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The “Pattern Database” Relaxation: Idea Example 8-Puzzle

» |gnore some aspects of world/system states

» That is, take into account only a pattern of the real 11213 X | X | x
structure 7 5 abs 7

» More formally, define a mapping 2 of the real problem
into an abstract problem with a smaller state space (in a 71819 7 X [X
way so that paths between states can only get shorter =
admissibility) » Replace all but a subset of the tiles with x

» To generate the heuristic value, solve the abstract problem » That s, do not distinguish between these tiles
optimally

. » Every solution is also an abstract solution
» Do this just once before search starts, and store state

values in a lookup table = database
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Example 8-Puzzle Example 8-Puzzle

How to get from left to right?

11213 goal 11213
6 9———=4 6
417 |8 71819
X | X |x goal X | x| X
X X—=4 X
4|7 |X 7| X|X

Example 8-Puzzle

Jorg Hoffmann
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Abstraction functions can be more complex:

XXX X | X |X
y 9 = X y
X|y|8 y|181]9
XXX X | X |X
y y = X y
X1yly yiyly

Jorg Hoffmann
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There are different abstraction functions:

X | x| X X | X
goal

X 9——=x

X|X|8 X |8

X | x| X goal X | X

X X—=4

4 |x|8 X |8

Example 8-Puzzle

A pattern database:

Jorg Hoffmann

Automatic Planning

X X X X | X X | X
X | X X[ XX X[ XX X
X | X X[ XX X | X |X X | X

2 1 2 1

X X | X X|x|x X
X X X
X X X X X
1 2 1 2
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The “Pattern Database” Relaxation: Observations The “Pattern Database” Relaxation: Observations

There are many possible abstraction functions. We don’t map the real problem into a computationally simpler

problem, but only reduce the (instance) size parameters.
» Different abstraction functions yield different heuristics

> The less coarse the abstraction, the more precise the » Abstract state space can be large, no point in solving this
heuristic in every search state

» Extreme cases: everything/nothing abstracted away — what » Instead, create entire abstract state space (pattern
happens in these cases, respectively? database) as pre-process

» We can combine different heuristics by taking the » We can keep several databases in memory

maximum, preserving admissibility

Jorg Hoffmann Automatic Planning Jorg Hoffmann

Automatic Planning Multiple-valued STRIPS (
4. The “Pattern Database” Relaxation

Automatic Planning

)

» Set V of variables v with finite domain dom(v); to simplify
presentation, we assume dom(v) = dom(v’) =: dom for all

» Patterns and Databases v, Vv’ € V (extension to different domains trivial)

» Domain Abstractions » States are value assignments to the variables

» Pattern Databases » Actions a have a precondition

» Disjoint Pattern Databases pre(a) = {vi = Ci,..., Vk = Cx}

> Pattern Databases in STRIPS > ...and an effect eff(a) = {v{ :==c},..., v, == ¢}
» Goal formula G={vi =¢1,..., Vim= Cm}

Jorg Hoffmann Automatic Planning Jorg Hoffmann Automatic Planning



Example 8-Puzzle (Variable) Domain Abstractions

11218 ga  1]2]3 Definition
6 9————=14 6 Let(V, A, I, G) be an MVSTRIPS task with variable domain
41718 7189 dom. A domain abstraction is a function @ : dom — absdom
where |absdom| < |dom|.
(Different encoding than previously: variables are fields, values » We map dom into a set absdom that allows less
are tiles.) distinctions
» Variables: cont(p;) for 1 <i <9, » 5 js extended to conditions/effects/actions/tasks by
dom = {blank,t, b, t3, 14,15, tz, g, I} applying it to the value identifiers inside the more complex
» Actions: e.g., mv(ts, pa, pPs) : cont(ps) = tgA constructs
cont(ps) = blank — cont(p4) := blank, cont(ps) := fg » Eg. {vy=cy,..., vk =} = {vy = cfbs, e, V= c,fbs}

» Initial, goal: cont(py) = ty,...

Jorg Hoffmann Automatic Planning Jorg Hoffmann Automatic Planning
Example 8-Puzzle State Space Homomorphisms
112|3 b X | X|Xx .
S Proposition
6 9 —= X X abs ,
Let (V, A, I, G) be an MVSTRIPS task, a domain
4|7 |8 417 |X abstraction. Let s be a state in the task, a an action applicable
to s. Then a2bs is applicable in s2, and
» dom = {blank,t,t, t3, 14, 5, t7, lg, g }, result(s, <a>)abs _ result(sabs, <aabs>)
absdom = {blank, x, t, t;}
ahs Proof.
> {blank7 t1 5 t27 t3a t47 tﬁa t77 t87 tg} = Blackboard. ]

{blank, x, x, x, ty, X, t7, X, X}
» Actions: e.g., mv(ts, ps, ps)3S : cont(ps) = XA So 2 is a homomorphism.
cont(ps) = blank — cont(ps) := blank, cont(ps) := x

» Initial, goal: cont(py) = x, ...
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State Space Homomorphisms State Space Homomorphisms

It may happen that there is a shorter path than (a2, ..., a2s).
Denote by sy, s1, . . ., Sp the states on the sequence.

E.g. shortcuts s7°° = result(s?*, (a*)), j > i + 1, for an action
a not in the sequence

So, mv(6, ,04,,05)7 S1, mV(47p77p4)7 Sz, mv(7ap87p7)v

Sz, mv(8, py, Ps), Sa, mv(9, Ps, Ps), S5, Mv(6, Ps, Ps), Se

Proposition
Let (V, A, I, G) be an MVSTRIPS task, 2 a domain
abstraction. Let sy and s, be states in the task. Let n be the

length of a shortest path between sy and s,,. Let n?°S be the 11213 godl 1123
length of a shortest path between sgS and s2%S. Then n@s < n. 6 9g— =14 6
Proof. 41718 71819
Do you see why? O

X | X | x X | X

goa
X X———=4
4|7 |x 7|X|X

Where does this happen here?

Jorg Hoffmann Automatic Planning Jorg Hoffmann Automatic Planning

Automatic Planning Pattern Databases

4. The “Pattern Database” Relaxation

Definition

Let (V,A, I, G) be an MVSTRIPS task, 3¢ a domain

abstraction. For a state s in the state space of the task, we

define h%S(s) as the (forward) solution distance sd(s3) of
Patterns and Databases s jn (V, A3bs jabs Gabs) The set of all (s3°S, h3%3(s)) pairs is

»

» Domain Abstractions called a pattern database.

> Pattern Databases » We have seen that h?°S is an admissible heuristic function

> Disjoint Pattern Databases » The pattern database is a table-representation of that function
» Pattern Databases in STRIPS

» The definition is targeted to forward search; a dual definition is
valid for backward search

» A forward database can be re-used for several ???
A backward database can be re-used for several ???
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Building Pattern Databases Building Pattern Databases

We can avoid the need to visit the abstract state space twice:
Do a standard breadth-first backward search from G0, using a

“SOIVe” (V’ Aabs’ IabS’ GabS): Closed ||St

_fi abs
> Do a standard breadith-first forward search from / Problem: the generated sub-goals correspond to sets of world
» Using a closed list, i.e. generating each state only once states.

» When explicit state space is built, compute the solution
distances

» Solution 1: enumerate the represented sets of states
instead of just at(P, Right), say at(P, Right) A at(T, Left),

> MUltipIe'Source shortest paths prOblem: Simple at(P, R/ght) A at( T, R[ght‘) — |arger search space

» Solution 2: during search, take h°5(s) to be the minimum
over the sd of all abstract sub-goals that are satisfied by
53 — more complicated indexing

generalization of Dijkstra

Jorg Hoffmann Automatic Planning Jorg Hoffmann Automatic Planning

Unique-State Sub-goals Automatic Planning
4. The “Pattern Database” Relaxation

Sometimes the sub-goals always identify a unique single world
state — backward building unproblematic.

How about the 8-puzzle?

» Patterns and Databases
1123 X | X | X » Domain Abstractions
4 6 —= 4 X » Pattern Databases
71819 71 x | x » Disjoint Pattern Databases

» Pattern Databases in STRIPS

Do you see a general rule?

What about a syntactic sufficient criterion?

Jorg Hoffmann Automatic Planning Jorg Hoffmann Automatic Planning



Add’ing vs. Max’ing Example 8-Puzzle

We can keep several databases, and max over h values
It would be much better to add the h values

Adding h values is not admissible in general

Well ...

Can we identify cases where it is admissible?

Can we do something about the other cases?

vV V. v v Vv Y

Jorg Hoffmann Automatic Planning

Disjoint Pattern Databses

Is adding admissible here? (two abstractions of our running

example)

X | X|x X | X|x
goal

X Q——=X X

X|X|8 X819

X | X|Xx X | X|Xx
goal

X X—4 X

41x1|8 X|8]|x

Jorg Hoffmann Automatic Planning

Void Actions

Definition

Let(V,A, I, G) be an MVSTRIPS task. Let 3s! and a2 pe
domain abstractions. @1 and @552 are said to be disjoint if, for
every state s, h?s1(s) 4+ h?%2(s) < sd(s).

» We use the word “disjoint” also for the respective pattern
databases

» Finding out, in general, if two pattern databases are
disjoint, is hard (I didn’t find an easy proof quickly but this
just can’t be polynomial)

» We can identify a simple sufficient criterion

» “disjoint” also called “additive” in literature

Jorg Hoffmann Automatic Planning

Definition
Let (V,A, I, G) be an MVSTRIPS task. An action a € A is said
fo be void, ifV(v := c) € eff(a) : (v = ¢) € pre(a).

» Void actions do not change the state

» You wouldn’t expect a void action in a real task — but in an
abstracted task!

» Example: if the abstraction maps both tile t and the blank
to a symbol x, then moving t is void

> mv(t, p;, py )3 = 2?7

Jorg Hoffmann Automatic Planning



Void Actions Example 8-Puzzle

Proposition

Let (V, A, I, G) be an MVSTRIPS task. Let 25! and 252 be
domain abstractions. If there is no a € A that is non-void in both
(V Aabs1 Iabs1 Gabs1) and (V Aabs2 /ab52 Gasz), then abs1 and

abs2 gre disjoint.

Proof.
Blackboard.

Jorg Hoffmann

Automatic Planning

Are these two disjoint?

123ab 11213
S

4 6 —= 4 X
71819 X | X | X
123aIOS X | X | X
4 6 —= X 6
71819 71819

Jorg Hoffmann
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Example 8-Puzzle

And these two?

Jorg Hoffmann

11213
X
X | X|X
X | X|X
6
71819

Automatic Planning

“Disjoining” Pattern Databases

» |f we have two pattern databases that share the non-void
actions A1 », then an option is to count a € Ay > only in one
of the pattern databses

» When building a database, set edge costs for non-counted

actionsto 0

» With several databases, count every action only in one of
the databases in which it is non-void

» The resulting h values can be added safely. Proof?

Jorg Hoffmann

Automatic Planning



Automatic Planning Pattern Databases in STRIPS

4. The “Pattern Database” Relaxation

v

In STRIPS we have only Boolean variables: {0, 1}
There are just two different domain abstractions:

» What are they?

» What heuristics do they induce?

v

Patterns and Databases
Domain Abstractions
Pattern Databases
Disjoint Pattern Databases A natural adaptation for linear encoding exists (this is
Pattern Databases in STRIPS mentioned in [Hoffmann et al, ICAPS’086])

| used to teach that but it's complicated

Let’s do something simpler

v

We will have to use a different abstraction technique

vV v v VY
v

v

v
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Edelkamp’s Abstraction Example Logistics

Definition /\

Let (P, A, I, G) be a STRIPS task, and let P C P. The A T B
abstraction of (P, A, I, G) to P is the task (P, A', I', G') where - -
P=PnP,I'=INP,G =GnNP, and L eft Right

A = {(prenNP,add NP,del NP) | (pre,add, del) € A}
» Facts: at(A, Left), at(A, Right), in(A, T), at(B, Left),
at(B, Right), in(B, T), at(T, Left), at(T, Right)

» We simply remove everything outside P > P = at(A, Left), at(A, Right), in(A, T)

» Introduced by [Edelkamp, ECP’01] » “Abstract Facts”™: at(A, Left), at(A, Right), in(A, T), x, x, X,
X, X

» Intuition: replace all values of some variables with x - . .
» All values of position(B) and position(T) ignored!
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Example Logistics Edelkamp’s Abstraction, ctd.

X

A

T

L eft

v

vV v. v v Y

Jorg Hoffmann

B

Right

Facts: at(A, Left), at(A, Right), in(A, T), at(B, Left),
at(B, Right), in(B, T), at(T, Left), at(T, Right)

P = at(A, Left), at(A, Right), in(A, T)
= drive(T, Left, Right) = ?

= load(B, T, Right) = ?
= load(A, T, Right) = 7?
= unload(A, T, Right) = ?

Automatic Planning

Definition

Let (P, A, I, G) be a STRIPS task, let P C P, and let
(P',A,I',G) be the abstraction of (P, A, I, G) to P. Let s be a
state in (P, A, I, G). By h”(s), we denote the length of a
shortest path in (P',A’,I', G') from s NP to a state sy where
sg 2 G.

Proposition
Let (P, A, I, G) be a STRIPS task and let P C P. Let sbe a
state in (P, A, I, G). Then h”(s) < sd(s).

Proof.
Exercise. []

Jorg Hoffmann Automatic Planning

Edelkamp’s Abstraction, ctd.

» We can in principle ignore any set of facts, not necessarily

all values of one multi-valued variable

» If we ignore only a subset of values, then that abstracts
more than if we only replace that subset with x: why?

» All existing methods detect the multi-valued variables
underlying a STRIPS task, and abstract a subset of those

» “Real” variable domain abstraction is more fine-grained,

but is not yet being used

» Potentially promi

» Some people argue that disjointness is easier to obtain

using Edelkamp:

sing

Jorg Hoffmann
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Edelkamp’s Abstraction, ctd.

Proposition

Let (P, A, I, G) be a STRIPS task, and let Py, P> C P such that
Py NP =0, and for all a € A either (add(a) U del(a)) NPy =
or (add(a) U del(a)) NP> = (. Let s be a state in (P, A, I, G).
Then hl’(s) + h}'(s) < sd(s).

Proof.
Exercise. ]

» Actually it sufffices if for all a € A either add(a) NPy = ) or
add(a)N'Pz =1
» Made simpler for the sake of the exercise ...

Jorg Hoffmann Automatic Planning
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