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Motivating Applications for STNUs

e Agent controlling remote spacecraft
e Fleets of autonomous spacecratft
e Business manufacturing processes

e Medical treatment processes

= lemporal constraints among actions
= Actions with uncertain durations
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Good News

STNUs represent temporal constraints
among actions, including actions with
uncertain durations

Key property: dynamic controllability (DC)
DC checking can be done in O(N*) time

Updates during execution of DC networks
requires O(N?) time per execution event

Theory of STNUs mature, but still growing
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Simple Temporal Networks
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Temporal Constraints on an Action

Starting A Ending
Time-Point Time-Point
\‘ ‘/
t to
t; > 4 (A starts at or after 4)
t, < 12 (A ends at or before 12)

3<t—-t <6 (Asdurationin [3,6])
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Temporal Constraints on Airline Travel

Goal: Fly from NYC to Rome
e |eave NYC after 4 p.m. on June 8

e Returnto NYC before 10 p.m., June 18
e Away from NYC no more than 7 days

e In Rome at least 5 days

e Return flight lasts no more than 7 hours
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Simple Temporal Network (STN)*

A Simple Temporal Network (STN) is a pair,
S =(T,C), where:

e 7 is a set of time-point variables:
{to,t1,...,th_1} and

e ( Is a set of binary constraints, each of
the form: t,—t; <9, where ¢ is a real
number.

* (Dechter, Meiri, and Pearl 1991)
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Solutions & Consistency

e A solutionto an STN § = (7,C) is a
complete set of variable assignments:

{to = Wqg, t1 =wy, ..., Th—1 = Wn—l}
that satisfies all the constraints in C.

e An STN with at least one solution is
called consistent.
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The Zero Time-Point Variable

e Frequently, it is useful to fix one of the
time-point variables to 0. That “variable”
will often be called z.

e Binary constraints involving z are equiv-
alent to unary constraints:
tti—z <5 <<= t <5

z—t < -3 — t > 3
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STN for Constrained Action

z =0
T = Aztuto}, wherel | _ giartof A
I = End of A
(tp —t; < 6 (Dur. less than 6)
- ty —tp < —3  (Dur. greater than 3)
Clz—t < -4 (A starts after 4)
| to—z < 12 (A ends before 12)

|

/
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STN for Constrained Air Travel

T = {z,t1,t9,t3,t4}, 2z = Noon, June 8.

C =
(z—t; < —4 (LvNYCafter 4 p.m.,June 8)
ty —z < 250 (Av NYC by 10 p.m., June 18)
'ty —t; < 168 (Gone no more than 7 days)
tp —t3 < —120 (In Rome at least 5 days)
ty—t3 < 7 (Return flight less than 7 hrs)
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Graphical Representation of an STN*

The Graph for an STN, § = (7,C), is a
graph, G = (T, &), where:

e J[ime-pointsin S <= nodesing

e ConstraintsinC <= edgesiné:

0
tj_ti < 0 - t; ® >'tj

* (Dechter, Meiri, and Pearl 1991)
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Graph for Action Scenario

(

th —t; < 6

B B ti —t, < —3
T = {Z,tl,tg} C = -« b < —4
T —Z < 12}
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Graph for Airline Scenario

(Z—tl < —4, ty —z < 250 |
<114—’C1 < 168, th —t3 < —120>
thb—t3 < 7, -t < 0
\t3—t4§ 0
168
o . o _Tos,
-4 2 250
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Implicit Constraints

Explicit constraints in C can combine to form
implicit constraints:

{;

ti— 1 < 30 °

te—t < 40 30 40

tk —t < 70 tie--------- » o Lk
/0
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Chains of Constraints as Paths

Chains of constraints in an STN corre-
spond to paths in its graph.

Stronger/strongest constraints corre-
spond to shorter/shortest paths.

'}V'i>‘\6~
5/( 9 7
ti’<; /
2 = 3 —0
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Distance Matrix *

The Distance Matrix foran STN, S = (T,C),
IS a matrix D defined by:

Length of Shortest Path
D(t;,t)) = from t; to t; in the graph
for S

D(tiv tj)

I

—

___"tj

/

(Dechter, Meiri, and Pearl 1991)
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Distance Matrix (contd.)

e The strongest implicit constraint on ¢;
andt;inSis: t—t < D(t,t)

e D is the All-Pairs, Shortest-Path Matrix
for the STN’s graph.*

* (Cormen, Leiserson, and Rivest 1990)
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Distance Matrix for Action Scenario

tije 4 o ot

Z
D Z %] to
Z 0 9 12
tq -4 0 6
ts -/ -3 0
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Distance Matrix for Airline Scenario

. 250

D Z t1 5 {3 W]
Z 0 130 130 250 250
t -4 0 48 168 168
to -4 0 0 168 168
ts -124 -120 -120 0 /
ty -124 -120 -120 0 0
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Fundamental Theorem for STNs

Given an STN S, with Graph G, and Dis-
tance Matrix D, the following are equiva-
lent (Dechter, Meiri, and Pearl 1991):

e S isconsistent.
e Eachloop in G has non-negative length.

e The entries along the main diagonal of
D are non-negative.
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Computing D from Scratch

e Floyd-Warshall Algorithm: O(n?)

e Johnson’s Algorithm: O(n*logn + nm)

(Cormen, Leiserson, and Rivest 1990)
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Dynamically Updating D

e O(n?-time incremental algorithms up-
date D in response to inserting a new
constraint or tightening an existing con-
straint.

e O(n’)-time decremental algorithms up-
date D in response to deleting or weak-
ening an existing constraint.

(Rohnert 1985; Even and Gazit 1985; Gerevini, Perini, and Ricci 1996;
Ramalingam and Reps 1996; Cesta and Oddi 1996; Demetrescu and Italiano
2002)

Dynamic Controllability of STNUs e 24 e Luke Hunsberger




Executing an STN in Real Time

Any consistent STN can be successfully ex-
ecuted in real time.*

e Time window for X: [-D(X, Z), D(Z, X)]

e Jo execute a time-point X at time ¢:
Insert constraints: t < X — 7 <t

e Update entries involving Z in linear time
per execution event—O(n?) overall.’

* (Dechter, Meiri, and Pearl 1991), T (Hunsberger 2008)
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Executing an STN in Real Time (ctd.)

e Transform STN into dispatchable form
in O(n’) or O(nlogn +mnm) time.

e During execution, only need to propa-
gate bounds to neighboring time-points

(Muscettola, Morris, and Tsamardinos 1998)

(Tsamardinos, Muscettola, and Morris 1998)
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STNs with Uncertainty
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Simple Temporal Network w/ Uncertainty

An STNU is a triple, S = (T, C, £) where:
e 7 —TimePoints: A, B,.C,.... XY, ...
e (C — Temporal Constraints: Y — X <
e L — Contingent Links: (A, 7, u,C)

x A s the activation time-point.

x (C'Is the contingent time-point.

+ Duration bounded: C' — A € [¢, u]
— but uncontrollable
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STNU Graph

e Time Points <= Nodes
e Temporal Constraints <= Edges
Y - X<§ +— X O,
e (Contingent Links < Labeled Edges
C—Acltu +— A ¢t ¢
A Lli—u ¢
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STNU Example

Contingent Link: (A, 2,9, C)
C—Ac|2,9
¢ C—-B<5
9 A (e, B> C —5)
QO'./Q) O
A B

It A

0, when is it safe to execute B?

e 30 °
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STNU Example

Contingent Link: (A, 2,9, C)
C—Ael29
C C—B<5
9 //(i.e., B> C —-5)
QO._/% D
A B

It A=0and B = 2, then problem if C' > 7.
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STNU Example

Contingent Link: (A, 2,9, C)
C—Ac|2,9
¢ C—-B<5
9 A (e, B> C —5)
QO'./Q) O
A B

If A = 0and B > 4, then no problems!
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STNU Example

Contingent Link: (A, 2,9, C)
C—Ael29
C C—B<5
9 //(i.e., B> C —-5)
QO._/% D
A B

It A=0and C = 3, then B > 3 no problem!
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Dynamic Controllability (DC)

An STNU is dynamically controllable if there
exists a strategy for executing the non-
contingent time-points such that all of the
constraints in the network will be satisfied—

no matter how the durations of the contin-
gent links turn out.
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STNU Example

Contingent Link: (A, 2,9, C)
C—Ael29

Strategy: As long as C' unexecuted,
B must wait until time 4.
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Fundamental Theorem for STNUs

Given an STNU S, with graph G, and
SR-distance matrix D*, the following are
equivalent:

e S is dynamically controllable
e (G has no semi-reducible negative loops

e D has only non-negative entries along
its main diagonal

(Morris and Muscettola 2005; Morris 2006; Hunsberger 2010; 2013b)

Dynamic Controllability of STNUs e 36 e Luke Hunsberger




STNU Algorithms

For an STNU with N time-points and K con-
tingent links:

e Checking whether it is DC can be done
in O(N*) time!

e Executing a DC STNU can be done in
O(N*) time*

e (O(N°)-time execution alg. forthcoming!

f(Morris 2006); *(Hunsberger 2010)
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Dynamic Controllability (DC)
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Key ldeas

e For a contingent link, (A, 7, u,C'), once
A Is executed, the execution of C Is
uncontrollable, but guaranteed to be
such that C' — A € |/, ul.

e Strategy for executing time-points can
only depend on past observations

e Original MMV' semantics mixes these
together . ..

' (Morris, Muscettola, and Vidal 2001)
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MMV Semantics: Overview

Schedule: Assigns times to time-points

Situation: One way the durations of the
contingent links could play out

Strategy: Mapping from situations to
schedules

Execution happens incrementally,
based on partial view of “real” situation
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MMV Semantics: Schedules

Given an STNU S = (7,C, L):
e :7 — R isa(complete) schedule
e Yy =time of X in schedule ¢

e Foranyk cR, [¢]°" denotes the
pre-history of v relative to time k.1
(Contains timing info about contingent
links that finished before time £ in )

e U — the set of all schedules for S
 (Hunsberger 2009)
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MMV Semantics: Schedules

birail

Z W X 14
| | | |

| | | |
0 4

o ——x

11 16 19

wzzoy ¢W:47 ¢A267
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MMV Semantics: Schedules

o

W X c Y
| | | |

| | | |
4

S —N

11 16 19

/
N
10

— O T

=0, =0, 7" ={(C-A=10)}
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MMV Semantics: Situations

For an STNU with K contingent links:

e w=(dy,ds,...,dg)Is a Situation,
where /; < d; < u;, for each s.

o ()= [l1,u1| X [y, us] X ... X g, ug]
IS the space of situations

e Projection: S, is the STN that results
from forcing the contingent links to take
on the values in w.
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MMV Semantics: Execution Strategies

e A strategy Is a mapping, ¢ : ) — U,
from situations to schedules

e Given a (complete) situation w,
o(w) is a (complete) schedule.

= But agent builds schedule incremen-
tally, based on partial view of situation!
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MMV Semantics: Execution Strategies

HEDULE
/ SITUATION, w SCHEDULE, ()

Wi
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MMV Semantics: Valid Strategies

A strategy o Is valid if for each situation w,
the schedule o(w) is consistent with the
projection S,..

In other words, a valid strategy does not
control the durations of contingent links.
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MMV Sem.: Dynamic Execution Strategies

An execution strategy o Is dynamic if:
for any situations w’ and w”,
and any non-contingent time-point X € T,
(let k= lo(w)lx)
if [o(w)]<* = [o(w")]<F, then [o(w")]x = k.

[a(w’)]<21 — [0(w”)]<21
={(C3—A3=4),(Co— A2 =7),(Cs — A5 =9)}
- I >
Past Observations and Execution Events k=21
oWw)x =21
Dynamic Controllability of STNUs
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MMV Semantics: DC—at last!

An STNU is dynamically controllable if there
exists an execution schedule for § that is
both valid and dynamic.

Contingent Link: (A, 2,9, C)
C—Ae2,9
C C—-—B<5
L //(i.e., B> C —5)
QO../Q) 8
A < B

C:.—4

Strategy: If C < 4, execute Bat C + 1
otherwise, execute B at 4.
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Alternative Semantics

e Real-time execution decisions (RTEDs)
based on partial situations

e Makes explicit the decision problem
faced during execution

e QOutcomes of RTEDs reflect all possible
situations

e Equivalent to MMV semantics

(Hunsberger 2009)
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Real-Time Execution Decisions

o WAIT:
Wait for some (already activated) con-
tingent link to complete

o (t,x):
If nothing happens before time ¢t € R,
then execute the (non-contingent) time-

points in y at time <.
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Alternative Semantics: Example

Contingent Link: (A, 2,9, C)
C—Ae29
C C —-—B<5
L //(i.e., B> (C —5)
QO../Q) 8
A B

Initial Decision: (4, {B})

(If nothing happens before time 4, execute B at 4.)
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Alternative Semantics: Example (ctd.)

Contingent Link: (A, 2,9,C)
C—Ae€l2,9
¢ C—B<5
) //(i.e., B> C —5)
GO.,/Q D
A B

Possible Outcome: C executes at time 2.
Next decision: (3,{B})

(If nothing happens before time 3, execute B at 3.)
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Alternative Semantics: Example (ctd.)

Contingent Link: (A, 2,9, C)
C—Ae€l2,9
¢ C—B<5
) //(i.e., B> (C —5)
OO-,/% D
A B

Only Possible Outcome: Execute B at 3.

All done: A=0,C =2, B = 3.
(Success!)
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Alternative Semantics: Example

Starting over ...

Contingent Link: (A, 2,9, C)
C—Ae|209
C C—-—B<5
) //(i.e., B> C —-5)
QO../Q) D
A B

Initial Decision: (4, {B})

(If nothing happens before time 4, execute B at 4.)
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Alternative Semantics: Example (ctd.)

Contingent Link: (A, 2,9, ()
C—Ae2,9
¢ C—-B<5
% //(i.e., B> C —5)
GQ../% 5
A B

Possible Outcome: C does not execute yet;
SO B executed at 4

Next decision: WAIT (for C' to execute)

Dynamic Controllability of STNUs e 56 e Luke Hunsberger




Alternative Semantics: Example (ctd.)

Contingent Link: (A, 2,9, C)
C—Ae€l2,9
¢ C—B<5
) //(i.e., B> (C —5)
OO-,/% D
A B

Possible Outcome: C executes at time 8.

Alldone: A=0, B=4, C =28.
(Success!)
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Two Formulations Equivalent

There is a one-to-one correspondence
between dynamic execution strate-
gles (Morris, Muscettola, and Vidal 2001) and
strategies based on real-time execution
decisions (Hunsberger 2009)

RTED-based strategies more practical
for agents executing an STNU in real
time
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DC-Checking Algorithms
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History of DC-Checking Algorithms

e MMV-01: Pseudo-polynomial
(Morris, Muscettola, and Vidal 2001)
e MM-05: O(N°)-time
(Morris and Muscettola 2005)
Morris-06: O(N*)-time

(Morris 2006)
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DC-Checking Overview

e Edge-gen’n/path-transform’n rules’

R:u+wv

e Semi-reducible paths*

e DC iff no semi-reducible negative loops*

f(Morris and Muscettola 2005); *(Morris 2006)
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Edge-Gen’n/Path-Transform’n Rules

e No Case Rule

e Upper-Case Rule

e Lower-Case Rule
e C(Cross-Case Rule

e Label-Removal Rule

(Morris and Muscettola 2005)
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The No-Case Rule
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The No-Case Rule
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The Upper-Case Rule
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The Upper-Case Rule

R:u+v

TN

-G U -7
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The Lower-Case Rule
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The Lower-Case Rule
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The Cross-Case Rule

R#S
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The Cross-Case Rule

R:u+wv

R#S
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The Label-Removal Rule
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The Label-Removal Rule
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Reducing Away Upper-Case Edges

12 5.
\
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Reducing Away Upper-Case Edges

(Upper-Case Rule)
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Reducing Away Upper-Case Edges

(Label-Removal Rule)
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Reducing Away Upper-Case Edges

(No-Case Rule)
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Reducing Away Upper-Case Edges

(Upper-Case Rule)
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Reducing Away Upper-Case Edges

(Label-Removal Rule)
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Reducing Away Upper-Case Edges

(Summary)
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“Reducing Away” a Lower-Case Edge

lower-case edge, € moat edge

=

-.___hewedge

Note: Moat edge must not have upper-case label C.
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Reducing Away a Lower-Case Edge

Example 1: “Moat” edge is an ordinary edge:

moat edge

Generated edge is ordinary, too!
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Reducing Away a Lower-Case Edge

Example 2: “Moat” edge Is upper-case:

Generated edge is upper-case, too!
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Reducing Away LC Edges

- C, nested
N 5 N extension
oy nested O
/ extension -1
A A
3 ® \ 1 \3\ s = o
AU
C 1 — CS 05
N o —11
o (o)) ﬁ} N
&9 3
X > Al ____________ B : Y—1> A3 ___________ —4 1
______________ A5-”'"__#-__>W
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Semi-Reducibility

A path is semi-reducible if it can be trans-
formed into a path with no LC edges.
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Morris’ O(N*)-time DC-Checking Alg.

e Searches for paths that can be used to
“reduce away” lower-case edges

o Generated edges called core edges'’

e Original + core edges sufficient to
compute D" (APSP matrix for semi-
reducible paths)?

e SITNU DC iff D* has non-negative en-
tries along its main diagonal

f(Hunsberger 2010)
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Executing STNUSs
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Executing a DC STNU

e Any DC STNU can be safely executed
(by defn: DC = 4 Exec Strategy)

e Time window for (non-contingent) X Is:
—D*X,Z), D*(Z,X)]

e Updating D* can be done in O(N?)-time
per execution event; O(N?)-time overall’

f (Hunsberger 2013a; 2010)
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Initial Info for Executing a DC STNU

e D* — APSP matrix for semi-reducible
paths

e STNU graph — Including all original
and core edges, both ordinary and
upper-case

= Only need to update entries of D* that
involve 7
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Updating D* During Execution

e When a non-contingent time-point X is
executed, can update D* in linear time.

e When a contingent time-point, C, exe-
cutes, need to remove from graph all
upper-case edges labeled by C'; can up-
date D* in O(N?) time.!

e Total computations: O(N?) timef

e |f updating all of D*, total computations:
O(N*) time.®

"(Hunsberger 2010); °(Hunsberger 2013a)
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Magic Loops in STNUs
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Magic Loops

e Magic loops are complex structures that
represent a worst-case scenario for DC-
checking algorithms

e Structure of magic loops is bounded

e Exploiting that bound can speed up DC
checking for some STNUs

(Hunsberger 2013Db)
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SRN Loop

An SRN loop is a semi-reducible loop hav-
iIng negative unlabeled length.
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Indivisible SRN Loop (iISRN Loop)

#P = the number of occurrences of
lower-case edges in P.

An SRN loop, P, is indivisible if it has
no subsidiary SRN loops, P’, having
fewer occurrences of LC edges than P.
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Example of an Indivisible SRN Loop

This SRN loop has lots of sub-loops.
But none of the sub- loops are SRN loops.

/aMD w0 .5 B "_»20 A%B
f’/ - ///
Tl —4L
&
Y 1 A*TBE -0
This sub loop 1S This sub-loop has
not semi-reducible non-negative length
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New Results

e An iSRN loop can have at most 2% — 1
occurrences of lower-case edges.

e A magic loop is an iISRN loop, P, for
which #P =2 — 1.

e There are STNUs in which every iISRN
loop is a magic loop!

(K is the number of contingent links in the STNU.)

(Hunsberger 2013Db)
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Pre-Processing Step for DC Checking

e O(N?)-time pre-processing step
o Exploits bound of 2% — 1

e Decreases DC-checking time for some
STNUs from O(N*) to O(N?)

e Does not change worst-case perfor-
mance

(Hunsberger 2013Db)
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Constructing STNUs with Magic Loops
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Constructing STNUs with Magic Loops

2 8 12
A = >
2 - 10 2 - — Al — > X
— |1
5|1
oo
\
Ay
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Constructing STNUs with Magic Loops

As
C
O\
\0363
Cs
5
4
A
C9 3 48
A >(C > = X
e A i s
e
s
L)
\/
Ay
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Constructing STNUs with Magic Loops

<
A
0211 S v 178
A > >, = D%
‘Y0, —10 ‘Y 1 T —i9 T
— |82
2
(GN)
\
Ay
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Constructing STNUs with Magic Loops
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Conclusions
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Conclusions

STNUs can represent temporal con-
straints among actions with uncertain
durations

O(N*)-time DC-checking algorithm
O(N?)-time execution algorithm

Magic loop analysis can speed up some
DC checking
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Related Work/Future Directions

e Incremental DC-checking algorithms*

e Extensions to accommodate disjunctive
choice, uncontrollable branch points,
preference, probability’

e Open Question: Can the pool of STNUs
for which DC checking can be done in
O(N?) time be expanded?

*(Shah et al. 2007; Stedl and Williams 2005)
"(Effinger et al. 2009; Conrad 2010; Rossi, Venable, and
Yorke-Smith 2006; Morris et al. 2005; Venable et al. 2010;

Hunsberger, Posenato, and Combi 2012)
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STNU-related talk at ICAPS-2013

Incremental Dynamic Controllability Revisited

—Mikael Nilsson, Jonas Kvarnstrm,
and Patrick Doherty

—on Friday!
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