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Motivation

* Robot-Human cooperation is very common nowadays.
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Motivation

* Robot-Human cooperation is very common nowadays.
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Motivation

* Robot-Human cooperation is very common nowadays.

* However, inconsistencies are commonly observed during
operations.

e Early systems only signal failures or show many resolutions.

/Ifound 64 solutions: \

1. Don’t stop at Tacoma.
2. Don’t go to work.

User thch one do you choose? PAV
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Conflict-Directed Temporal Relaxation Algorithm

* Objective: Restore consistency of over-constrained plans.
* New features:

- Provide a few compact and preferred solutions.

— Continuously relax temporal constraints.

— Accept both quantitative and qualitative preferences.

4 I
Yes, that| Great, | have a valid plan now.

User PAV
V\ &
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Problem Statement: Input

 Temporal Constraint Relaxation Problems:
- Events.
* With different time of occurrence.
— Constraints.

* Base: C1, C3.
* Relaxable: C2, C4, C5, C6.

Cs [0, 35]

C1 [10, 15]

g ) C2[20,30] @ Cs [10, 15]
\_/

C4 [0, 25]
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Problem Statement: Preferences

e (Quantitative Constraint Relaxation Cost:

f:Ci - R

— Activated when constraints are relaxed.
e Relax C2: Cost 2.
e Relax C4, C6: Cost 10.

— Assume Mutual Preferential Independence.

Cs [0, 35] > Cost 6

C1 [10, 15]

g ) C2[20,30] /a Cs [10, 15]
U - Cost 2

C4 [0, 25] - Cost 4
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Problem Statement: Output

* Preferred Continuous Minimal Relaxations.

— Restore consistency by updating temporal bounds.
* Relax C2 to [0,15].
e Relax C4,C5,C6 to [30,45],[30,45],[40,60].

— No proper subsets of which are valid relaxations.
— In best-first order according to user preference.

Cs [0, 35]
-> [40,60]

Cs [0, 25]
-> 30,45

C1 10,15 (“p") Cz [20, 30] Cs [10,15]

A \B ) =m0 1

C4 [0, 25] -> [30,45]
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Conflict-Directed Temporal Relaxation

Preference Model

!

Conflict-Directed . ,

Best-first Continuous Continuous
Minimal Relaxati —> Constraint 3 Minimal

inimal Relaxation Relaxation Relaxations

Enumeration

Temporal
Constraint
Relaxation 1. Don’t stay at 1. Shorten stay at
Problem Tacoma; Tacoma to 15 mins;
2. Suspend arrival 2. Postpone arrival

time constraints; time by 5 mins and
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Continuous Constraint Relaxation

* Previous approaches restore consistency by suspending
constraints.

— All-or-nothing approach.
— Break the user’s plan.

* Continuous Constraint Relaxation preserves all constraints.

— Restore consistency by updating the temporal bounds .

— Use Floyd-Warshall algorithm to compute the consistent
temporal bounds of suspended constraints.
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Continuous Constraint Relaxation

e Step 1 generates a minimal relaxation: {Suspending C2}.

* CCRrelaxes the temporal bound of C2 to restore consistency.
— Reset C2 to [0, +o=].
— Run Floyd-Warshall to update C2 with the tightest bound.
— Extract the new temporal bound, [0, 15].

Cs [0, 35]

C1 [10, 15] CC4(0+15] /a Cs [10, 15]

P

C4 [0, 25]
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Conflict-Directed Temporal Relaxation

Preference Model

!

Conflict-Directed . ,

Best-first Continuous Continuous
Minimal Relaxati —> Constraint 3 Minimal

inimal Relaxation Relaxation Relaxations

Enumeration

Temporal
Constraint
Relaxation 1. Don’t stay at 1. Shorten stay at
Problem Tacoma; Tacoma to 15 mins;
2. Suspend arrival 2. Postpone arrival

time constraints; time by 5 mins and
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Enumerate Minimal Relaxations

e 4 relaxable constraints.

* 16 possible relaxations. wmeE N
e Q={C2=sus}{C4=sus} (A C1 [10, 15] @ C220,30] (@) @

{C2,C4,C5,Cs} C4 [0, 25)
e Start with {}.
— Covers all relaxations.
Test {C2=act,C4=act,C5=act,C6=act}.
- Inconsistent!

{C2,C4,Cs} {C2,C4,Cs} {C2,C5Ce} {C4,C5,Cs}

{C2,Ca} {C2,Cs} {C2,Ce} {Cs,Cs} {C4,Ce} {C5C6} — Extractleast cost minimal conflict
{Cl=act,C2=act,C4=act}.
{C2} {C4}y /{Cs} {Cé} — Candidate minimal relaxations:

{C2=5sus},{C4=5sus}.
U
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Enumerate Minimal Relaxations

(Ca=sus)

C1 [10, 15]

Cs [0, 35]

@ Cs [10, 15]

{C2,C4,Cs,Ce}

{C2,C4,C5} {C2,C4,Cs} {C2,C5Ce} {C4,C5Cs}

{C2,C4}

Peng Yu

{C2,C5} {C2,Cs} {C4,Cs} {Cs,Cs}/ {C5,Cs}

{C2} {C4} £ {C5} {Cs}

U

N

Cs [0, 25]
Check {C2=sus}

— Test
{C2=5us,C4=act,C5=act,C6=act}.

— Consistent!

— All supersets of {C2=sus} are
valid relaxations.

Temporal Problem Relaxation Through Conflict-Directed Diagnosis
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Enumerate Minimal Relaxations

oQ:

{C4=sus,C5=sus} _

{C2,C4,Cs,Ce}

* Check {C4=5sus}

— Test
{C2=act,C4=5us,C5=act,Cb6=act}.
- Inconsistent!

{C2,C4,C5} {C2,C4,Cs} {C2,C5Ce} {C4,C5Cs}

. — Extract least cost minimal conflicts
{C2=act,C3=act,C5=act},
{Cl=act,C2=act,C4=act}.

— Candidate minimal relaxations:
{C4=sus, C5=sus}.

{C2,C4} {C2,Cs5; {C2,Ce} {C4,Cs5}

{C2}
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Enumerate Minimal Relaxations

° Q:
{C4=5us, C5=sus, C6=sus}

{C2,C4,Cs,Ce}

e Check {C4=5us,C5=sus}

— Test
{C2=act,C4=5us,C5=5us,Cb6=act}.
— Inconsistent!

{C2,C4,C5} {C2,C4,Cs} {C2,C5Ce} {C4,C5Cs}

— Extract conflicts
{Cl=act, C2=act, C3=act, C6=act}.

— Candidate minimal relaxations:
{C4=sus, C5=sus, C6=sus}.

{C2,C4} {C2,Cs}
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Enumerate Minimal Relaxations

Check {C4=sus,C5=sus,C6=sus}
— Test {C2=act,C4=5us,C5=5us,C6=5us}.
— Consistent!

— No more candidate relaxations left,
search complete!
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Performance: Run-time

e All Relaxation, Dualize & Advance, DTPP, and CTR.
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Performance: Run-time

e Better performance on hard problems:
- DTPP and CTR.

Run Timefs
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Future Work

A work together model:

- For a larger set of applications, such as manufacturing,
where human and robots are working together.

* Generative explanation:

— Propose alternative plans with new constraints and actions
in addition to suspending/relaxing existing constraints.

* A more natural user interface:
— Shared knowledge model.
— Efficient description of spatial and temporal commands.

Peng Yu Temporal Problem Relaxation Through Conflict-Directed Diagnosis
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Achievements

* An algorithm to efficiently resolve over-constrained
temporal problems.

 New features provided:

— Best-first minimal relaxation enumeration.
— Continuous constraint relaxation.
— Relaxation enumeration with qualitative preferences.

* Improvements:

— Faster relaxations generation compare to state-of-the-art
methods.

Peng Yu Temporal Problem Relaxation Through Conflict-Directed Diagnosis
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Minimal relaxation

e Relaxation:

— A set of relaxed constraints that resolve the inconsistency of
over constrained temporal problems. Cs [0, 35]

e Suspending C4, C5 and
Cs [0, 25]
e Suspending C2,

C1 [10, 15]

e Suspending

Ca [0, 25]
— All supersets of a relaxation are valid relaxations, too.

e Minimal relaxation:
— A valid relaxation.

— None of its proper subsets are valid relaxations.
e {C2=sus} vs. {C2=sus, C6=sus}.

Peng Yu Temporal Problem Relaxation Through Conflict-Directed Diagnosis
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Best-First

* Cost of relaxations:
- Suspending constraints will incur costs:

f: Ci - R
— Assigned by theuser:C1 2> 1,C2>2,C3> 3 .....
— {C2=sus, C5=sus}: Cost 7; {C2=sus, C4=sus}: Cost 6.

e Conflicts with lower cost will be extracted first.
- {Cl=act,C2=act,C4=act}vs. {C2=act,C3=act,C5=act}.

e Candidate relaxations with lower cost will be tested first.
— {C2=sus} vs. {C4=sus, C5=sus, C6=sus}.
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Conflict-Directed

 What is a conflict?
- A set of inconsistent active constraints. ., ..

. C1=act,C2=act,C3=act,C6=act,________*_"

. C1,C2,C3,C4,C5,C6.

~ Cs [0, 25]

. Ce [20, 30] {"E\ Cs [10, 15)

e C2,C3, C5. A

* Minimal conflicts.
— A conflict whose proper subsets are not in conflict.
e C2=act, C3=act, C5=act.
e Cl=act, C2=act, C3=act, Cb=act.
* Cl=act, C2=act, C4=act.
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Conflict-Directed, cont.

 Conflicts vs. Relaxations.

- Relaxing one constraint can resolve a minimal conflict.
e Suspending C6 resolves 0 [0,39

{Cl=act, C2=act,

C3=act, C6=act}.

C1 [10, 15] @ C2 [20, 30] /(_:\ Cs [10, 15] @
\_/ o/

— A relaxation suspends at least one constraint in each
minimal conflict (a covering set).

— Minimal relaxations are minimal covering sets of minimal
conflicts.
{C2=act, C3=act, C5=act}. {C2=sus, Cl=sus, C4=sus}.
{Cl=act, C2=act, C3=act, Cb=act}.
{Cl=act, C2=act, C4=act}. {C2=sus}.
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Generate Least Cost Conflicts

Least cost conflicts:
— Minimal conflicts with the least cost constraints.

Procedure:
— Prioritize the set of constraints in conflict.

— lterate through the set, starting with high cost constraints.

* Remove the current constraint and check the consistency of
the set.
* If inconsistent, keep the constraint removed.

* Otherwise, put it back to the set.
{C1,C2,C3,C4,C5,C6} = {C1,C2,C4}

Peng Yu Temporal Problem Relaxation Through Conflict-Directed Diagnosis
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Generate Random Temporal Problems

* Given number of constraints, N:

-~ Randomly generate:
* Number of decisions: D;
* Number of constraints per branch: Ci;

such that
N — Z?:l Cl‘

* Given the over-constrained level, O:
— Manually add constraints to create conflicts.
— Use the ratio, #conflicts/#constraints, to estimate O.
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Qualitative Preference Model: CP-nets

 Conditional Preference Networks:

— Binary comparison over the decision outcomes with
conditional independence assumption.

— Assume relative importance between variables.
— Compact and intuitive graphical representation.

C1RIx A C2 Act

* CP-Nets and relaxation problems:
— Variables: relaxable constraints.

— Outcomes: {Relax, Active}.

C1 RIx A C2 Rlx

C1 Act A C2 RIx

. C1 Active: Active > Relax
C1: Active > Relax C1 Relax: Relax > Active

@ >@ C1 Act A C2 Act-]

Temporal Problem Relaxation Through Conflict-Directed Diagnosis
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Main Components

e Conflict-Directed Best-First Minimal Relaxation enumeration.
— Leveraged from Conflict-Directed A* and Dualize & Advance.

 Continuous Constraint Relaxation.

— Update the temporal bounds of suspended constraints to
restore consistency.

e Conditional Preference Networks as Qualitative Preference
Model.

Peng Yu Temporal Problem Relaxation Through Conflict-Directed Diagnosis
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Procedure: Enumerate Minimal Relaxation

1. Record the minimal
relaxation as Consistent.

2. Move to the next best
minimal relaxation

candidates.
Consistent Terminate if all
candidate minimal
Test consistency. relaxations have

Start with an
empty relaxation.

Peng Yu

been marked
consistent.

Inconsistent

1. Extract a minimal conflict
from the assignment.

2. Update the candidate
minimal relaxations with the
new conflict.

3. Pick the best relaxation
candidate and test.

Temporal Problem Relaxation Through Conflict-Directed Diagnosis
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Solving Relaxation Problem with MILP

* Relaxation cost: C1, C2,...,Cn.

 To Be Relaxed?: R1, R2,...,Rn € {0,1}.

* Events: El, E2,...,En.

e Constraints:al<Ei—Ej<bl;a2<Em-En<b2;..

* Objective: Minimize )./~ C; * R;;
st. al—-al*R1<Ei—Ej<bl+ M*R];
a2—a2*R2<Em-Em< b2+ M*R2;

* Generates the preferred full relaxations, but not minimal
relaxations.
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All vs. Minimal relaxations: More compact results

Number . "“H
Constraints

A 3984 1.02e10 1.62e1l7 2.43e23 1.89e34 4.54e47  4.01e58
Relaxations
Ve 90 1680 9520 24200  2.97e6  3.84e8  5.14e10
Relaxations
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