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1 Informed Searc h

1.1 (8 p oin ts)

Consider the ab o v e searc h space, where S is the start no de and G1, G2, and

G3 are goal states. Searc h with m ultiple goals pro ceeds the same w a y as searc h

with a single goal, except that the algorithm terminates when an y of the goal

states in the goal set is reac hed b y an optimal path. The links are lab eled with

the cost of tra v ersing them and the heuristic cost to a goal is rep orted inside

the no des.

F or eac h of the follo wing searc h strategies, indicate whic h goal state is re-

ac hed (if an y) and list, in order, all the states visited during the searc h. In

the case of ties, the algorithm should expand no des in lexicographical order (A

b efore B, etc.).

� Best-First Searc h

Goal State Reac hed: G3 States visited: S,B,C,G3 (Note: It do es not

matter if S was liste d or not)

� A*

Goal State Reac hed: G2 States visited: B,C,F,D,G2
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1.2 (5 p oin ts)

Supp ose that w e ha v e a searc h problem for whic h it is not p ossible to compute

directly the cost of eac h no de (sa y s) to the goal (or the start). Ho w ev er, in this

problem, w e can assume that w e ha v e a pro cedure P(s; s0) whic h returns +1 if s
is b etter (estimated as ha ving lo w er cost to the goal) than s0

and � 1 otherwise.

Is is alw a ys p ossible to implemen t a v ersion of b est-�rst searc h b y using this

t yp e of pro cedure instead of a n umerical heuristic function? If not, state the

condition(s) that m ust b e met for b est-�rst searc h to b e implemen table with

suc h a pro cedure.

Ther e ar e sever al ways of implementing b est �rst se ar ch with such a function.

Cho osing the no de in the queue that is b etter (ac c or ding to P ) than any of the

other no des is the most p opular one (with di�er ent implementations suggeste d).

A ny r e asonable variation was ac c epte d. Ther e is one c ondition, however, for b est-

�rst se ar ch to make sense, which is tr ansitivity: P(s; s") = +1 if P(s; s0) = +1
and P(s0; s") = +1 . If this c ondition is not satis�e d, ther e is no notion of

"b estänymor e. One p oint was de ducte d for missing that one.

1.3 (5 p oin ts)

The relaxed v ersion of a searc h problem P is another searc h problem P0
with the

same states, suc h that an y solution of P is also a solution of P0
. More precisely ,

P0
uses the same states as P , and if s0

is a successor of s in P , it is also a

successor in P0
with the same cost. If w e view P and P0

as graphs of states, the

set of arcs in P is a subset of the set of arcs in P0
with the same costs.

Pro v e that for an y state s, the cost c(s) of the path b et w een s and the goal

found b y solving P0
is an admissible heuristics for P .

Sinc e P0
c ontains al l the ar cs fr om P with the same c osts: The lowest-c ost

p ath in P (of c ost h� (s) ) is a valid p ath in P0
, ther efor e its c ost must b e gr e ater

than the c ost of the minimal p ath in P0
: c(s) � h� (s) , sinc e, by de�nition, c(s)

is the lowest c ost p ath in P0
.

This turne d out to b e a mor e di�cult question than anticip ate d; the situation

b eing not help e d by a typ o in the original question. As a r esult, this ende d b eing

an almost guar ante e d 5 p oints.
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2 Lo cal Searc h (6 p oin ts)

F or eac h of the follo wing algorithms, state whether it is guaran teed to con v erge

to the glob al maxim um. Assume that the state space is �nite. Justify y our answ er

in one sen tence for eac h algorithm:

� Hill-clim bing from a randomly c hosen initial condition.

� Sim ulated annealing

� Genetic algorithm searc h

A nswer: The answer is NO to al l thr e e. A lthough this is obvious for hil l-

climbing, it is not so obvious for the other two. Simulate d anne aling is only

guar ante e d to c onver ge to the glob al maximum only in pr ob ability and with in-

�nite iter ations and temp er atur e de cr e ase. GA is not guar ante e d either. F ul l

marks for any r e asonable statement of the typ e "yes, but in pr ob ability only", or

"yes, if ini�nite iter ations".
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3 Uninformed Searc h (9 p oin ts)

Giv en a maze with the start state S and the goal state G, n um b er the cells in the

order they are visited b y eac h searc h algorithm using the follo wing guidelines:

� Gra y cells con tain obstacles and can not b e used.

� Mo v es are considered in the follo wing order: Up, Righ t, Do wn, Left. Dia-

gonal mo v es are not allo w ed.

� Lo ops are detected automatically and no state is visited t wice.

� F or Bi-Directional BFS, the start state is ev aluated b efore the goal state.

Begin b y lab eling the start state as '1', the next state as '2', etc.

A. Breadth-First Searc h

B. Depth-First Searc h

C. Bi-Directional Breadth-First Searc h

Either of the fol lowing was ac c epte d:
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4 Game T rees (9 p oin ts)

Consider the ab o v e game tree.

4.1 (2 p oin ts)

What is Pla y er A's next mo v e?

Y

4.2 (7 p oin ts)

Whic h no des w ould not b e visited if alpha-b eta searc h is used?

f,i,x,p,q,r
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5 T w o-pla y er mixed strategy Nash Equilibrium

T w o comp eting gro cery stores, Tin y Eagle and P artfo o d, are planning to re-

no v ate their Shadyside stores to sell more fruits in this neigh b orho o d. But as

part of their strategic plans, they ha v e to sim ultaneously decide what kinds of

customers they w an t to target and therefore what kinds of fruits they should

buy from the suppliers. There are t w o t yp e of customers in the Shadyside neigh-

b orho o d. One kind prefers to buy organic fruits whic h are more exp ensiv e than

the normal fruits. The other kind prefers to buy fruits with lo w er price and do

not care if they are organic or not. Let us call the former t yp e of customers

organic customers(O) and the latter t yp e non-organic customers(N).

Supp ose there are 15,000 organic customers and 20,000 non-organic custo-

mers in Shadyside. If these t w o stores fa v or di�eren t t yp es of customers, they

will get the maxim um amoun t of eac h t yp e of customers to visit their stores. But

if b oth stores fa v or the organic customers, P artfo o d will get 3/5 of the organic

customers and Tin y Eagle will get 2/5 of the organic customers. In this case,

non-organic customers will not go to an y of these t w o stores. On the other hand,

if b oth stores fa v or the non-organic customers, Tin y Eagle will get 3/5 of the

non-organic customers and partfo o d will get 2/5. Similarly , organic customers

will not go to an y of these stores in this case. Assume the pro�t of eac h customer

is 1.

5.1 (5 p oin ts)

W rite do wn the matrix form of the game.

A nswer: When Tiny Eagle's str ate gies ar e r ows, Partfo o d's ar e c olumns,

N O

N 12, 8 20, 15

O 15, 20 6, 9

When Tiny Eagle's str ate gies ar e c olumns, Partfo o d's ar e r ows,

N O

N 8, 12 20, 15

O 15, 20 9, 6

5.2 (5 p oin ts)

Are there an y pure dominan t strategies? Are there an y pure strategy solutions?

If y es, sho w what they are. If no, brie�y explain wh y .

A nswer: No pur e dominant str ate gies. Pur e str ate gy solutions ar e (N,O) and

(O,N), sinc e none of the stor es would like to change their str ate gies in these

c ases.
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5.3 (5 p oin ts)

Let us assume Tin y Eagle fa v ors the organic customers with a probabilit y p = 0 :2
and P artfo o d already kno ws this. Whic h pure strategy will P artfo o d pic k?

A nswer: Or ganic customers.

5.4 (5 p oin ts)

Supp ose Tin y Eagle fa v ors the organic customers with a probabilit y p and P art-

fo o d fa v ors the organic customers with a probabilit y q, compute the exp ected

pro�t of Tin y Eagle and P artfo o d resp ectiv ely in terms of p; q.

A nswer: Payo� for Tiny Eagle is A1 = 6p q + 20(1-p)q + 15p(1-q) + 12(1-

p)(1-q) = -17p q + 3p + 8q + 12. Payo� for Partfo o d is A2 = 9p q + 15(1-p)q

+ 20p(1-q) + 8(1-p)(1-q) = -18p q + 12p + 7q + 8.

5.5 (10 p oin ts)

Are there an y mixed strategy solutions that are not pure strategy solutions? If

y es, sho w what these solutions are. If no, brie�y explain wh y .

A nswer: Y es. Calculate the derivative dA1/dp = -17q + 3 = 0, dA2/dq =

-18p + 7 = 0, so p* = 3/17, and q* = 7/18.
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6 Rob ot Motion Planning

6.1 V oronoi Diagrams

Belo w is a map of an en vironmen t with w alls and b oundaries.

1. Roughly dra w the V oronoi roadmap of this en vironmen t, taking in to ac-

coun t b oth its w alls as w ell as its b oundaries.

An y V oronoi diagrams whic h lo ok ed roughly lik e this one got full p oin ts.
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6.2 Appro ximate Cell Decomp osition

Consider the same en vironmen t with an initial appro ximate cell decomp osition

as sho wn. Cells are free space if they are entir ely free of obstacles, else they are

considered blo c k ed. A p oin t-rob ot (no shap e or mass) starts at Start and wishes

to reac h Go al .

1. Is there a path from Start to Go al in this decomp osition? No

2. If so , dra w one suc h path in the diagram b elo w. If not , mo dify the

decomp osition in a w a y that allo ws a v alid path. dra w y our mo di�cations

as w ell as a v alid path.

Start

Goal

There are man y p ossible solutions. The main p oin t is that cells are considered

`blo c k ed' if there is ev en the sligh test o v erlap with an obstacle.



Andrew ID: ________________ __ __ ___ __ __ __ ___ _ 11

6.3 Sampling-based Metho ds

W e no w tac kle the path-planning task with a sampling approac h. Assume that

w e'v e sampled the p oin ts sho wn b elo w and w e wish to plan a path using the

metho d for obtaining a Pr ob abilistic R o ad Map (PRM) discussed in class.

1. Dra w a PRM with K = 2 on these p oin ts, considering the w alls and

b oundaries to b e �forbidden regions�.

2. Is there a path from Start to Go al in this PRM? No

Start

Goal

A v alid PRM con tains lines from `Start' and `Goal' to the other p oin ts,

something whic h man y p eople o v erlo ok ed. Also, note that ev ery p oin t

connects to its K nearest neigh b ors, so it is p ossible for a p oin t to end up

ha ving more than K edges touc hing it. V alid PRMs with sligh tly di�eren t

edges w ere not p enalized since it is di�cult to visually ev aluate distances,

but it should b e clear that the resulting PRM has no path.
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3. If the ab o v e PRM has no path , add p oin ts at an y desired p ositions

b elo w to induce a PRM that con tains a path. Dra w the resulting PRM

using the same pro cedure as ab o v e.

Start

Goal

p1

p2

Note: A dding p oin t p1 b y itself do es not induce a PRM with a path, as y ou

can c hec k and v erify . Ho w ev er, adding just a single p oin t w as not p enalized

b ecause it is di�cult to visually ev aluate distances. Again, a v alid PRM

m ust con tain edges from `Start' and `Goal' to other p oin ts.
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4. If the t w o w alls in this en vironmen t w ere to b e extended un til they left a

m uc h smaller gap (as sho wn b elo w), whic h of the follo wing path planning

algorithms' running time w ould b e a�ected? Assume that all algorithms

are executed un til a v alid path is found.

Algorithm A�ected? (Y es/No)

V oronoi diagrams No

Appro ximate Cell Decomp osition Yes

PRMs with K = 2 Yes

Visibilit y Graphs No

Rapidly Expanding Random T rees (RR T s) Yes

Start

Goal

Sampling-based algorithms (PRMs,RR T s) are a�ected b ecause the c hances

of randomly sampling just the righ t set of p oin ts to induce a path decrease

with the size of the gap. Appro ximate cell-decomp osition is a�ected b ecause

�ner gran ularit y decomp ositions w ould b e needed un til the path is found. V oro-

noi diagrams and Visibilit y graphs are una�ected b ecause they are `geometric'

algorithms dep enden t only on the n um b er of edges and v ertices in the map.
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7 Airp ort Coun ter Allo cation Problem

The Pittsburgh In ternational Airp ort has a �xed n um b er of c hec k-in coun ters,

group ed in to islands. Assume that there are n islands and m coun ters in total.

The goal is to allo cate enough coun ters to eac h �igh t (the n um b er dep ends on

the aircraft t yp e). The coun ters for a particular �igh t ha v e to b e in the same

island. A coun ter can not b e shared b y t w o �igh ts running at the same time.

Y ou can assume the n um b er of �igh ts to b e k and a function isoverlap(i; j )
whic h returns true if �igh ts i and j o v erlap, and false otherwise. Also assume

the n um b er of coun ters needed b y �igh t n um b er i as ci , and the n um b er of

coun ters in island i is mi .

7.1 (4 p oin ts)

Supp ose eac h coun ter needed b y eac h �igh t is represen ted b y the pair (island

n um b er, coun ter n um b er). De�ne the coun ter allo cation problem as a CSP .

� V ariables : (I ij ; Cij ) ,

wher e i denotes �ight numb er varying fr om 1 to k
and j denotes the j th

c ounter assigne d to the i th
�ight and varies fr om 1

to ci .

� Domain : domain of I ij is [1; n]
domain of Cij is [1; m]

� Constr aints : 8i; j; k , I ij = I ik ( unique island for a �ight )

8i; j; k , Cij 6= Cik ( al l c ounters for a �ight ar e di�er ent )

8i; j; k; l , i 6= j ^ isoverlap(i; j ) ! Cik 6= Cjl ( two overlapping �ights

never shar e a c ounter )
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7.2 (6 p oin ts)

No w, supp ose the coun ters needed b y eac h �igh t are represen ted b y the pair

(island n um b er, �rst coun ter n um b er). No w, de�ne the coun ter allo cation pro-

blem as a CSP using this represen tation. What is the e�ect of the c hanged

represen tation of the CSP problem?

� V ariables : (I i ; Ci ) ,

wher e i denotes �ight numb er varying fr om 1 to k

� Domain : domain of I i is [1; n]
domain of Ci is [1; m]

� Constr aints : 8i , Ci + ci � 1 < = mI i ( ensur es that enough c ounters ar e

available in the island assigne d to a �ight )

8i; j , isoverlap(i; j ) ! [Ci ; Ci + ci � 1] and [Cj ; Cj + cj � 1] dont interse ct

( two overlapping �ights never shar e a c ounter )

With the change d r epr esentation, the numb er of variables is r e duc e d, henc e the

running time de cr e ases.

7.3 (3 p oin ts)

Consider a p ortion of the Pittsburgh In ternational Airp ort, where there are 5

coun ters. Coun ters 1,2, and 3 are in island 1, and coun ters 4,5 are in island 2.

Let there b e three �igh ts A, B and C departing at the same time. Fligh ts A,

B, and C require 1, 1, and 3 coun ters resp ectiv ely . Consider the form ulation of

the problem as a CSP discussed in the previous problem based on �rst coun ter

n um b er. Please answ er T rue of F alse for the follo wing questions:

� If the v ariables of �igh ts are assigned in the order A, B, and C, the CSP

searc h do es encoun ter a con�ict. T rue

� If the v ariables are assigned in the order of most restricted v ariable, the

CSP searc h do es encoun ter a con�ict. F alse

� If the v ariables of �igh ts are assigned in the order A, B, and C, forw ard

c hec king helps in reducing the n um b er of steps in searc h. T rue


