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Chapter  10. Classical Planning

to a planning problem. Cimatti et al. (1998) present a planner based on this approach. Other
representations have also been used; for example, Vossen et al. (2001) survey the use of
integer programming for planning.

The jury is still out, but there are now some interesting comparisons of the various
approaches to planning. Helmert (2001) analyzes several classes of planning problems, and
shows that constraint-based approaches such as GRAPHPLAN and SATPLAN are best for NP-
hard domains, while search-based approaches do better in domains where feasible solutions
can be found without backtracking. GRAPHPLAN and SATPLAN have trouble in domains
with many objects because that means they must create many actions. In some cases the
problem can be delayed or avoided by generating the propositionalized actions dynamically,
only as needed, rather than instantiating them all before the search begins.

Readings in Planning (Allen et al., 1990) is a comprehensive anthology of early work
in the field. Weld (1994, 1999) provides two excellent surveys of planning algorithms of
the 1990s. It is interesting to see the change in the five years between the two surveys:
the first concentrates on partial-order planning, and the second introduces GRAPHPLAN and
SATPLAN. Automated Planning (Ghallab et al., 2004) is an excellent textbook on all aspects
of planning. LaValle’s text Planning Algorithms (2006) covers both classical and stochastic
planning, with extensive coverage of robot motion planning.

Planning research has been central to Al since its inception, and papers on planning are
a staple of mainstream Al journals and conferences. There are also specialized conferences
such as the International Conference on Al Planning Systems, the International Workshop on
Planning and Scheduling for Space, and the European Conference on Planning.

EXERCISES

10.1 Describe the differences and similarities between problem solving and planning.

10.2  Given the action schemas and initial state from Figure 10.1, what are all the applicable
concrete instances of Fly(p, from, to) in the state described by

At(Py, JFK) A At(Py, SFO) A Plane(Py) A Plane(P)
N Airport(JFK) A Airport(SFO) ?

10.3 The monkey-and-bananas problem is faced by a monkey in a laboratory with some
bananas hanging out of reach from the ceiling. A box is available that will enable the monkey
to reach the bananas if he climbs on it. Initially, the monkey is at A, the bananas at B, and the
box at C. The monkey and box have height Low, but if the monkey climbs onto the box he
will have height High, the same as the bananas. The actions available to the monkey include
Go from one place to another, Push an object from one place to another, Climnb Up onto or
ClimbDown from an object, and Grasp or Ungrasp an object. The result of a Grasp is that
the monkey holds the object if the monkey and object are in the same place at the same height.

a. Write down the initial state description.
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Figure 10.14  Shakey’s world. Shakey can move between landmarks within a room, can
pass through the door between rooms, can climb climbable objects and push pushable objects,
and can flip light switches.

b. Write the six action schemas. 5
c. Suppose the monkey wants to fool the scientists, who are off to tea, by grabbing the
bananas, but leaving the box in its original place. Write this as a general goal (i.e., not
assuming that the box is necessarily at C) in the language of situation calculus. Can this
goal be solved by a classical planning system?
d. Your schema for pushing is probably incorrect, because if the object is too heavy, its
position will remain the same when the Push schema is applied. Fix your action schema ¥
to account for heavy objects.

AP

ik

T ey

10.4 The original STRIPS planner was designed to control Shakey the robot. Figure 10.14
shows a version of Shakey’s world consisting of four rooms lined up along a corridor, where
each room has a door and a light switch. The actions in Shakey’s world include moving from
place to place, pushing movable objects (such as boxes), climbing onto and down from nigid
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13.6 Prove Equation (13.4) from Equations (13, 1) and (13.2).

13.7  Consider the set of all possible five-card poker hands dealt fairly from a standard deck
of fifty-two cards.

a. How many atomic events are there in the Jjoint probability distribution (i.e., how many
five-card hands are there)?

b. What is the probability of each atomic event?

a. P(toothache) .

b. P(Cavity) .

¢. P(Toothache | cavity) .

d. P(Cavity | toothache v catch) .

13.9  In his letter of August 24, 1654, Pascal was trying to show how a pot of money should
be allocated when a gambling game must end prematurely. Imagine a game where each turn
consists of the roll of a die, player £ gets a point when the die s even, and player O gets a
point when the die is odd. The first player to get 7 points wins the pot. Suppose the game is

three independent wheels, each producing one of the four symbols BAR, BELL, LEMON, or
CHERRY with equal probability. The s]ot machine has the following payout scheme for a bet
of | coin (where «“?° denotes that we don’t care what comes up for that wheel):

BAR/BAR/BAR pays 20 coins
BELL/BELL/BELL pays 15 coins
LEMON/LEMON/LEMON pays 5 coins
CHERRY/CHERRY/CHERRY pays 3 coins
CHERRY/CHERRY/? pays 2 coins
CHERRY/?/? pays | coin

a. Compute the expected “payback” percentage of the machine. In other words, for each
coin played, what is the expected coin return?

b. Compute the probability that playing the slot machine once will result ip a win,
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if at most one bit in the entire message (including the parity bit) has been corrupted. Suppose
we want to ensure that the correct message is received with probability at least 1 — §. What is .
the maximum feasible value of n? Calculate this value for the case € = 0.001, § = 0.01. :

13.12 Show that the three forms of independence in Equation (13.11) are equivaler;t.

13.13 Consider two medical tests, A and B, for a virus. Test A is 95% effective at recog-
nizing the virus when it is present, but has a 10% false positive rate (indicating that the virus
is present, when it is not). Test B is 90% effective at recognizing the virus, but has a 5% false
positive rate. The two tests use independent methods of identifying the virus. The virus is
carried by 1% of all people. Say that a person is tested for the virus using only one of the tests.
and that test comes back positive for carrying the virus. Which test returning positive is more
indicative of someone really carrying the virus? Justify your answer mathematically.

13.14  Suppose you are given a coin that lands heads with probability . and tails with
probability 1 — . Are the outcomes of successive flips of the coin independent of each
other given that you know the value of £? Are the outcomes of successive flips of the coin
independent of each other if you do not know the value of z? Justify your answer.

13.15  After your yearly checkup, the doctor has bad news and good news. The bad news
is that you tested positive for a serious disease and that the test is 99% accurate (i.e., the
probability of testing positive when you do have the disease is 0.99, as is the probability of
testing negative when you don’t have the disease). The good news is that this is a rare disease,
striking only 1 in 10,000 people of your age. Why is it good news that the disease is rare?
What are the chances that you actually have the disease?

13.16 It is quite often useful to consider the effect of some specific propositions in the
context of some general background evidence that remains fixed, rather than in the complete
absence of information. The following questions ask you to prove more general versions of
the product rule and Bayes’ rule, with respect to some background evidence e:

a. Prove the conditionalized version of the general product rule:
P(X,Y |e) =P(X|Y,e)P(Y |e).

b. Prove the conditionalized version of Bayes’ rule in Equation (13.13).

13.17 Show that the statement of conditional independence
PX,Y|Z)=P(X|Z)P(Y|2)

is equivalent to each of the statements
P(X|Y,Z)=P(X|Z) and P(B|X,Z)=P(Y|Z).

13.18 Suppose you are given a bag containing n unbiased coins. You are told that 7 — 1 of _ 1
these coins are normal, with heads on one side and tails on the other, whereas one coin is a _‘_i'
fake, with heads on both sides.

a. Suppose you reach into the bag, pick out a coin at random, flip it, and get a head. What &
is the (conditional) probability that the coin you chose is the fake coin?
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ability of high-quality software such as the Bayes Net toolkit (Murphy, 2001) accelerated the
adoption of the technology.

The most important single publication in the growth of Bayesian networks was undoubt
edly the text Probabilistic Reasoning in Intelligent Systems (Pearl, 1988). Several excellent
texts (Lauritzen, 1996; Jensen, 2001; Korb and Nicholson, 2003; Jensen, 2007; Darwiche,
2009; Koller and Friedman, 2009) provide thorough treatments of the topics we have cov-
ered in this chapter. New research on probabilistic reasoning appears both in mainstream
Al journals, such as Artificial Intelligence and the Journal of Al Research, and in more spe-
cialized journals, such as the International Journal of Approximate Reasoning. Many papers
on graphical models, which include Bayesian networks, appear in statistical journals. The
proceedings of the conferences on Uncertainty in Artificial Intelligence (UALI), Neural Infor-
mation Processing Systems (NIPS), and Artificial Intelligence and Statistics (AISTATS) are
excellent sources for current research.
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EXERCISES

14.1 We have a bag of three biased coins a, b, and ¢ with probabilities of coming up heads '_
of 20%, 60%, and 80%, respectively. One coin is drawn randomly from the bag (with equal
likelihood of drawing each of the three coins), and then the coin is flipped three times to @
generate the outcomes X, X5, and X3.

a. Draw the Bayesian network corresponding to this setup and define the necessary CPTs.

b. Calculate which coin was most likely to have been drawn from the bag if the observed
flips come out heads twice and tails once.
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14.2  Equation (14.1) on page 513 defines the joint distribution represented by a Bayesian
network in terms of the parameters 6(X; | Parents(X;)). This exercise asks you to derive the

-equivalence between the parameters and the conditional probabilities P(X; | Parents(X;))
from this definition.

a. Consider a simple network X — Y — Z with three Boolean variables. Use Equa-
tions (13.3) and (13.6) (pages 485 and 492) to express the conditional probability
P(z|y) as the ratio of two sums, each over entries in the Joint distribution P(X, Y, Z).

b. Now use Equation (14.1) to write this expression in terms of the network parameters
0(X),0(Y|X),and8(Z|Y).

c. Next, expand out the summations in your expression from part (b), writing out explicitly
the terms for the true and false values of each summed variable. Assuming that all
network parameters satisfy the constraint 2oz, 0(ei | parents(X;)) = 1, show that the
resulting expression reduces to 6(x | y).

d. Generalize this derivation to show that 8( X, | Parents(X;)) = P(X; | Parents(X;))
for any Bayesian network.




