CS 581 AArtidice Detetigence

Instructor: Sofus A. Macskassy, macskass@usc.edu
TAS: Nadeesha Ranashinghe (nadeeshr@usc.edu)
William Yeoh (wyeoh@usc.edu)
Harris Chiu (chiciu@usc.edu)

Lectures: MW 5:00-6:20pm, OHE 122 / DEN
Office hours: By appointment
Class page:  hitp://www-rcf.usc.edu/~macskass/CS561-Spring2010/

This class will use http://www.uscden.net/ and class webpage
- Up to date information
- Lecture notes
- Relevant dates, links, etc.

Course material:
[AIMA] Artificial Intelligence: A Modern Approach,
by Stuart Russell and Peter Norvig. (2nd ed)
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Pravttitadsissues +~ codlingrpreoiects

- Programming projects should be done in C++ or C
- No java.
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Lastitisn€uSwenmary

Definition of Al?
Turing Test?
Intelligent Agents:

B Anything that can be  viewed as perceiving its environment through sensors and
acting upon that environment through its effectors  to maximize progress towards
its goals .

B PAGE (Percepts, Actions, Goals, Environment)
B Described as a Perception (sequence) to Action Mapping:
B Using look -up-table, closed form, etc.

Agent Types: Reflex, state -based, goal -based, utility -based

Rational Action: The action that maximizes the expected
value of the performance measure given the percept
sequence to date
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Outhiane’r #roblernispivoheeanid search
(UmiformhédaSearch - ALMACCHS| 3]

- Introduction to Problem Solving
. Complexity

- Uninformed search
BProblem formulation
BSearch strategies: depth  -first, breadth -first

- Informed search
BSearch strategies: best  -first, A*
BHeuristic functions
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ExampldlMeasgning @rnoblem!

Problem: Using these three buckets,
measure 7 liters of water.
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ExampelélMaasgmnmd @eroblem!

. (one possible) Solution:
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ExampldlMeasgning @rnoblem!

- Another Solution:
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Wihechsalatmine@ewerprefer?
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Praldem-Salving degent

function SIMPLE -PROBLEM -SOLVING -AGENT ( percep) returns an action
static: seq an action sequence, initially empty
state, some description of the current world state
goal, a goal, initially null
problem, a problem formulation
state & UPDATE -STATE (state, percepf //Vhatisthe curentstate?
if seqis empty then
goal a FORMULATE -GOAL (State) /l From LA to San Diego (given curr. state)
problem & FORMULATE -PROBLEM (state, goal) /eg. Gasusage
sega SEARCH ( problem)
action a RECOMMENDATION (seq state)
Seqé R EMAINDER (Seq State) /'If fails to reach goal, update
return action

Note: This is offline problem-solving. Online problem-solving involves
acting w/o complete knowledge of the problem and environment
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ExampeleiuBstikets

Measure 7 liters of water using a 3 -liter, a5 -literanda9 -
liter buckets.

Formulate goal: Have 7 liters of water
In 9 -liter bucket

Formulate problem:
BStates: amount of water in the buckets
BOperators: Fill bucket from source, empty bucket

Find solution: sequence of operators that bring you
from current state to the goal state
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Renserndeékedlectiire 2):
Enwvivonenenpdypes

Environment | Accessible | Deterministic | Episodic | Static Discrete

Operating Yes Yes No No Yes
System

Virtual Yes Yes Yes/no No Yes/no
Reality

Office NoO NoO No No No
Environment

Mars No No No

The environment types largely determine the agent
design.
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Praldenyiypes

Single -state problem: deterministic, accessible
Agent knows everything about world, thus can

calculate optimal action sequence to reach goal state.

Multiple - state problem: deterministic, inaccessible

Agent must reason about sequences of actions and
states assumed while working towards goal state.

Contingency problem: nondeterministic, inaccessible
‘B Must use sensors during execution
‘B Solution is a tree or policy
B Often interleave search and execution

Exploration problem: unknown state space
Discover and learn about environment while taking actions.
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Praldenyiypes

Single -state problem: deterministic, accessible
BAgent knows everything about world (the exact state),

BCan calculate optimal action sequence to reach goal state.

BE.g., playing chess. Any action will result in an exact state
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Praldenyiypes

Multiple - state problem: deterministic, inaccessible

BAgent does not know the exact state (could be in any of the
possible states)
1 May not have sensor at all

BAssume states while working towards goal state.

BE.g., walking in a dark room
1 If you are at the door, going straight will lead you to the kitchen
1 If you are at the kitchen, turning left leads you to the bedroom

1é
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Praldenyiypes

Contingency problem: nondeterministic, inaccessible

BMust use sensors during execution
BSolution is a tree or policy
BOften interleave search and execution

BE.g., a new skater in an arena
1 Sliding problem.
1 Many skaters around
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Pralbderyypes

Exploration problem: unknown state space

Discover and learn about environment while
taking actions.

BE.g., Maze
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ExampleiaVNacoumidvorild

Simplified world: 2 locations, each may or not contain dirt,
each may or not contain vacuuming agent.
Goal of agent: clean up the dirt.

Single - state, start in #5. Solution??
[Right; Suck ] 1 |.=A)
28

Conformant, start in { 1;2;3;4;5;6;7;8 }
e.g., Right goesto{ 2:4:6:8 }. Solution?? 3 ‘stﬂ
[ Right; Suck; Left; Suck ] o

Contingency, start in #5

Murphy's Law: Suck can dirty a clean carpet
Local sensing: dirt, location only.

Solution??

[Right ; if dirt then Suck]
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ExampléeidRemania

In Romania, on vacation. Currently in Arad.
Flight leaves tomorrow from Bucharest.

Formulate goal:
U be in Bucharest

Formulate problem:
U states: various cities
U operators: drive between cities

Find solution:

U sequence of cities, such that total driving
distance is minimized.

CS561 - Lectures3 -4 - Macskassy - Spring 2010




Exampler T=veling froein Arad To
Bunthaasest
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Urziceni El\
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Prulbdery formioation

A problem is defined by four items:
initial state e.g., “at Arad”

successor function S(x) = set of action—state pairs

e.g., S(Arad) = {(Arad — Zerind, Zerind), . ..}

goal test, can be
explicit, e.g., r = "at Bucharest”
implicit, e.g., NoD1irt(x)

path cost (additive)
e.g., sum of distances, number of actions executed, etc.

c(a,a,y) is the step cost, assumed to be > (

A solution is a sequence of actions
leading from the initial state to a goal state
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Sek=oting sxstapecspace

Real world is absurdly complex; some abstraction is necessary
to allow us to reason on ité

Selecting the correct abstraction and resulting state space is a
difficult problem!

- Abstract states e real -world states

- Abstract operators e sequences or real -world actions
(e.g., going from city i to city j costs Lij e
actually drive from city i1 to |)

- Abstract solution e set of real actions to take in the
real world such as to solve problem
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Exampleé: 8-puzie

B E iz e
ofl e )l el e
el Lile s

start state goal state

. State:

- QOperators:
. Goal test:
- Path cost:
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Example: 8-purzide

7 3 2 7 6

start state goal state

State: integer location of tles  (ignore intermediate locations)

Operators: moving blank left, right, up, down (ignore jamming)
Goal test: does state match goal state?
Path cost: 1 per move
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Example: 8-puzide

3 4 1

6 1 8 8

7 3 2 7 6

start state goal state

Why search algorithms?
B8-puzzle has 362,880 states
B15-puzzle has 10M12 states
B24-puzzle has 10725 states

So, we need a principled way to look for a solution in
t hhese huge search spacesé
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BactkdoMMacuwmrWorld

LC

states??
actions??
goal test??
path cost??
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BactkdoMMacuwmrWorld

LC DR

=]
states?’: integer dirt and robot locations (ignore dirt amounts etc.)
actions??: Left, Right, Suck, NoOp
goal test??: no dirt
path cost??: 1 per action (0 for NoOp)
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Redl-liteceaapreple:SVLSDliayout

Given schematic diagram comprising components (chips,
resistors, capacitors, etc) and interconnections (wires), find
optimal way to place components on a printed circuit board,
under the constraint that only a small number of wire layers
are available (and wires on a given layer cannot cross!)

Aopti mal wayo??

I minimize surface area
I minimize number of signal layers

I minimize number of  vias (connections from one layer
to another)

I minimize length of some signal lines (e.g., clock line)
i distribute heat throughout board
| eftc.
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Tresessa@anchyaigorsthms

Basic idea:

offline, systematic exploration of simulated state -space by
generating successors of explored states (expanding)

Function General - Search( problem , strategy ) returnsa solution , or
failure
initialize the search tree using the initial state problem

loop do
if there are no candidates for expansion then return failure
choose a leaf node for expansion according to strategy
if the node contains a goal state then
return the corresponding solution
else expand the node and add resulting nodes to the search
tree
end
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Lastihmme:dPoblem-Salving

BProblem solving:
1 Goal formulation
1 Problem formulation (states, operators)
1 Search for solution

BProblem formulation:
1 Initial state
1 Operators
1 Goal test
1 Path cost

BProblem types:
1 single state: accessible and deterministic environment
1 multiple state: inaccessible and deterministic environment

{l contingency: inaccessible and nondeterministic
environment

1 exploration: unknown state -space
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Lastinenéenfnutisg @ solution

Solution: is ??7?

Basic idea: offline, systematic exploration of simulated state -space by
generating successors of explored states (expanding)

Function General -Search( problem , strategy )returnsa solution , or failure
initialize the search tree using the initial state problem
loop do
if there are no candidates for expansion then return failure
choose a leaf node for expansion according to strategy

if the node contains a goal state then return the corresponding
solution

else expand the node and add resulting nodes to the search tree
end
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Lastinimmenfnudinsg @ solution

Solution: is a sequence of operators that bring you from current state
to the goal state.

Basic idea: offline, systematic exploration of simulated state -space by
generating successors of explored states (expanding).

Function General -Search( problem , strategy )returnsa solution , or failure
initialize the search tree using the initial state problem
loop do
if there are no candidates for expansion then return failure
choose a leaf node for expansion according to strategy

if the node contains a goal state then return the corresponding
solution

else expand the node and add resulting nodes to the search tree
end

Strategy: The search strategy is determined by ???
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Lastinimmenfnudinsg @ solution

Solution: is a sequence of operators that bring you from current state
to the goal state

Basic idea: offline, systematic exploration of simulated state -space by
generating successors of explored states (expanding)

Function General -Search( problem , strategy )returnsa solution , or failure
initialize the search tree using the initial state problem
loop do
if there are no candidates for expansion then return failure
choose a leaf node for expansion according to strategy

if the node contains a goal state then return the corresponding
solution

else expand the node and add resulting nodes to the search tree
end

Strategy: The search strategy is determined by the order in which
the nodes are expanded.
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Exampler T=veling froein Arad To
Bunthaasest

Timisoara
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Searcleexgmple
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Searolkexample

imisoara
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Seartleexample

imisoara

_Arad D < Lugoj O
":-T:f e
) - ! - o .

CS561 - Lectures3 -4 - Macskassy - Spring 2010




Encapsaiating stade imforatation in
nades

A state is a (representation of ) a physical configuration

A node is a data structure constituting part of a search tree
includes parent, children, depth, path cost g(x)

States do not have parents, children, depth, or path cost!
parent, action

depth =6

g=6

The EXPAND function creates new nodes, filling in the various fields and
using the SUCCESSORFE'N of the problem to create the corresponding states.
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InpleanentatiosncGenerah Search

function TrREE-SEARCH( problem, fringe) returns a solution, or failure
fringe «— INSERT(MAKE-NODE(INITIAL-STATE[problem]), fringe)
loop do
if fringe is empty then return failure
node«— REMOVE-FRONT(fringe)
if GoAL-TEsT(problem, STATE(node)) then return node
fringe«— INSERTA LL(EXPAND(node, problem), fringe)

function EXPAND( node, problem) returns a set of nodes

successors «— the empty set

for each action, result in SUCCESSOR-FN(problem, STATE[node]) do
s«—a new NODE
PARENT-NODE[s] «— node; ACTION[s| < action; STATE[s| < result
PATH-CosT[s] < PATH-CosT[node] + STEP-COST(node, action, s)
DEPTH[s] «— DEPTH[node] + 1
add s to successors

return successors




InpEleanentatiosncGenerah Search

function TrREE-SEARCH( problem, fringe) returns a solution, or failure
fringe < INSERT(MAKE-NODE(INITIAL-STATE[problem]), fringe)

_ : _ blem, STATE[node]) do
The operations on are gqueuing functions

which inserts and removes elements into the
and determines the order of node

expansion. Varieties of the queuing functions

produce varieties of the search algorithm.

ction; STATE[s| « result
pP-CosT(node, action, s)

return swuccessors




Evaleainon sbsearcheglbategies

A search strategy is defined by picking the order of node expansion.

Search algorithms are commonly evaluated according to the following
four criteria:
B Completeness: does it always find a solution if one exists?
B Time complexity: how long does it take as function of num. of nodes?
B Space complexity: how much memory does it require?
B Optimality: does it guarantee the least  -cost solution?

Time and space complexity are measured in terms of:
B b1 max branching factor of the search tree

Bd 1 depth ofthe least -cost solution

B m T max depth of the search tree (may be infinity)
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Unindioren edoseasiciicsieategies

Use only information available in the problem
formulation

- Breadth -first
- Uniform -cost

- Depth -first
- Depth -limited
- Iterative deepening
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Brezadth-fisstsaedrch

Expand shallowest unexpanded node

Implementation:
fringe is a FIFO queue, i.e., new successors go at end

(B} (O
PO ©®© © @
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Prgpéerties oédireadth-fisstsedrch

Completeness:
Time complexity:
Space complexity:
Optimality:

Search algorithms are commonly evaluated according to the following four criteria:
B Completeness: does it always find a solution if one exists?
B Time complexity: how long does it take as function of num. of nodes?
B Space complexity: how much memory does it require?
B Optimality: does it guarantee the least  -cost solution?

Time and space complexity are measured in terms of:
B b T max branching factor of the search tree
B di depth of the least -cost solution
B m i max depth of the search tree (may be infinity)
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Prapéertes oédireadth-fisstsaedrch

Completeness: Yes (if  bis finite)

Time complexity: 1+ b+ >+ b+ é +f+ b (bF-1)= O(b**?)
Space complexity:  O(b¥1) (keeps every node in memory)
Optimality: Yes, if cost=1 per step; not in general

Search algorithms are commonly evaluated according to the following four criteria:
B Completeness: does it always find a solution if one exists?
B Time complexity: how long does it take as function of num. of nodes?
B Space complexity: how much memory does it require?
B Optimality: does it guarantee the least  -cost solution?

Time and space complexity are measured in terms of:
B b T max branching factor of the search tree
B d 1 depth of the least -cost solution
B m i max depth of the search tree (may be infinity)
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Tinee conplexdtvrefdireadth-fiiest

A If a goal node is found on depth d of the tree, all nodes up till that
depth are created and examined (note: and the children of nodes at
depth d are created and enqueued, but not yet examined).

&&

A Thus: O(b?)
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Spareec oopiplexdtyreddbreadth-fiest

A Largest number of nodes in QUEUE is reached on the leveld+1
just beyond the goal node.

*A

A QUEUE contains all @) nodes. (Thus: 4) .
A In General: bt i b~Db¢
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Unidorm-costssaarch

Expand least -cost unexpanded node

Implementation:
fringe = queue ordered by path cost, lowest first

Equivalent to breadth  -first if step costs all equal
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Romsamiaiwihpstepscosts in km
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98
85 L

Urziceni
] 86

Bucharest

90

] Hirsova

[] Giurgiu

Straight—line distance
to Bucharest

Arad 366
Bucharest 0
Craiova 160
Dobreta 242
Eforie 161
Fagaras 178
Giurgiu 77
Hirsova 151
lasi 226
Lugoj 244
Mehadia 241
Neamt 234
Oradea 380
Pitesti 08
Rimnicu Vilcea 193
Sibiu 253
Timisoara 329
Urziceni 80
Vaslui 199
Zerind 374
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Unifomnm-costss@anch
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Prapéertes olffaniform-costssaarnch

Expand least -cost unexpanded node

Implementation:
fringe = queue ordered by path cost, lowest first

Equivalent to breadth  -first if step costs all equal
Complete?? Yes, if step cost > ¢

Time?? # of nodes with ¢ < cost of optimal solution, O(bm*/d)
where (' is the cost of the optimal solution

Space’? # of nodes with ¢ < cost of optimal solution, O(bm*/d)

Optimal?? Yes—nodes expanded in increasing order of ¢(n)

Note: g(n) is the path cost to node n
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Notel dapop-Detection

A search may fail or be sub  -optimal if:

- no loop detection: then algorithm runs into infinite cycles
(A->B ->A ->B -> ¢é)

- not queuing -up a node that has a state which we have
already visited: may yield suboptimal solution

- simply avoiding to go back to our parent: looks promising,
but we have not proven that it works

Solution? do not enqueue a node if its state matches the state of any
of its parents (assuming path costs>0).

Indeed, if path costs > 0, it will always cost us more to consider a
node with that state again than it had already cost us the first time.

Is that enough??

CS561 - Lectures3 -4 - Macskassy - Spring 2010




Example

From: http://www.csee.umbc.edu/471/current/notes/uninformed -search/

Example Hlustrating Uninform ed Search Strategies
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Bradth-FinstE8zardvo/Sodution

From: http://www.csee.umbc.edu/471/current/notes/uninformed -search/

Breadth-First Search

return GENEEAL-SEAR CHiproblem, EWNOQUETUE-AT-END)
exp. hode nodes list

{2}

(4B C)
(BCDEG)
(CDEGG')

TE G G& Gt
LE R E o
(3 LEARE
solution path foundis 5 A G <--this Galso has cost 10
Mumber of nodes expanded (including goal node) =7

3
A
E
¢ (DEGGG)
D
E
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Unidorm-CostSSearchoBoduation

From: http://www.csee.umbc.edu/471/current/notes/uninformed -search/

Uniform-Cost Search
GENERAL-SEARCH(problem, ENQUEUE-BY -PATH-COST)

exp. node nodes list
L)

= {AL B CE) )

A TDE BDCEEE) GI10 Y (ME, we don't return ()
I CB(S COEY E(B)Y GI10Y

E CC0EY BECBY GO G010y )

Z CECRY G G110y G135

E a0 G0y G013

& i
solution path foundis 5 B G <--this (Ghas cost 9, not 10
Mumber of nodes expanded (including goal node) =7
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Que2eeing inlirdform-CostSSeaich

In the previous example, it is wasteful (but not incorrect) to queue -up
three nodes with G state, if our goal if to find the least -cost solution:

Although they represent different paths, we know for sure that the one
with smallest path cost (9 in the example) will yield a solution with
smaller total path cost than the others.

So we can refine the  queueing function by:

- gueue -up node if
1) its state does not match the state of any parent
2) path cost smaller than path cost of any

unexpanded node with same state in the queue
(and in this case, replace old node with same

state by our new node)

Is that it??
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# State Depth Cost Parent

1 S 0 0
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