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=3< ' Introduction & Motivation

e Actions are modeled with more than one possible outcomes

* |n some cases this is a design choice
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_3< Introduction & Motivation

e Actions are modeled with more than one possible outcomes

* |n some cases this is a design choice

* |n other cases this is a must!
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e The PAMp example, “Automated Planning and Acting”, Chap 6, page 326
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e The PAMp example, “Automated Planning and Acting”, Chap 6, page 326

e Location can be busy, an exogenous event that is modeled with switch(loc)

e State space =1.6 * 10712 (in the case of 10 containers per location)
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e Different types of containers

e Sensing action perceive(container) lets the robot know the type

e Thereis no clear “nominal case”
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In some cases nondeterminism is a must!

Nondeterminism in acting is a must!
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'3< RAE method for opening a door: pull, push, or slide?

m-opendoor(r, d, [, o)
task: opendoor(r, d)
pre: loc(r) = [ A adjacent(l, d) A handle(d, o)
body: while —grasped(d) do
grasp(r, d)

pull(r, d)
if door-status(d)=open then move(r, d)
else pull-push(r, d)

m-retry-pull(r, d, [, o) / m-push(r,d, [, 0)

task: pull-push(r, d) task: pull-push(r, d)
body: pull(r,d); body: push(r, d)
if door-status(d)=open then move(r, d) if door-status(d)=open then move(r, d)
else pull-push(r, d) else push-slide(r, d)
N
m-retry-push(r, 'dg l,o) m-slide(r, d, [, o)
task: push-slide(r, ) task: push-slide(r, d)
body: push(r, d); body: slide(r, d)

if door-status(d)=open then move(r, d)
else push-slide(r, d) 15
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retry

slide

3 8 ave
open
& E grasp
50 51

53 push
57
pull g \_—J/f"’
Mowe
grasped open
52

open maove

retry




_3< Nondeterministic Models: Planning Domain

retry

retry ove
53 push

s hee 5
5a 51 pull 4 -.______4__‘1'/‘/"

mMove

Definition 5.1. (Planning Domain) A nondeterministic planning do-

main Y. is the tuple

) where S is the finite set of states, A is the
is the state transition function.

[]

finite set of actions, and

An action a € A is applicable in state s € S if and only if v(s,a) # @.
Applicable(s) is the set of actions applicable to state s:

Applicable(s) = {a € A | ~(s,a) # &}




_3< Plans: Sequential Plans?

maowve
(grasp; pull; move)

(grasp; pull; push; slide; move)




_3< Plans = Policies

retry

retry ave
53 push
57
F'H_I'.r 59 '“—-____4——"//’
mave
52

mMove

50 5

Definition 3.3, (Policy) Let £ = (5, A, ) be a planning domain. Let 8 € 5. A policy
m for a planning domain X is a functior] 7 : 8" — Alsuch that, for every s € §', 7(s) <

Applicable(s). It follows that Dom(x ) = §". [




_3< Plans = Policies

retry

retry ove
53 push

Algorithm 5.1 Procedure for performing the actions of a policy.

PerformPolicy()
s < observe the current state
while s € Dom(x ) do
perform action 7 (5)
5 < observe the current state
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-D< Plans = Policies

mMove

m @ mi(so) = grasp

m1(s1) = pull
?Tl(SQ) = move

mo ¢ T2(Sp) = grasp 71 (ss) = push
ma(s1) = pull m1(55) = move
m2(S2) = move 1 (35) = slide
ma(S3) = retry 71(50) = move




_3< Plans = Policies

mMove

m - T

Lm2(s1) = pull | T

| T2(S2) = move| T

|T2(S3) = retry | T

(s0)

(s1)

(s2) =m
T2t | T2(S0) = graspj m1(s3) = push

(s4) =m

(s5)

(s6)




_3< Planning Problems

retry

53

50 5 pull

1‘ =

Initial State

Goal States

Definition 5.6, (Planning Problem) Le{ £ = S A, ¥
ning problem Pfor X 1sa tuple'P = (X, 50, 8g) x
1s the set of goal states.

pe a planning domain. A _plan-
is the initial state an
||




_3< Planning Problems and Solutions

retry

= 8 aye
Initial State X.
\ push
@ - \Erﬁjlfﬁ \
s \_/ Goal State

Unsafe Solution move
s : ?Tg(sl) — pull 71 - Safe Acyclic Solution
m3(82) = move m1(s1) = pull

m1(s2) = move

72 « Safe Cyclic Solution m1(s3) = push

ma(s1) = pull m1(S4) = move

ma(s2) = move m1(s5) = slide

ma(s3) = retry 71(s¢) = move
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acyclic
solutions
safe
solutions| cyclic
solutions = | solutions

unsafe

solutions
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_3< The Planning Problem: Solutions

Solutions
Unsafe Solutions Safe Solutions
Cyclic Solutions Acyclic Solutions
our terminology nondeterminism probabilistic
solutions weak solutions -
unsafe solutions - improper solutions
safe solutions strong cyclic solutions proper solutions
cyclic safe solutions - -
acyclic safe solutions strong solutions -

Table 5.1: Solutions: Different terminologies in the literature

27
e
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 And/Or Graph Search

e Symbolic Model Checking

e Determinization




 And/Or Graph Search

e Symbolic Model Checking

e Determinization




-D< And/Or Graphs

Or branch

Or branch )
retry
slide

retry

grasp
30 51 ull

And branch 4 branch And branch




_3< And/Or Graphs: Finding (Unsafe) Solutions

Find-Solution (X, 50, .5g)

T+ @; s 4 sp; Visited + {so}

loop
if s € 54 then return =
A" + Applicable(s)
if A" = @ then return failure
nondeterministically choose a € A’

| nondeterministically choose s’ € (s, a) |
if s € Visited then return failure
m(s) « a; Visited + Visited U {s'}; s + &

Decide which state
to plan for

Algorithm 5.2: Planning for solutions by forward search.
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_3< And/Or Graphs: Finding Safe Solutions

Find-Safe-Solution (X, s0. 5y)

T I

Frontier < {so}

for every s € Frontier\ S, do
Frontier < Frontier\ {s}
if Applicable(s) = @ then return failure
nondeterministically choose @ € Applicable(s)
T TU (s, a)
F er < FrontierJ (~(s.a) \ Dom(gr))
if|has-unsafe-loops(w, a, Frontier) then return failurel

return \

\

\

has-unsafe-loops(. a, Frontier) iff
ds € (v(s,a) M Dom(w)) such that v(s, m) N Frontier = <.

Check whether it contains any cycles that can’t be escaped
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_3< And/Or Graphs: Finding Safe Acyclic Solutions

Find-Acyclic-Solution (X, sp. Sy)

T I

Frontier < {so}

for every s € Frontier\ S, do
Frontier < Frontier\ {s}
if Applicable(s) = @ then return failure
nondeterministically choose @ € Applicable(s)
T TU (s, a)
Frontier < Frontier\UJ (~v(s.a) \ Dom(m))

L_i_f has-loops(m, a, Frontier) then return failure |
returltn

A

has-loops(, a, Frontier) iff
ds € (y(s,a) N Dom(m)) such that s € (s, 7)

Check whether it contains any cycles

34
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 And/Or Graph Search

e Symbolic Model Checking

e Determinization




_3< Planning via Symbolic Model Checking

Safe Acyclic Solutions

StrongPrelmg(S) = {(s.,a) |~
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=2 Planning via Symbolic Model Checking

Simple propositional formulas can represent very large sets of states

Quantified Boolean Formulas can represent transitions

BDD representation and manipulation of propositional formulas




 And/Or Graph Search

e Symbolic Model Checking

e Determinization




=< Dpeterminization

e Motivation:

 Much easier to find solutions if they don’t have to be safe
* Find-safe-solutions needs plans for all possible outcomes
* Find-solution only needs a plan for one of them
 |dea:

* Loop

* Find a solution 1t

e Look at each leaf node of it

e If the leaf node isn’t a goal, find a solution

and incorporate it into 1t /Q/‘

@




=< Dpeterminization

A possible (efficient) implementation:

Transform the nondeterministic domain into a deterministic one

If a has n outcomes, replace a with a4, ..., a,, deterministic actions
Find-solution replaced with an efficient classical planner ...
The planner returns a sequential plan ...

e
\EQ% )h‘

40
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A possible (efficient) implementation:

Transform the nondeterministic domain into a deterministic one

If a has n outcomes, replace a with a4, ..., a,, deterministic actions
Find-solution replaced with an efficient classical planner ...
The planner returns a sequential plan ...

P
\EQ::\OQ:
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=< Dpeterminization

A possible (efficient) implementation:

Transform the nondeterministic domain into a deterministic one

If a has n possible outcomes, replace a with al, ..., an deterministic actions
Find-solution replaced with an efficient classical planner ...
The planner returns a sequential plan ...

* NDP by determinization:
* Loop
* Find a sequential plan p

f/"
e Look at each state induced by p
e find a classical plan for each cl %
2 hl
1
h2
2

outcome of the action yQ
C
d

0O

N@‘

42
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=<' On-line Approaches

e Motivation:

* Planning models are just approximations
 Sensing is required to adapt to a changing environment
 Need for dealing with large state spaces

e |dea:

* Interleave planning and acting

* find a partial policy [the next few “good” actions), perform all or some
of them, and repeat these two steps from|the state that has been |

| actually reached.| o

offline search space

runtime search spaces




e Selection of “good” actions: Lookahead

* by estimations of distances from the goal (e.g., heuristic search)
* by learning step by step after each application better estimates

offline search space

runtime search spaces
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=3¢ On-line Approaches

e Lookahead: two dimensions

 bound: number of steps to lookahead (or time to lookahead)
e extreme case: reactive planner where bound =1
* limited nondeterminism: select just some of the outcomes

e extreme case: determinization (just 1 outcome)

offline search space

runtime search spaces




_3< On-line Approaches

Algorithm 5.15 Online determinization planning and acting algorithm.
FS-Replan (X, s, S;)

Ty — &

while s ¢ S, and Applicable(s) # @ do X4 is the determinization of X
if r; undefined for s then d:]/

my < Forward-search (Z,.s. §,)
if m; = failure then return failure
perform action m (s)
5 < observe resulting state

offline search space

runtime search spaces
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Algorithm 5.16 MinMax Learning Real Time A¥*.

Min-Max LRTA* (Z, 55, §,)
§ < 5
while s € §, and Applicable(s) # @ do
a = ﬂrgminﬂe.&pplimhm(xj mﬂx-f'é}"{-'f-i?]h{f}
h(s) < max{h(s). 1 + maxy , (5 )}
perform action a
§ «— the current state

offline search space

runtime search spaces
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-D< On-line Approaches

e Critical issue: Dead ends
e Possibility of getting stuck during acting

e Completeness only in “safely explorable” domains

offline search space

(

)
~  —~o{ )/

runtime search spaces
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=><" ECAI 1992: Invited Talk by Oliviero Stock

-

New scenarios (cont’d)

¢) Communicating with objects

O we shall have interfaces between
humans and objects without even
knowing there are computers in between

1 also static objects will possibly react t.o
human presence or will possibly provide
information on events

At Xerox PARC.... (no language so far)

1 How to say words with things

e.g. Metaphors in virtual reality to convey
meaning
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How can | open you?
—m

I am a sliding door

l

Please provide me with
your openmg instructions

Door: openmg module - ﬁj




-3< Acting is interaction!

Planning | - |opjectives
Q“Ef‘y Other
Hars > actors
HEsSages

Acting

G .::mmcm:isl Tpercﬁpfs

Execution platform

Acmﬂrfﬂnsl Tngr-me

External World
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e Actingis a closed loop with a stream of inputs and outputs

* Interactions can be modeled with I/O automata

 Need to control I/O automata (by means of Control Automata)
 Hand specified Control Automata = RAE with interaction

e Control Automata can be synthesized by planning with

nondeterministic models
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3< /O Automata

FON

retry
slide
55 7 TN 56
retry ave
53 push
“hgrese 57
58 51 pu_f,l' L4 \________‘--’"—",
maove
52
move

How can | open you?
e

I am a sliding door

|

Please provide me with
your opening instructions

|

Door: opening module

—_——




/O Automata

pulling pushing

push

I
door_type 56 move

grasp Il
__2 pu move
so‘fb'ﬂ S1 52 S4 ~ S g7 — > 59

slide move
S5 ~~ A g

sliding

How can | open you?
e

I am a sliding door

|

Please provide me with
your opening instructions

|

Door: opening module

—_——




-D< /0O Automata

pulling pushing

push

door._type SR WQ
’ B grasp ; pull move
S0 51 52

54

e 57 —» 59
slide /
S5 7 A S8 move

Input/output automaton A = (S, S"|1,0, C|~):
e S is a finite set of states

e SU C S is the set of possible initial states the automaton
can start in

e [ is the set of inputs, O is the set of outputs, and C' is
a set of commands, with I, O, and C' disjoint sets;

e v:Sx|[IUOUC)— 27 is the nondeterministic state

sliding

transition function




_3< Inputs can model nondeterminism

success
success
51 51
pull
S0 pull 50 > Sw
52
52
failure
failure
success

grasp grasp
5 - S0 — > Sw S1

failure
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-3 Acting with 1/0 Automata: Motivations

e Actingis a closed loop with a stream of inputs and outputs

* Interactions can be modeled with I/O automata

 Need to control I/O automata (by means of Control Automata)
 Hand specified Control Automata = RAE with interaction

e Control Automata can be synthesized by planning with

nondeterministic models




_:’( Control Automata

—

pulling ~ Pushing Automaton to be controlled

push

door_type $3 7 A g Ne
’ b grasp Z‘ pull move
S0 s1 52

S4 ~ S g7 — —» 59

slide
S5 =7 A g3
sliding
pulling Control Automaton
pushing
02
oo ’L o1 £ldod)) g3 a5
04

sliding




_3< Control Automata

pulling pushing

push

door_type 37 A 56 Ne
’ b grasp Z‘ pull move
S0 s1 52

$4 ~~ Sh g7 — —>» 59

/ pulling
- move pushing

58

door_type
sliding oz
Automaton to be controlled j\’
ao o1 ze(do a3 as
Control Automaton 04

sliding

Definition 5.27. (Control Automaton) Let A = (S, S% 1.0JC,~) be an

input /output automaton. A Control Automaton for A is an input/output

automaton A, = (.S, SC’C, Ye)- []
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e Actingis a closed loop with a stream of inputs and outputs

* Interactions can be modeled with I/O automata

 Need to control I/O automata (by means of Control Automata)
 Hand specified Control Automata = RAE with interaction

e Control Automata can be synthesized by planning with

nondeterministic models




e Transform I/O automaton into a nondeterministic planning domain

rasp
far move
/_L grasp
s1 S3
S0 ensedistance » Far or close?

52 T 54 T S5

close grasp move
move
Automaton to be controlled Nondeterministic planning domain

e Planning with nondeterministic models can synthesize control automata

 We can use and/or graph search, symbolic model checking, determinization

65




e Transform I/O automaton into a nondeterministic planning domain

rasp
far move

51/‘2‘ S3

50 ensedistance

7(og) = farorclose
m(o1) = move

- SANe SN3a m(o9) = grasp
R
close j grasp
Automaton to be controlled policy

e Planning with nondeterministic models can synthesize control automata

 We can use and/or graph search, symbolic model checking, determinization

66
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m-opendoor(r, d, [, o)
task: opendoor(r, d)
pre: loc(r) = [ A adjacent(l, d) A handle(d, o)
body: while —grasped(d) do
grasp(r, d)
pull(r, d)
if door-status(d)=open then move(r, d)
(

Aﬁull-push r,d)|

m-retry-pull(r, d, [, o) m-push(r,d, [, 0)
task: pull-push(r, d) task: pull-push(r, d)
body: pull(r, d); pull-push(r, d) body: push(r, d)
if door-status(d)=open then move(r, d)
else|push-slide(r, d)

/ \
m'retrY'pUSh (Ta da la O) m—slide(n d, f, ())
task: push-slide(r, d) task: push-slide(r, d)
body: push(r, d);push-slide(r, d) body: slide(r, d)

68



3< Flat (!) Nondeterministic Models

retry

retry ove
53 push

e ng’-ﬂ'ﬂ]‘ =
&0 =1 ﬁ'HJ'ur 54 \________‘--'/ﬂ

mave
52
move
pulling pushing
push
$3 /"—‘*\A
door_type 56 move
& Egrasp ; ]
pu move
SO 51 S2 S4 7~ S (57w —» $9
slide move

$5 7 A g

sliding
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_3< Refinement methods: Hierarchical /O Automata

HIOA — (S, S,,1,0,[T})

e S 1Is a finite set of states,

e Sy C S 1s the set of possible initial states the automaton can start in

e [ is a set of inputs, O 1s a set of outputs, C' 1s a set of commands, ans
a set of tasks, with I, O, C, and T disjoint sets

e V:Sx(IUOUC — 27 is the nondeterministic state transition function.




_3< Refinement methods: example

| m-opendoor(r,d, , o) _;
task: opendoor(r,d
pre: loc(r) =1 A adjacent(1,d) A handle(d, o)
body: while —reachable(r,0) do
move-close(r, o)

monitor-status(r,d)
if door-status(d)=closed then|unlatch(r,d)|
[throw-wide(r, d)]
end-monitor-status(r,d)

ST
not reachable
door closed
54
mgve close
un latch
50 §2 ———> 53 §5 ———» 56 ———P 57

throw

wide

monitor not door closed end
monitor

reachable status
status
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_3< Refinement methods

saoeds YoJeas awnun.
aoeds Yoseas auljjjo

Hierarchical Lookahead by refinement

I

~
N
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=5< Conclusions

Nondeterminism can be a design choice

* In some cases nondeterminism is a must!

e Nondeterminism in Acting is a must!

e Deliberation by planning with nondeterminism

e |Interleaving planning and acting sometimes is a must!

e Actingis a closed loop with a stream of inputs and outputs

e Deliberative Acting with |/O automata
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