








Linear and PO planners
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o Linear planners
o forward and backward chaining
o Partial-order planning

o action orderings, open preconditions,
guard intervals, plan refinement

o Monkey & bananas example







Optimization & Search
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o Classes of optimization problem

o LP, ILP, MILP

o linear constraints, objective, integrality
o Using search for optimization

o pruning w/ lower bounds on objective

o Stopping early w/ upper bounds
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Duahty w/
equality




Recall duahty w/ 1nequahty
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o Take a linear combination of constraints
to bound objective

0 ¢a+2b w+(a+5bj)d<4a+]2b

o profit = JW +2d
o So,ifl <(a+ 2b)and 2 <(a + 5b), we
know that profit <4a + 12b
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Duality
example
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Simple search algorithm
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o Run DFS

o node = partial assignment
o neighbor = set one variable
o Prune if a constraint is unsatisfiable

o E.g.,in 0/1 prob, setting y =0 in
X+ 3y=>4

o If we reach a feasible full assignment,
calculate its value, keep best
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Problem w/ constraint propagation
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o Constraint propagation doesn’t prune as
early as it could.:

X+ 2y —z<2
2x—-y+z=<2

—x+2y—2z=<0

o Consider z = 1
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Generalizing constraint propagation
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o Try adding two constraints, then
propagating
2x + 2y =<3
(2x—y=<1)*2
6x <5

o = objective =x =0 .
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Branch and bound
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o Each time we fix a variable, solve the
resulting LP

o Gives a tighter upper bound on value of
objective in this branch

o If this upper bound < value of a previous
solution, we can prune

o Called fathoming the branch
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Duality gap
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Duahty gap
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o We got bound of 5 1/3 either from primal
LP relaxation or from dual LP

o Compare to actual best profit of 5
(respecting integrality constraints)

o Difference of 1/3 is duality gap

o Term is also used for ratio 5/ (5 1/3)
o Pretty close to optimal, right?










Aside: boundmg the gap
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o Can often bound gap for classes of ILPs
o E.g., straightforward ILP from MAX SAT

o MAX SAT: satisfy as many clauses as
possible in a CNF formula

o Gap no worse than 1-1/e = 0.632...
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Branch
and Cut
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Branch and cut
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o Cutting planes recipe doesn’t use
branching

o What if we try to interleave search with
cut generation?

o Resulting branch and cut methods are

some of the most popular algorithms for
solving ILPs and MILPs
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Tension of cutting v. branching

: -

o After a branch it may become easier to
generate more cuts

o SO easier as we go down the tree
o Cuts at a node N are valid at N's children

o S0 it’s worth spending more effort
higher in the search tree
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Example: robot task assignment
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o Team of robots must explore unknown area
_ : 50




- Points of interest
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Exploration plan
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More on
duality, search,
optimization










Equality constraints
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o Equality constraint:
minimize f(x) s.t. g(x) =0
o can't just set Vf = 0 (might violate g(x) = 0)

o Instead, objective gradient should be along
constraint normal

o any motion that decreases objective will
violate the constraint




Example

o Minimize x* + y? subjecttox + y = 2

- ..4%;.-ntﬂdqﬂ¢!._"..,ﬁ.y,n SR W Ay = i 5
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Lagrange multipliers
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o Minimize f(x) s.t. g(x) =0

o Constraint normal is Vg
o (1, 1)in our example

o Want Vf parallel to Vg N

o Equivalently, want Vf = A\Vg

o N is a Lagrange multiplier
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Two constraints: the picture
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What about inequalities?

R

| o Minimum could be at a corner: two
; boundary constraints active

- o Inndims, up to n linear inequalities
T may be active (more if degenerate) 67




Search
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o So, a strategy for solving problems with
inequality constraints: search through sets
of constraints that might be active

o For each active set, solve linear system of
equations, get a possible solution

o Test whether solution is feasible

o If so, record objective value
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LLPs and
Simplex
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Game search
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Figure 5.12
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Game tree for chess
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400 positions after
one move by each side

!

Databases for all

Opening stage: 5 and some 6
Databases for plece endgames

opening moves
usually cover the
first 5-15 moves

20 positions after
White's first move

Middlegame stage:
Moves In the middiegame
are selected by carrying out
a large search guided by
the minimax algorithm

The search tree fans out at
an average of 30-40 moves

at each position In the tree
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working

children

children

Minimax search
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o For small games, we can determine the
value of each node in the game tree by

backwards from the leaves

o My move: node’s value is maximum over

o Opponent move: value is minimum over
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Heuristics
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o Quickly and approximately evaluate a
position without search

o Eg,0=9R=5B=N=3P=1

o Build out game tree as far as we can, use
heuristic at leaves in lieu of real value

o might want to build it out unevenly
(more below)
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Heuristics
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o Deep Blue used: materiel, mobility, king
position, center control, open file for rook,
paired bishops/rooks, ... (> 6000 total
features!)

o Weights are context dependent, learned
from DB of grandmaster games then hand
tweaked
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Alpha beta prumng
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o Do a DFS through game tree
o At each node n on stack, keep bounds

o an): value of best deviation so far for
MAX along path to n

o P(n): value of best deviation so far for
MIN along path to n
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Alpha beta prumng
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o Deviation = way of leaving the path to n
o So, to get Q,
o take all MAX nodes on path to n

o look at all their children that we’ve
finished evaluating

o best (highest) of these children is o
o Lowest of children of MIN nodes is
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How much do we save?

o Original tree: b? nodes
o b = branching factor
o d = depth

o If we expand children in random order,
pruning will touch b3+ nodes

o Lower bound (best node first): b

o Can often get close to lower bound w/

move ordering heuristics
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