6 0

1 3 0 1 3 6 . 5 0 . 3 - 3 . 5 - 7 - 1 7 0

1 2 0 1 2 6 0 . 2 - 4 - 8 - 1 8 0

1 1 0 1 1 5 . 5 0 . 1 - 4 . 5 - 9 - 1 9 0

1 0 0 1 0 5 0 - 5 - 1 0 - 2 0 0

v1 v2 v3 v4 v5 v6 v7

u ( s * ) 1 2
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D y n a m i c R e l a t i v e I m p r o v e m e n t P o i n t

1 7 0 1 7 8 . 5 0 . 7 - 1 . 5 - 3 - 1 3 0

1 6 0 1 6 8 0 . 6 - 2 - 4 - 1 4 0

1 5 0 1 5 7 . 5 0 . 5 - 2 . 5 - 5 - 1 5 0

1 4 0 1 4 7 0 . 4 - 3 - 6 - 1 6 0

1 3 0 1 3 6 . 5 0 . 3 - 3 . 5 - 7 - 1 7 0

1 2 0 1 2 6 0 . 2 - 4 - 8 - 1 8 0

1 1 0 1 1 5 . 5 0 . 1 - 4 . 5 - 9 - 1 9 0

1 0 0 1 0 5 0 - 5 - 1 0 - 2 0 0

v1 v2 v3 v4 v5 v6 v7

u ( s * ) 1 8 . 5
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D y n a m i c R e l a t i v e I m p r o v e m e n t P o i n t

1 7 0 1 7 8 . 5 0 . 7 - 1 . 5 - 3 - 1 3 0

1 6 0 1 6 8 0 . 6 - 2 - 4 - 1 4 0

1 5 0 1 5 7 . 5 0 . 5 - 2 . 5 - 5 - 1 5 0

1 4 0 1 4 7 0 . 4 - 3 - 6 - 1 6 0

1 3 0 1 3 6 . 5 0 . 3 - 3 . 5 - 7 - 1 7 0

1 2 0 1 2 6 0 . 2 - 4 - 8 - 1 8 0

1 1 0 1 1 5 . 5 0 . 1 - 4 . 5 - 9 - 1 9 0

1 0 0 1 0 5 0 - 5 - 1 0 - 2 0 0

v1 v2 v3 v4 v5 v6 v7

u ( s * ) 5 1 . 7
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