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Recap: HTN Planning



Total-Order HTN Planning: Tasks

* Three kinds of tasks

* Primitive task: head of an action
* Compound task: name(args)
* name 1s a compound-task name

* Goal task: goal(g)

* g is any classical goal formula

task




Total-Order HTN Planning: Tasks

* Method: a tuple
(head, nonprimitive task, preconditions, subtasks)

* Write it as pseudocode:
method-name(args)
Task: nonprimitive task

Pre: preconditions
Sub: list of subtasks

task




Total-Order HTN Planning

* TOHTN planning domain: a pair (£,’M)
* 2: state-variable planning domain
* M: set of methods

* TOHTN planning problem P = (Z,M,s,,T)
*T= <f11f2l ceey fk)

e Solution for P:

* any executable plan that can be generated for T
by applying
* methods to nonprimitive tasks

* actions to primitive tasks

task




Total-Order HTN Planning

* Objects:
* robotsrl, r2
* loading docks d1, d2, d3
* containers cl, c2, c3

* piles p1, p2, p3 Ques 2: Complete the state s
* Rigid relations: So =1 _
cargo(rl) = nil,
e adjacent ={(d1,d2), (d2,d1), (d2,d3), loc(rl) = d1,
(d3ld2)l (d3rd1)1 (dlid3)}l OCCUpled(d1)=T,
« at={(p1, d1), (p2, d2), (p3, d2)}. occupied(d2)=F,
occupied(d3)=F,
 State variables: pile(cl) = p1,
* cargo(r) € Containers U {nil} pile(c2) = p2,
* loc(r) € Docks pile(c3) - p'zl’
. o.ccupied(o.l) € {T, E} Egigg; ; 2;”
* pile(c) € Piles U {nil} 0os(c3) = nil,
* pos(c) € Robots U Containers U {nil} top(pl)= cl,

* top(p) € Containers U {nil}
* where € Robots, c € Containers, p € Piles




Total-Order HTN Planning

Action schemas:
* take(r, ¢, ¢', p, d)
* pre: at(p,d), cargo(r) =nil, loc(r) =d, pos(c)= ¢, top(p)=c
* eff: cargo(r) «—c, pile(c) «—nil, pos(c) < r, top(p) « ¢’
* put(r, ¢, ¢, p, d)
* pre: at(p,d), pos(c) =r, loc(r) =d, top(p) =c’
 eff: cargo(r) < nil, pile(c) < p, pos(c) < c’, top(p) <
* move(r, d, d')
 pre: adjacent(d,d’), loc(r) =d, occupied(d ') =F
e eff: loc(r) < d’, occupied(d) <— F, occupied(d ')« T
where
* ¢ € Containers; ¢' € Containers U Robots U {nil};
* d,d’' € Docks; p € Piles; r € Robots.

o State variables:

cargo(r) € Containers U {nil}

loc(r) € Docks

occupied(d) € {T, F}

pile(c) € Piles U {nil}

pos(c) € Robots U Containers U {nil}
top(p) € Containers U {nil}

* where r € Robots, ¢ € Containers, p € Piles

* sy = {cargo(rl) =?, cargo(r2) =7,

loc(rl) = ?, loc(r2) =7,

occupied(d1)=?, occupied(d2)=?, occupied(d3)="?,
pile(cl) =7, pile(c2) =7, pile(c3) =7,
pos(cl) =7, pos(c2) =7, pos(c3) = ?,
top(pl)="?,  top(p2)=7?, top(p3)="7?}



TOHTN Planning Domain

If | say “HTN” assume TOHTN
unless stated otherwise
* TOHTN planning domain ¥ = (2, M)

* 2. = DWR domain on the previous pages
* M = a set of eight methods:

e Compound task put-in-pile(r,c,p,d): put container ¢ into pile p
if it isn’t there already

m1-put-in-pile(r, ¢, p, d)
task: {pile(c)=p}
pre: at(p.d).pile(c) # p, cargo(r) =nil
sub: get-container(r, ¢). navigate(r. d). put(r, c.top(p), p. d)

d3 * Preconditions:
4 c2 | * 15" one ensures d has the correct value
cg’/pZ * Others check for applicability
d2 -p3

 Last subtask: one of the args is a state variable, top(p)
* Violates a restriction in Chapter 2

* But many HTN algorithms don’t need the
restriction



TOHTN Planning Domain (continued)

* Goal task: goal(cargo(r)=c) * Compound task uncover(c):
 Getcontor * Subtask of ml-fetch

* Subtask of m2-put-in-pile * Remove any containers that may be piled on top of ¢

* We aren’t doing classical planning,

so we need a method:
m1-uncover(c)

task: uncover(c)
pre: top(pile(c))=c
sub: A no subtasks

m1-get-container(r, c)
task: get-container(r,c)
pre: cargo(r)=c

sub: & no subtasks m2-uncover(r,c, p.c’, p’, d)
task: uncover(c)
m2-get-container(r, ¢, p, d) pre: pile(c)=p.top(p)=c’.c" #¢,
task: get-container(r,c) at(p.d).at(p’.d),p#p’.

loci(r)=d,cargo(r)=nil

sub: take(r.c’.pos(c’). p. d).
put(r. ¢’ top(p’), p’.d).
uncover(c)

pre: cargo(r)=nil, pile(c) = p, at(p, d)
sub: navigate(r, d), uncover(c),
take(r, c, pos(c), p. d)



TOHTN Planning Domain (continued)

Compound task navigate(r,d): * Method for cases where loc(r) isn’t adjacent to d
* Get robot r from current location to d m3-navigate(r, d’, d)
* May require several move actions task: navigate(r, d)
These methods are just for illustration, pre: loc(r) # d, =adjacent(loc(r), d), adjacent(loc(r), d')
| don’t recommend using them sub: move(r,loc(r),d’) /] primitive task
* Use a route planner instead navigate(r, d) /I compound task
* Methods in M:
Method for the case where loc(r) = d * ml-put-in-pile, m2-put-in-pile,
ml-get-container, m2-get-container,
m1-navigate(r, d) m1-uncover, m2-uncover,
task: navigate(r, d) m1-navigate, m2-navigate, m3-navigate
pre: loc(r)=d e Tasks in X:
sub: —  // no subtasks * Primitive: all instances of
Method for cases where loc(r) is adjacent to d * move(r,I,m), take(r,c ), put(r,c,)

* Compound: all instances of

_ : /
m2-navigate(r, d’, d) * put-in-pile(c,p), uncover(c), and navigate(r,d)

task: navigate(r, d)
pre: adjacent(d’,d), loc(r)=d’
sub: move(r,d’, d)

* Goal tasks: all instances of goal(cargo(r) = ¢)



HTN Planning Problem and Solution



* Planning problem: P = (2, so, T)

e Solution

* any executable plan produced by applying

TOHTN Planning Problem

goal task t,
{pile(c1)=p2)}

method m,

method instances to nonprimitive tasks,

actions to primitive tasks compound task t, compound task t, action a,
get-container(r1,c1) navigate(r1,d2) put(r1,c1,c3,p2,d2)
method m, method m;,
m2-get-container(r1,c1,p1,d1) m2-navigate(r1,d2)
compound task t, compound task ts action a, action a,
navigate(r1,d1) uncover(c1) take(r1,c1,nil,p1,d1)  move(ri,d1,d2)
method m, method m
m1-navigate(r1,d1) m1-uncover(c1)
(no children) (no children)
So° - /[/ d3
P = (=, 5o, ({pile(c1)=p2})) . ] 2
P rl c3
n = (take(rl,c1,c2,p1,d1), move(rl,d1,d2), put(rl,cl,c3,p2,d2)) : o L/ p2
dl d2 &8p3

m1-put-in-pile(r1,c1,p1,d1,p2,d2)




TOHTN Planning Problem

Planning problem: P = (%, so, T)

Solution

If T is empty, then the empty plan () is a solution for P.
Else, let t be the first task of T, so that T =t -T"

where T' is a (possibly empty) sequence of tasks.

If t is an action in Applicable(s0), then for every solution 7 for the problem (Z, y(sO, t), T'), the plan t - 7 is @
solution for P.

If t is a compound task or goal task and m € Methods(sO, t, M), then every solution for the problem (2, sO,
subtasks(m) -T") is also a solution for P.

If t is a goal task and a € Actions(s0, t), then for every solution 1 for the problem (2, ¥(s0, a), T'), the plana -
is a solution for P.

If t is a goal task and sO | = t, then every solution for the problem (Z, sO, T"') is also a solution for P.
So- 4 d3
P = (Z, so, {{pile(c1)=p2})) =1
pl 1 /| i
n = (take(rl,c1,c2,p1,d1), move(rl,d1,d2), put(rl,cl,c3,p2,d2)) m '}Z— 0 %pz




TOHTN Planning Problem
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TOHTN Planning Problem T

goal task t,

{pile(c1)=p2)}
Planning problem: P = (%, so, T)

method m,
Solution any executable plan produced by applying m1-put-in-pile(r1,c1,p1,d1,p2,d2)
method instances to nonprimitive tasks, actions to
e task
primifive Tdsks compound task t, compound task t, action a,
Refinement tree get-container(r1,c1) navigate(r1,d2) put(r1,c1,c3,p2,d2)
* A refinement tree for 1 is a tree in which each
node is a tuple method m, method m;
v = (label(v), content(v), parent(v), Children(v)), m2-get-container(r1,c1,p1,d1) m2-navigate(r1,d2)
* Nodes:
root, compound tasks, goal tasks, compound task t, compound task ts action a, action a,
method instances, actions navigate(r1,d1) uncover(cl)  take(r1,c1,nil,p1,d1) move(r1,d1,d2)
* Edges:
root — top-level tasks, method m, method m
task — method instance, m1-navigate(r1,d1) m1-uncover(c1)
method instance — subtasks (no children) (no children)
SO: Z d3
P = (X, 5o, {{pile(cl)=p2})) c2
/|

n = (take(rl,c1,c2,p1,d1), move(rl,d1,d2), put(rl,cl,c3,p2,d2)) S /u e 4

)
W
2%




TOHTN Planning Problem

* Planning problem: P = (2, so, T)

* Solution any executable plan produced by applying method instances to nonprimitive tasks,
actions to primitive tasks

* Refinement tree

* A refinement tree for 1 is a tree in which each node is a tuple
v = (label(v), content(v), parent(v), Children(v)),

* Nodes:
root, compound tasks, goal tasks,
method instances, actions

* Edges:
root — top-level tasks,

task — method instance,
method instance — subtasks

So- > d3
P =(Z, 5o, {{pile(c1)=p2}))
A

P1lc1 1
n = (take(rl,c1,c2,p1,d1), move(rl,d1,d2), put(rl,cl,c3,p2,d2)) rk/
/|




Pla N ning AI g() rlth m TO-HTN-Forward(Z., M., 5, T)

if 7 is empty then return ()

t « the first element of T; 77 « therest of T
1 M « HTN-Get-Candidates(Z.. M., s.1)

if M = @ then return failure

* Definitions

Achievers(s,t) = {a € Applicable(s) | y(s,a) E t}

Ground( M) = {all ground instances of methods in M} nondeterministically choose m € M
Refiners(s, 1, M) = {m & Ground(M) | t is refinable by m in s} switch m do _
* Three cases: primitive, compound, goal task 2 case /m is an action do )
* Primitive task: apply action / m « TO-HTN-Forward(Zc, M, y(s,m).T")
t if © # failure then return m -
m|0 else return failure
{gifj(iﬁs_k ;1)} 3 case m 1s a methoc instance do
P P | return TO-HTN-Forward(Z., M, s, sub(m)-T")
method m —

m1-put-in-pile(r1,c1,p1,d1,p2,d2)
HTN-Get-Candidates(X.. M, s.1)

compound task t, compound task t; action ay switch 7 do
get-container(r1,c1) navigate(r1,d2) put(ri,c1,c3,p2,d2) 4 case 7 1s an action do
if 7 is applicable in s then M «— {a}
method m, method my L else M — &
m2-get-container(r1,c1,p1,d1) m2-navigate(r1,d2)
5 case 7 is a compound task do M «— Refiners(s,t. M)
compound task t, compound task i action a, action a, 6 case f is a goal task do
navigate(r1,d1) uncover(cl)  take(r1,c1,nil,p1,d1)  move(r1,d1,d2) / M e f?e;ﬁner&‘(s,i‘,M) U Achievers(s. 1)
method m, method m 7 L if s £rthen M «— M U {null}

m1-navigate(r1,d1) m1-uncover(c1)

(no children) (no children) return M



Planning Algorithm

* Most implementations do depth-first

TO-HTN-Forward-Det(Z., M, sq. Tp)
Frontier < {({), s0.Tp)}  // {initial node}

Expanded «— &
while Frontier # @ do

>

* Can use heuristic function, but the ones in
Chapter 3 will probably need modification

* Primitive task: apply action

state s; T=(t, 15, ..., 1)

N

new state y(s,7); T= (Itz, e b

—

* |Compound task: apply all method instances

state s; T=(t, 1, ..., t;)
method instance m

/

| Goal task: ab4ly alf HettEd iiisine

es

and actions

select anode v = (m,s,T) € Frontier

remove v from Frontier and add it to Expanded

if 7 = () then return x

t « the first element of 7; 7" < therest of T

switch 7 do

case ¢ 1s an action do

if 7 is applicable in s then Children <« {(7-t,y(s,1).T)}
else Children «— &

case 7 1s a compound task do
> | Children « {(rt,s,sub(m)-T') | m € Refiners(s,t, M)}

case 7 1s a goal task do
Children «— {(r-a,y(s.a),T") | a € Achievers(s.t)} U

P {(m,s,sub(m)-T") | m € Refiners(s,t, M)}
T if s |= ¢ then Children < Children U {(r,s,T")}

prune 0 or more nodes from Children, Frontier and Expanded
Frontier <— Frontier U Children

return failure
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