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Hybrid Planning

POCL Planning Hierarchical Planning
» Causal Reasoning » Task Decomposition
» Knowledge Rich Plans » Similar to human planning



Hybrid Planning

Example Plan

Flaw: Open Precondition FIaw Abstract Task

Flaw: Causal Threat \
Initial State Goal Description
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Hybrid Planning

Example for Modifications

Address open precondition flaw S of task A; (possibility 1)

Initial State Q




Hybrid Planning

Example for Modifications

Address open precondition flaw S of task A; (possibility 2)
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Initial State Q Q" Goal Description
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Hybrid Planning

Example for Modifications

Address abstract task flaw A;

sOOA e

Initial State - \ Goal Description
\—tf:\ P P, ':;l ﬁ_‘—[

Decomposition methods for Aj:

Method 1_,, S A, }_>‘ P, p
I
Method 2 ﬁ—‘ P, }_>‘ P }_CL



Motivation / Task of the Thesis

» The planning architecture PANDA solves hybrid planning
problems

» PANDA; is a reimplementation with runtime improvements

» Main search procedure changed from PANDA to PANDA;

= implement and evaluate search strategies from
PANDA to PANDA»

= investigating the differences between PANDA and PANDA



PANDA; Algorithm

Practical Approach

Pini
o Fringe{ Pinit }
blue: expanded

black: not expanded
red: solution



PANDA; Algorithm

Practical Approach

Pini
§ Fringe{P1, P>}

P1 P»
blue: expanded
black: not expanded
red: solution



PANDA; Algorithm

Practical Approach

Pigic Fringe{ P1, P3, P4}
P1 P>
blue: expanded
Pse Py black: not expanded
red: solution



PANDA; Algorithm

Practical Approach

Pinic Fringe{ P, P4, Ps}
P1 P>
blue: expanded
Ps Pse Py black: not expanded

red: solution



PANDA; Algorithm

Practical Approach

Ve Fringe{Ps, P4, Ps, P7}
P1 P>
blue: expanded
Ps Pse Py black: not expanded

red: solution
Pee” P7



PANDA; Algorithm

Practical Approach

Pini
§ Fringe{ Psor, P4, Ps, P7, Pg}

blue: expanded
black: not expanded
red: solution




PANDA; Algorithm

Algorithm 1: PANDA; planning procedure

[a—y

Fringe < {Pinit}

2 while Fringe # () do

3 P < planSel (Fringe)

4 Fringe < Fringe \ {P}

5 if Flaws(P) = () then return P

f < flawSel (Flaws(P))
Fringe < Fringe U { applyMod(P,m) | m € Mods(f) }

8 return fail
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Search Strategies

Plan Selection Strategies

Plan selection:
» first decision point of the algorithm

» decides which plan to develop further
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Search Strategies

Plan Selection Example: CL+OCA

Which plan to refine first, P; or P;?

Py < Py e FEEISEA((P . P I
|CL | + |ﬂaW5( ) (FOpenPrec U IE'?Abst.‘rTask)|

<1
‘CL | + |ﬁaW5( ) (FOpenPrec U ]FAbstrTask)’
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Search Strategies

A definition of Plans

A Plan is a Tupel P = (PS, <, VC, CL)
» PS = plan steps of the plan
» < = ordering constraints
» VC = variable constraints

» CL = causal links
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Search Strategies

Plan Selection Example: ConstrPlans

Which plan to refine first, P; or P;?

Pi < Pj € fomepians({P1, - - Pa}) if:

=il + VG + [CLi|  [=5] + VG| + [CLy|
|PSil |PSj]
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Search Strategies

Plan Selection Example: Direct Uniform Hotspot

Which plan to refine first, P; or P;?

P; < Pjc fhansel ({Py,...,P,}) if:

> [F O f] )Y )y Ff|
feflaws(P;) ' eflaws(P;)\{f} < feflaws(P;) f'eflaws(P;)\{f}
|flaws(P;)| |flaws(P;)|

fi = {psa, ¢a}, 2 = {psp, ¢} = open precondition flaws
f3 = {ps,} = abstract task Flaw
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Search Strategies

Flaw Selection

Flaw selection:

» second decision point of the algorithm

» decides which flaw should be resolved
Problem:

» PANDA orders Modifications of all Flaws

» PANDA> selects one Flaw
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Search Strategies

Modification Ordering in PANDA

Modification ordering in PANDA:
Let a plan P have the flaws fi, >, f3

h R R KR KB A R A

my moy ms3 mgy ms meg my mg mg

NNV

f f f3
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Search Strategies

Flaw Selection Example: LCFR

Which flaw to resolve first, f; or f;?

fi < e TSR, h)) i
|modsFor(f;)| < |modsFor(f;)]

mp mo ms3 ma msg me my mg mg

NNV

f f f3
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Search Strategies

Flaw Selection Example: Direct Uniform Hotspot

Which flaw to resolve first, f; or f;?

fi < f; € fhgmpis({fr - Fa}) if

> Fnf| < > [&aki

fe({fi,fmi\{fi}) fe({fu,fmi\{f})
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Evaluation

Overview

The evaluation should answer the following questions:
» Which strategy combination solved the most Problems?
» Which strategy combination generates a solution most
quickly? (efficiency)
Domains:
» Satellite with 5 Problems
» Smartphone with 2 Problems
» UM-Translog with 12 Problems

17 Plan Selection Strategy Combinations and 12 Flaw Selection
Strategy Combinations which were run 5 times per Combination.
— 17*12*5 = 1020 runs per Problem
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Evaluation

Table of Combinations

Plan Selectors Flaw Selector
Primary Primary
CL+OCA EMS

Direct-Uniform-Hotspot  LCFR
Indirect-Uniform-Hotspot Secondary

ConstrPlans LCFR

ConstrPlans™1 Direct Uniform Hotspot
PSA+0OCA Indirect Uniform Hotspot
F/PS Direct Adaptive Hotspot
Secondary Indirect Adaptive Hotspot
Fewer-M EMS

ConstrPlans P8

ConstrPlans™1
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Evaluation

Realization of the Evaluation

2 kinds of Tables:
» percentage of solved problems
> average efficiency
For each of these kinds 4 tables have been made:
» Smartphone Domain
» Satellite Domain
» UM-Translog

» All Domains combined
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Evaluation

Example: Percentage of Solved Problems over all Domains

CL+0CA CP CP™! DUHS F/TE IUHS PSA+OCA

1 EMS 89.47 89.47 92.63 89.82 95.09 89.47 89.47
2 EMS,DAHS 89.47 89.47 92.63 9053 94.74 89.47 89.47
3 EMS,DUHS 89.47 89.47 90.53 89.12 94.74 89.47 89.47
4 EMS,IAHS 89.47 89.47 97.89 92.63 95.09 92.63 89.47
5 EMS,IUHS 89.47 89.47 97.89 9158 94.04 89.82 89.47
6 EMS,LCFR 89.47 89.47 9579 90.18 94.39 89.47 89.47
7 LCFR,Abstract 100.00 94.74 9474 95.09 95.44 04.74 100.00
8 LCFR,DAHS 100.00 94.74 94.74 95.44 0474 96.49 100.00
9 LCFR,DUHS 100.00 94.74 94.74 9474 9474 095.79 100.00
10 LCFR,EMS 100.00 94.74 94.74 95.09 94.74 94.74 100.00
11 LCFR,IAHS 100.00 94.74 9474 9579 94.74 0474 100.00
12 LCFR,JIUHS 100.00 94.74 9474 95.09 94.74 94.74 100.00
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Evaluation

Example: Percentage of Solved Problems over all Domains

CL+0CA CP CP™! DUHS F/TE IUHS PSA+OCA

1 EMS 89.47 89.47 92.63 89.82 95.09 89.47 89.47
2 EMS,DAHS 89.47 89.47 92.63 9053 94.74 89.47 89.47
3 EMS,DUHS 89.47 89.47 90.53 89.12 94.74 89.47 89.47
4 EMS,IAHS 89.47 89.47 97.89 92.63 95.09 92.63 89.47
5 EMS,IUHS 89.47 89.47 97.89 91.58 94.04 89.82 89.47
6 EMS,LCFR 89.47 89.47 9579 90.18 94.39 89.47 89.47
7 LCFR,Abstract 100.00 94.74 9474 95.09 95.44 04.74 100.00
8 LCFR,DAHS 100.00 94.74 94.74 95.44 0474 96.49 100.00
9 LCFR,DUHS 100.00 94.74 94.74 9474 9474 095.79 100.00
10 LCFR,EMS 100.00 94.74 94.74 95.09 94.74 94.74 100.00
11 LCFR,IAHS 100.00 94.74 9474 9579 94.74 0474 100.00
12 LCFR,JIUHS 100.00 94.74 9474 95.09 94.74 94.74 100.00
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Evaluation

Explanation of the Efficiency-Value

The efficiency value is the number of expanded plans divided by
the length of the path to the solution.
Pinit

blue: expanded
P3 black: not expanded

red: solution

Pee” P7 Psor® Pg

necessary expansions: 4
actual expansions: 6 — efficiency: % = 66%
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Evaluation

Example: average Efficiency over all Domains

CL+0CA CP CP™! DUHS F/TE IUHS PSA+OCA

1 EMS 16.54 20.73 7416 3245 56.94 30.73 3141
2 EMS,DAHS 16.33 20.33 71.45 2538 59.88 26.64 28.00
3 EMS,DUHS 16.42 2055 7246 26.80 59.82 27.37 27.62
4 EMS,IAHS 17.12 19.18 68.79 26.84 5735 28.14 27.34
5 EMS,IUHS 17.16 1956 69.18 2543 57.75 28.61 27.39
6 EMS,LCFR 19.06 22.87 72.88 3434 49.81 36.42 32.92
7 LCFR,Abstract 63.16 66.83 7836 7562 77.31 73.29 70.44
8 LCFR,DAHS 60.99 65.62 78.53 7556 76.98 70.20 69.80
9 LCFR,DUHS 61.89 6693 77.44 77.75 77.04 71.46 69.50
10 LCFR,EMS 60.09 64.66 8129 7547 7513 71.23 69.33
11 LCFR,IAHS 62.30 66.92 77.53 7527 77.72 72.44 70.46
12 LCFR,JIUHS 6197 66.92 77.69 7758 76.33 7237 68.20
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Conclusion

» Differences between PANDA and PANDA, have been analyzed.

» Search-Strategies of PANDA have been transferred to
PANDA>.
» A Evaluation has been done, with some interesting findings.
» PSA+OCA as primary plan selection and LCFR as primary

flaw selection
» CL+OCA as primary plan selection and LCFR as primary flaw

selection
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PANDA Algorithm

Algorithm 2: PANDA planning procedure

1 Fringe < (Pinit)
2 while Fringe # () do
3 P+ P

4 | if Flaws(P) = () then return P

F = Flaws(P)
(mq...m;) = ModOrd(Urermods(f))
Fringe= PlanOrd({app(P1, m1)...app(P1,m;)) o (P2...Py))

8 return fail




Differences between PANDA and PANDA,

PANDA

» Addresses all flaws

» Order of plans depends on
PlanOrd and ModOrd

PANDA>

» Addresses just one flaw

» Order of plans depends
only on PlanOrd



Search Strategies

Plan Selection Example PSA+OCA

Which plan to refine first, P; or P;?

Pi < PJ € f:‘I;SIzIE%ICA({Plv"':Pn}) if:
‘psa(Pi)| + |ﬂaW5('Di) n (FOpenPrec U IE‘?Abst.‘rTask)|

<1
|psa(Pj)| + |ﬂaW5(Pj) N (FOpenPrec U IE‘AbstrTask)’

psa(P) = returns the number of modifications, which led to this
plan and inserted a Plan Step.



Efficiency Value

Not found solution

Pinit
P1 P2
blue: expanded
Ps Pse P4 black: not expanded
red: solution
Psol I:)8



Evaluation

Example: Percentage of Solved Problems in the UM-Translog Domain

CL+0CA CP  CP7! DUHS F/PS IUHS PSA+OCA

1 EMS 91.67 91.67 95.00 91.67 100.00 91.67 91.67

2 EMS,DAHS 91.67 91.67 96.67 93.33 100.00 91.67 91.67

3 EMS,DUHS 91.67 91.67 9333 9222 100.00 91.67 91.67

4 EMS,IAHS 91.67 91.67 96.67 94.44 99.44 91.67 91.67

5 EMS,IUHS 91.67 91.67 96.67 9278 98.89 91.67 91.67

6 EMS,LCFR 91.67 91.67 95.00 91.67 99.44 91.67 91.67

7 LCFR,Abstract 100.00 100.00 100.00 100.00 100.00 100.00 100.00

8 LCFR,DAHS 100.00 100.00 100.00 100.00 100.00 100.00 100.00

9 LCFR,DUHS 100.00 100.00 100.00 100.00 100.00 100.00 100.00

10 LCFR,EMS 100.00 100.00 100.00 100.00 100.00 100.00 100.00
11 LCFR,IAHS 100.00 100.00 100.00 100.00 100.00 100.00 100.00
12 LCFR,JIUHS 100.00 100.00 100.00 100.00 100.00 100.00 100.00
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Evaluation

Example: Percentage of Solved Problems in the Smartphone Domain

CL+0CA CP  CP~! DUHS F/PS IUHS PSA+OCA

1 EMS 50.00 50.00 60.00 53.33 53.33 50.00 50.00

2 EMS,DAHS 50.00 50.00 50.00 50.00 50.00 50.00 50.00

3 EMS,DUHS 50.00 50.00 50.00 50.00 50.00 50.00 50.00

4 EMS,IAHS 50.00 50.00 100.00 63.33 56.67 80.00 50.00

5 EMS,IUHS 50.00 50.00 100.00 66.67 50.00 53.33 50.00

6 EMS,LCFR 50.00 50.00 90.00 56.67 50.00 50.00 50.00

7 LCFR,Abstract 100.00 50.00 50.00 53.33 56.67 50.00 100.00

8 LCFR,DAHS 100.00 50.00 50.00 56.67 50.00 66.67 100.00

9 LCFR,DUHS 100.00 50.00 50.00 50.00 50.00 60.00 100.00

10 LCFR,EMS 100.00 50.00 50.00 53.33 50.00 50.00 100.00
11 LCFR,IAHS 100.00 50.00 50.00 60.00 50.00 50.00 100.00
12 LCFR,JIUHS 100.00 50.00 50.00 53.33 50.00 50.00 100.00
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Evaluation

Example: average Efficiency in the Satellite Domain

CL+0CA CP CP™! DUHS F/PS IUHS PSA+OCA

1 EMS 9.13 881 3032 2131 16.66 14.65 16.78

2 EMS,DAHS 588 5.07 26.23 590 736 568 6.50

3 EMS,DUHS 6.23 551 27.12 636 7.05 7.78 5.43

4 EMS,IAHS 6.05 536 24.23 946 7.09 7.78 6.47

5 EMS,IUHS 6.25 591 2278 6.28 7.11 7.79 5.37

6 EMS,LCFR 880 7.92 36,51 19.72 20.10 17.73 20.45

7 LCFR,Abstract 16.46 11.39 41.45 28.21 32.62 23.09 29.93

8 LCFR,DAHS 1268 9.76 41.04 30.79 29.73 21.77 26.94

9 LCFR,DUHS 1286 9.49 4122 36.19 29.92 22.21 26.10

10 LCFR,EMS 11.49 897 5237 29.84 23.88 20.83 25.88
11 LCFR,IAHS 1480 10.00 41.08 28.49 3253 23.11 29.64
12 LCFR,JIUHS 1159 9.47 4053 36.23 27.83 22.19 21.25
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Evaluation

Example: average Efficiency in the UM-Translog Domain

CL+0CA CP CP™! DUHS F/PS IUHS PSA+OCA

1 EMS 21.23 2799 91.01 3585 71.62 34.52 33.66

2 EMS,DAHS 2236 29.08 88.49 31.25 79.69 34.33 32.44

3 EMS,DUHS 2229 29.21 90.24 3249 79.73 3424 32.35

4 EMS,IAHS 2350 27.16 8838 31.31 76.80 35.63 31.53

5 EMS,IUHS 23.45 2750 8853 3099 76.93 35.28 32.11

6 EMS,LCFR 25.13 31.66 88.40 40.05 59.40 40.92 34.30

7 LCFR,Abstract 85.97 90.26 91.94 9434 9478 92.65 91.13

8 LCFR,DAHS 85.88 90.51 9235 9458 94.75 92.52 91.22

9 LCFR,DUHS 85.80 90.97 90.65 94.82 94.76 92.28 91.06

10 LCFR,EMS 86.03 90.38 91.78 94.24 9475 9242 90.92
11 LCFR,IAHS 8598 90.91 90.84 95.00 94.69 92.55 91.19
12 LCFR,JIUHS 86.45 90.96 91.31 9497 9456 92.50 91.00

10



Evaluation

Example: average Efficiency in the Smartphone Domain

CL+0CA CP  CP7! DUHS F/PS IUHS PSA+0OCA

1 EMS 205 046 96.86 49.57 80.56 69.35 79.85

2 EMS,DAHS 219 0.39 100.00 57.03 84.82 46.80 86.59

3 EMS,DUHS 275 046 100.00 63.27 84.82 49.64 86.59

4 EMS,IAHS 230 053 66.63 5542 7423 40.29 85.56

5 EMS,IUHS 251 045 7297 4985 83.38 57.32 85.56

6 EMS,LCFR 357 088 7560 4342 8380 80.31 80.05

7 LCFR,Abstract 43.00 62.96 100.00 87.20 89.58 91.90 47.59

8 LCFR,DAHS 3241 46.20 100.00 71.62 100.00 50.97 48.41

9 LCFR,DUHS 41.02 65.62 100.00 80.77 100.00 68.48 48.61

10 LCFR,EMS 2596 34.48 100.00 78.28 96.00 69.00 48.38
11 LCFR,IAHS 38.97 63.68 100.00 72.86 100.00 77.73 48.10
12 LCFR,JIUHS 41.02 65.62 100.00 75.78 100.00 81.82 48.77
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todo:

> definitionen der anderen strategien aus der tabelle in den
Anhang

» abstande in der tabelle springen warum?
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