
6.4110
Representation, Inference and Reasoning in AI Practice Exam 2

Practice Exam D

1 Action, Belief, Configuration
1. Let’s do trajectory optimization in continuous spaces! Our problem is set up as follows:

S = R2; A = R2; T (s, a) = s+ a

You can imagine that the states are points and actions are offsets. We start in s0 and take k actions to
reach s1, . . . , sk. We have a target g ∈ S and cost lf (sk, g) = ∥sk − g∥2 on the final state sk.

The cost of each action is c(a) = ∥a∥, denoting Euclidean distance (not distance squared!). For example,
c((3, 4)) = 5.

Here is the usual direct transcription objective: Optimize a0, . . . ak−1, s1, . . . , sk to minimize

L(s, a) = ∥sk − g∥2 +
k−1∑
j=0

c(aj) + ∥T (sj , aj)− sj+1∥2

(a) (1 point) Is there more than one optimal solution?
⃝ yes ⃝ no

(b) (2 points) Sketch a picture of an optimal solution for s0 = (0, 0), sk = (1, 1), k = 3. Use points to
denote states and vectors to denote actions.

Now! Let’s think about doing this in belief space. The robot is uncertain about its position, and we
represent its uncertainty with a round Gaussian with parameter σ2. Our belief about the robot’s state
is encoded with three values, b = (x, y, σ2), signifying that we believe the current state is distributed as
s ∼ N ((x, y), σ2I).
As before, if we are at an actual location s = (x, y) and take an action a, assume there is no error in
our actions, so our new (x′, y′) is the old (x, y) + a. We can now make observations with distribution
o|(x′, y′) ∼ N ((x′, y′), ∥a∥2I). The bigger the step we take, the less accurate the observation.
We want to write a closed-form expression for the robot’s posterior belief if we start with belief b =
(x, y, σ2) and do action (ax, ay).
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(c) (2 points) Transition update. If we start with belief b = (x, y, σ2) and do action (ax, ay), what
is the new belief on the robot’s next state after the transition function is applied?

(d) (2 points) Observation distribution. If we have a belief b = (x, y, σ2) and we do action (ax, ay),
what is the distribution over observations?

Let’s make the most-likely observation (MLO) approximation.

(e) (2 points) MLO. Using your answer to the previous part, if we have a belief b = (x, y, σ2) and we
do action (ax, ay), what is the most likely observation?
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(f) (4 points) Observation update. If we start with belief b = (x, y, σ2), do action (ax, ay), and get
the most likely observation, what is the new belief on the robot’s state?
You may find it helpful that if we have two distributions

p(A) ∼ N (µa,Σa) p(B|A) ∼ N (A,Σb)

then p(A|B = b) has mean
(
Σ−1

a +Σ−1
b

)−1 (
Σ−1

a µa +Σ−1
b b

)
and variance

(
Σ−1

a +Σ−1
b

)−1
.

(g) (2 points) Let’s optimize! Imagine now that we want to arrive near our goal with high certainty.
We might look for a plan using a problem setting like this. Let bi = (si[x], si[y], σ

2
i ) where si is a

location. Then we might want to find s1, . . . , sk and a0, . . . , ak−1 to minimize

L(s, a) = Lσ(a0, . . . , ak−1) + ∥sk − g∥2 +
k−1∑
j=0

c(aj) + ∥T (sj , aj)− sj+1∥2.

Come up with an Lσ(a0, . . . , ak−1) that penalizes being uncertain at the end of the trajectory,
under the most-likely observation (MLO) assumption. You may find it helpful that at step j, the
expression for the posterior variance on the robot’s location (under MLO), as a function of σ2

0 and
the action sequence a1, . . . , aj is:

I

(
1

σ2
0

+

j∑
i=1

1

∥ai∥2

)−1
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2 SDDL

2. (10 points) This is the Stata Definition Language! We want to be able to find our way around Stata, so
we need a planner. Note: upper case symbols are constants and upper case predicates denote static
facts (they are always true).

We can represent floor plans as graphs between spaces, such as lobbies, hallways and offices. Assume
we have an arbitrary directed graph encoded by (CONN ?x ?y) facts and a single (move ?person ?x
?y) PDDL action which updates a (loc ?person ?x) fluent.

(:action move
:parameters (?person ?x ?y)
:precondition (and (loc ?person ?x) (CONN ?x ?y))
:effect (and (loc ?person ?y) (not (loc ?person ?x))))

An example goal might be to go from initial state (loc ME S) to goal (loc ME G).

(a) How do the values of hmax(s), hadd(s), and hff(s) compare to the optimal path-length in the graph
(as found by BFS). Indicate whether the values for each of the heuristics would in general be larger,
smaller or equal to the optimal value. Also, indicate whether any of the heuristic values would be
equal to each other.

• hmax(s) has what relation to the optimal value? ⃝ larger ⃝ equal ⃝ smaller
• hadd(s) has what relation to the optimal value? ⃝ larger ⃝ equal ⃝ smaller
• hff(s) has what relation to the optimal value? ⃝ larger ⃝ equal ⃝ smaller
• hmax(s) = hff(s) ⃝ True ⃝ False
• hmax(s) = hadd(s) ⃝ True ⃝ False
• hadd(s) = hff(s) ⃝ True ⃝ False

Justify your answers.

Moving in and out of Stata is not so easy these days, different connections have different require-
ments. To go from the STATA-LOBBY to the CSAIL hallway one needs an ATTESTATION and
a PHONE, while to get into an office one needs a KEY-111 for office 111. We will extend our
representation from the first part of this problem to indicate how many requirements there are on
a given connection by adding one more argument to CONN: (CONN ?x ?y ?nr) where ?nr is 0, 1 or
2, indicating how many requirements there are.

(CONN STATA-HALLWAY STATA-111 1)
(CONN STATA-LOBBY CSAIL-HALLWAY 2)

We can then specify the requirements with some additional static facts:

• (REQ1 ?x ?y ?r): represents one requirement for going from location ?x to location ?y;
• (REQ2 ?x ?y ?r): represents another requirement, when there is more than one; and
• (CONN ?x ?y ?r): represents a (directed) arc in the map and indicates how many requirements

are needed to make the transition.

For example:
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(REQ1 STATA-HALLWAY STATA-111 KEY-111)
(REQ1 STATA-LOBBY STATA-HALLWAY ATTESTATION)
(REQ2 STATA-LOBBY STATA-HALLWAY PHONE)

We also introduce a predicate (has ?person ?r) which indicates that the person satisfies a re-
quirement, e.g. (has Alexa PHONE).

(b) Write an operator for ?person moving from ?loc1 to ?loc2 when the transition has two require-
ments ?r1 and ?r2.

:action move2
:parameters (?person ?loc1 ?loc2 ?r1 ?r2)
...)
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3 Rover

3. You are working with a team of rocket scientists to solve a planning problem for a planetary rover. The
rover must find a path that satisfies the following requirements:

A Start and end its mission at the lander.

B Avoid being inside any craters between 8:00 PM and 8:00 AM, to prevent exposure to freezing
temperatures.

C Visit sites of scientific interest to take a picture. A picture taken at site i provides scientific value
vi ∈ {1, 2, 3, 4, 5} only once (further pictures provide no additional value). The total value of the
mission must exceed VT . There are k total sites, but it’s possible that only a subset of sites need
to be visited.

Assume a high-resolution planet map is available, which divides the terrain into a grid with 1-meter
resolution. For each 1m × 1m cell, the map indicates whether it’s in a crater, and if it contains a site of
scientific interest, the scientific value of that site. Each cell contains at most one site.

The rover may move into any 4 of the cells adjacent to the cell it’s currently in, or stop and take a
picture. The time needed to accomplish all of these actions is known, and the transition function is
deterministic.

Assume your cost function is as follows:

move to adjacent cell (normal conditions) 1
move to adjacent cell (from within a crater between 8:00 PM and 8:00 AM) 100
take a picture 1

(a) (4 points) You are asked to find a minimum cost path that satisfies all the constraints. What would
be a minimal state space you could use to solve this problem? Explain why each part is necessary.
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(b) Define grid distance to be the cost of the shortest path between two cells on the map assuming
the cost of moving is always 1.
Define VC to be the current scientific value of pictures the rover already has.
Which of the following heuristics are admissible? (For problems with a box, provide an explanation).

i. (1 point) Grid distance between lander and rover’s current position
⃝ admissible ⃝ not admissible

ii. (1 point) (VT − VC)/5.
⃝ admissible ⃝ not admissible

iii. (2 points) Rank sites not yet pictured by their grid distance from the rover’s current position,
smallest first. Greedily select sites until the total scientific value of selected sites is at least
VT − VC . Sum the grid distances from the rover’s current position to each selected site.
⃝ admissible ⃝ not admissible

iv. (2 points) Grid distance to the closest, not yet pictured, scientific site.
⃝ admissible ⃝ not admissible

(c) (2 points) What two properties, in addition to admissibility/consistency, are desirable in a heuris-
tic?
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Now imagine the rover starts to wear out and its ability to drive between locations becomes erratic. The
robot now has some small probability of ending up at a different nearby cell than the one intended after
each move action.

(d) (2 points) What would be a good way to solve the problem if we can do a lot of computation in
advance, on earth, and we’re not sure where the rover is actually going be deployed?

(e) (2 points) Imagine we are in a situation where we can’t do the computation in advance. In fact,
we can only solve planning cheaply by making a most likely outcome determinization. What could
cause the rover to incur high costs when it follows the resulting plan? Why does this happen?
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4 Flying

4. (9 points) Now, let’s assume that you are a drone, flying above the terrain, but staying at a fixed
altitude.

• You can still go 1 mile per minute, your battery still holds m units, and the chargers and charging
time remain the same (this is a big drone)!

• Drones never get bored.
• There are some high peaks that prevent you from moving within some regions of the space at your

fixed altitude, essentially forming obstacles in a planar problem.
• This drone has no problem hovering and is insensitive to wind, so you can assume that forces and

velocities are handled by the controller and you only need to worry about paths and charging.
• Drone motion is holonomic; it can move in any direction.
• The chargers are in the same place, and your start and goal locations will be towns, but the road

network is irrelevant.

You can do long-distance induction charging (!). You are given a function charge − delta(li, lj) that
returns the aggregate change in charge (which may be positive or negative) due to flying from li to lj in
a straight line. Your battery has over-charge protection, so that it will stop accumulating charges when
it is at max-capacity.
You decided to use trajectory optimization to approach this problem.
The overall cost of the trajectory is the sum of the costs of n individual linear segments.

J(((l0, b0), (l1, b1), . . . , (ln, bn)) =
∑
i

C((li, bi), (li+1, bi+1))

where l0 = start, b0 is the initial battery charge, and ln = goal. The cost for each segment includes
several terms, including the segment length, the degree to which the segment penetrates an obstacle,
and the degree to which the charging dynamics are respected (α and β are constants that trade off the
relative importance of the terms):

C((li, bi), (lj , bj)) = |li − lj |2 + α · penetration((li, lj , obstacles)) + β · chargei,j
(a) (2 points) Which of the following terms captures the degree to which charging dynamics are re-

spected (chargei,j)?
⃝ |bi − bj |2

⃝ |bi + bj |2

⃝ |bi + charge − delta(li, lj) + bj |2

⃝ |bi + charge − delta(li, lj)− bj |2

(b) (3 points) Explain your choice from above.
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(c) (2 points) However, we’re missing a term! What is it?

(d) (2 points) Of these four terms (the three we listed, plus the one you provided), which ones, if any,
need to be driven to 0 to obtain a legal trajectory?
⃝ length ⃝ penetration ⃝ charge-delta ⃝ missing
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5 Searching for Answers

5. Are each of the following claims true or false? Provide a short justification.
(a) (2 points) A* search is equivalent to greedy best-first search if the heuristic is 0 everywhere.

⃝ True ⃝ False

(b) (2 points) If a solution to a motion planning problem exists, then RRT will eventually find it.
⃝ True ⃝ False

(c) (2 points) If a solution to a motion planning problem exists, then path optimization will eventually
find it.
⃝ True ⃝ False

(d) (2 points) On a deterministic min-cost path problem, Monte-Carlo Tree Search (MCTS) has the
same worst-case runtime as breadth-first search.
⃝ True ⃝ False

(e) (2 points) In a large discrete search problem with a high branching factor, MCTS can be a better
choice than A* search, even if we use a good heuristic for A* search.
⃝ True ⃝ False
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(f) (2 points) Suppose that for any two states in a discrete search problem, there is exactly one path
from the first state to the second. This property alone does not tell us anything about which search
algorithms might be better or worse to use.
⃝ True ⃝ False
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