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Representation and search

Alntelligent action, iIin either human
A Representation of a problem domain by patterns or symbols

A Operations on these patterns to generate potential solutions to problems

A Searcht o sel ect among possible solutio

Scheduling Route planning
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Autonomous navigation Modeling Detection




Goal-directed search

e a traditional

Route planning
Start = Squirrel Hill
Goal = CMU
Cost = driving time

Problem solving

Start = all on 2

Goal =allon 3
Cost = # of moves

How to get from START to
GOAL with the least total cost?

Typical Al courses spend lots of time solving this problem, but many policy
guestions fall outside this simple

Goal-directed search is useful when we have a known goal state, known
transitions and costs, and we wish to find the lowest-cost path to the goal.
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Priority-based search

How to get from START to
GOAL with the least total cost?

One answer: priority-based search

Keep a record of the least total
cost needed to reach each node.

Also keep a list of nodes to search,
sorted from lowest to highest cost.
This is called a priority queue.




Priority-based search

How to get from START to
GOAL with the least total cost?

One answer: priority-based search

Keep a record of the least total
cost needed to reach each node.

Also keep a list of nodes to search,
sorted from lowest to highest cost.
This is called a priority queue.

Queue:
(START, 0)

1. Put the START node on
the queue, with cost = 0.



Priority-based search

How to get from START to
GOAL with the least total cost?

One answer: priority-based search

Keep a record of the least total
cost needed to reach each node.

Also keep a list of nodes to search,
sorted from lowest to highest cost.
This is called a priority queue.

Queue:
(START, 0)

1. Put the START node on
the queue, with cost = 0.

2. Repeat: remove the
lowest-cost node from the
gueue, and add its children.



Priority-based search

How to get from START to
GOAL with the least total cost?

One answer: priority-based search

Keep a record of the least total
cost needed to reach each node.

Also keep a list of nodes to search,
sorted from lowest to highest cost.
This is called a priority queue.

Queue:
(d, 2)

(9, 3)

1. Put the START node on
the queue, with cost = 0.

2. Repeat: remove the
lowest-cost node from the
gueue, and add its children.



Priority-based search

How to get from START to
GOAL with the least total cost?

One answer: priority-based search

Keep a record of the least total
cost needed to reach each node.

Also keep a list of nodes to search,
sorted from lowest to highest cost.
This is called a priority queue.

Queue:
(d, 2)

(9, 3)

1. Put the START node on
the queue, with cost = 0.

2. Repeat: remove the
lowest-cost node from the
gueue, and add its children.



Priority-based search

How to get from START to
GOAL with the least total cost?

One answer: priority-based search

Keep a record of the least total
cost needed to reach each node.

Also keep a list of nodes to search,
sorted from lowest to highest cost.
This is called a priority queue.

Queue:
(c, 3)
(9, 3)
(b, 5)
(e, 7)

1. Put the START node on
the queue, with cost = 0.

2. Repeat: remove the
lowest-cost node from the
gueue, and add its children.



Priority-based search

How to get from START to
GOAL with the least total cost?

One answer: priority-based search

Keep a record of the least total
cost needed to reach each node.

Also keep a list of nodes to search,
sorted from lowest to highest cost.
This is called a priority queue.

Queue:
(c, 3)
(9, 3)
(b, 5)
(e, 7)

1. Put the START node on
the queue, with cost = 0.

2. Repeat: remove the
lowest-cost node from the
gueue, and add its children.



Priority-based search

Queue:
(9, 3)
(b, 5)
(a, 7)
(e, 7)
(f, 11)

How to get from START to
GOAL with the least total cost?

One answer: priority-based search 1. Put the START node on
the queue, with cost = 0.

Keep a record of the least total
cost needed to reach each node. 2. Repeat: remove the
lowest-cost node from the

Also keep a list of nodes to search, _ _
. gueue, and add its children.

sorted from lowest to highest cost.
This is called a priority queue.




Priority-based search

Queue:
(9, 3)
(b, 5)
(a, 7)
(e, 7)
(f, 11)

How to get from START to
GOAL with the least total cost?

One answer: priority-based search 1. Put the START node on
the queue, with cost = 0.

Keep a record of the least total
cost needed to reach each node. 2. Repeat: remove the
lowest-cost node from the

Also keep a list of nodes to search, _ _
. gueue, and add its children.

sorted from lowest to highest cost.
This is called a priority queue.




Priority-based search

How to get from START to
GOAL with the least total cost?

One answer: priority-based search

Keep a record of the least total
cost needed to reach each node.

Also keep a list of nodes to search,
sorted from lowest to highest cost.
This is called a priority queue.

Queue:
(h, 4)
(b, 5)
(a, 7)
(e, 7)
(f, 11)

1. Put the START node on
the queue, with cost = 0.

2. Repeat: remove the
lowest-cost node from the
gueue, and add its children.



Priority-based search

Queue:
(h, 4)
(b, 5)
(a, 7)
(e, 7)
(f, 11)

Notice that e is already on the queue,
but we have found a lower-cost path.

How to get from START to
GOAL with the least total cost?

One answer: priority-based search 1. Put the START node on
the queue, with cost = 0.

Keep a record of the least total
cost needed to reach each node. 2. Repeat: remove the
lowest-cost node from the

Also keep a list of nodes to search, _ _
gueue, and add its children.

sorted from lowest to highest cost.
This is called a priority queue.




Priority-based search

QUGUGZ
(b, 5)
(e, 6)
(@, 7)
(f, 11)

We reduce the cost of node e from 7
to 6, and move it ahead of node a.

How to get from START to
GOAL with the least total cost?

1. Put the START node on

One answer: priority-based search
the queue, with cost = 0.

Keep a record of the least total

cost needed to reach each node. 2. Repeat: remove the
Also keep a list of nodes to search, lowest-cost nod_e from the
gueue, and add its children.

sorted from lowest to highest cost.
This is called a priority queue.




Priority-based search

QUGUGZ
(b, 5)
(e, 6)
(@, 7)
(f, 11)

Notice that a is already on the queue,

How to get from START to but we have not found a lower-cost
GOAL with the least total cost? path, so we leave its priority unchanged.

1. Put the START node on

One answer: priority-based search
the queue, with cost = 0.

Keep a record of the least total

cost needed to reach each node. 2. Repeat: remove the
Also keep a list of nodes to search, lowest-cost nod_e from the
gueue, and add its children.

sorted from lowest to highest cost.
This is called a priority queue.




Priority-based search

How to get from START to
GOAL with the least total cost?

One answer: priority-based search

Keep a record of the least total
cost needed to reach each node.

Also keep a list of nodes to search,
sorted from lowest to highest cost.
This is called a priority queue.

Queue:
(e, 6)
(a, 7)
(f, 11)

1. Put the START node on
the queue, with cost = 0.

2. Repeat: remove the
lowest-cost node from the

gueue, and add its children.



Priority-based search

How to get from START to
GOAL with the least total cost?

One answer: priority-based search

Keep a record of the least total
cost needed to reach each node.

Also keep a list of nodes to search,
sorted from lowest to highest cost.
This is called a priority queue.

Queue:
(e, 6)
(a, 7)
(f, 11)

1. Put the START node on
the queue, with cost = 0.

2. Repeat: remove the
lowest-cost node from the

gueue, and add its children.



Priority-based search

How to get from START to
GOAL with the least total cost?

One answer: priority-based search

Keep a record of the least total
cost needed to reach each node.

Also keep a list of nodes to search,
sorted from lowest to highest cost.
This is called a priority queue.

QUGUGZ
(@, 7)
(1, 8)
(f, 11)

1. Put the START node on
the queue, with cost = 0.

2. Repeat: remove the
lowest-cost node from the
gueue, and add its children.



Priority-based search

How to get from START to
GOAL with the least total cost?

One answer: priority-based search

Keep a record of the least total
cost needed to reach each node.

Also keep a list of nodes to search,
sorted from lowest to highest cost.
This is called a priority queue.

QUGUGZ
(@, 7)
(1, 8)
(f, 11)

1. Put the START node on
the queue, with cost = 0.

2. Repeat: remove the
lowest-cost node from the
gueue, and add its children.



Priority-based search

How to get from START to
GOAL with the least total cost?

One answer: priority-based search

Keep a record of the least total
cost needed to reach each node.

Also keep a list of nodes to search,
sorted from lowest to highest cost.
This is called a priority queue.

Queue:
(I, 8)
(f, 11)

1. Put the START node on
the queue, with cost = 0.

2. Repeat: remove the
lowest-cost node from the
gueue, and add its children.



Priority-based search

How to get from START to
GOAL with the least total cost?

One answer: priority-based search

Keep a record of the least total
cost needed to reach each node.

Also keep a list of nodes to search,
sorted from lowest to highest cost.
This is called a priority queue.

Queue:
(I, 8)
(f, 11)

We can reduce the cost
of node f from 11 to 9.

1. Put the START node on
the queue, with cost = 0.

2. Repeat: remove the
lowest-cost node from the
gueue, and add its children.



Priority-based search

How to get from START to
GOAL with the least total cost?

One answer: priority-based search

Keep a record of the least total
cost needed to reach each node.

Also keep a list of nodes to search,
sorted from lowest to highest cost.
This is called a priority queue.

Queue:
(f, 9)

1. Put the START node on
the queue, with cost = 0.

2. Repeat: remove the
lowest-cost node from the
gueue, and add its children.



Priority-based search

How to get from START to
GOAL with the least total cost?

One answer: priority-based search

Keep a record of the least total
cost needed to reach each node.

Also keep a list of nodes to search,
sorted from lowest to highest cost.
This is called a priority queue.

Queue:
(f, 9)

1. Put the START node on
the queue, with cost = 0.

2. Repeat: remove the
lowest-cost node from the
gueue, and add its children.



Priority-based search

How to get from START to
GOAL with the least total cost?

One answer: priority-based search

Keep a record of the least total
cost needed to reach each node.

Also keep a list of nodes to search,
sorted from lowest to highest cost.
This is called a priority queue.

Queue:
(GOAL, 13)

1. Put the START node on
the queue, with cost = 0.

2. Repeat: remove the
lowest-cost node from the
gueue, and add its children.



Priority-based search

How to get from START to
GOAL with the least total cost?

One answer: priority-based search

Keep a record of the least total
cost needed to reach each node.

Also keep a list of nodes to search,
sorted from lowest to highest cost.
This is called a priority queue.

Queue:
(GOAL, 13)

We can stop searching
when the GOAL node is
at the top of the queue.

1. Put the START node on
the queue, with cost = 0.

2. Repeat: remove the
lowest-cost node from the
gueue, and add its children.



Priority-based search

Total cost to reach goal: 13

Obtain path to goal by backtracking:
STARTA gA hA eA iA fA GOAL

Good news: this method always
finds the optimal (lowest-cost) path.

How to get from START to Bad news: it has to search many
GOAL with the least total cost? nodes before it reaches the goal.
One answer: priority-based search 1. Put the START node on

the queue, with cost = 0.
Keep a record of the least total

cost needed to reach each node. 2. Repeat: remove the

lowest-cost node from the

Also keep a list of nodes to search, _ _
gueue, and add its children.

sorted from lowest to highest cost.
This is called a priority queue.




Priority-based search

To do better, we need a heuristic
esti mate of each
cost path to the goal.

We will choose the node n with
the lowest sum of distances
d(start, n) + d(n, goal).

How to get from START to This is called A* search.
GOAL with the least total cost?

One answer: priority-based search 1. Put the START node on
the queue, with cost = 0.

Keep a record of the least total

cost needed to reach each node. 2. Repeat: remove the

lowest-cost node from the

Also keep a list of nodes to search, _ _
. gueue, and add its children.

sorted from lowest to highest cost.
This is called a priority queue.




A* search

(20) ~ (10)
10 1

Notice that the heuristic value of
each node is less than or equal to
its lowest cost path to the goal.

How to get from START to
GOAL with the least total cost?

For A*, use a priority queue sorted
by cost = d(start, n) + d(n, goal).

N



A* search

(200  (10)
0 1

Queue:
(START, 0+28)

How to get from START to
GOAL with the least total cost?

For A*, use a priority queue sorted
by cost = d(start, n) + d(n, goal).



A* search

(200  (10)
0 1

QUEUEZ
(c, 14+14)

(a, 20+20)
(e, 20+20)

How to get from START to
GOAL with the least total cost?

For A*, use a priority queue sorted
by cost = d(start, n) + d(n, goal).



A* search

(200  (10)
0 1

QUEUEZ
(c, 14+14)

(a, 20+20)
(e, 20+20)

How to get from START to
GOAL with the least total cost?

For A*, use a priority queue sorted
by cost = d(start, n) + d(n, goal).



A* search

(200  (10)
0 1

Queue:
(b, 24+10)

(a, 20+20)
(e, 20+20)

How to get from START to
GOAL with the least total cost?

For A*, use a priority queue sorted
by cost = d(start, n) + d(n, goal).



A* search

(200  (10)
0 1

Queue:
(b, 24+10)

(a, 20+20)
(e, 20+20)

How to get from START to
GOAL with the least total cost?

For A*, use a priority queue sorted
by cost = d(start, n) + d(n, goal).



A* search

(20) (10 34
0 10

Queue:
(GOAL, 34+0)

(a, 20+20)
(e, 20+20)

How to get from START to
GOAL with the least total cost?

For A*, use a priority queue sorted
by cost = d(start, n) + d(n, goal).



A* search
(20) (10) 34
10 10 Queue:
(GOAL, 34+0)
(a, 20+20)
(e, 20+20)

How to get from START to

For A*, use a priority queue sorted
by cost = d(start, n) + d(n, goal).

Now we know how

to do efficient goal-

But what if we directed search!

g dondt evien_Kknow

M the goal state? No problem- we can
use a different type
of search method!




State-space search

Typical scenario: we must consider a huge The state space could be
number of possible states of the world. combinatorial or continuous.
Challenge: How can we find
We are given a score function that maps an optimal (or nearly optimal)
: o
each state to a real number, and our goal SELS [ & (EEEomElS et
IS to find the highest-scoring state. Assumption: Similar states
have similar scores.

However, there are far too many states
for us to simply evaluate each one.

Least cost, constrained, schedule _

o o

!
{ DG Lt o) Tl Tl o
UTLE T ] il

Machines " g’::“a‘w‘;} it
Job Traveling salesman/ Aerodynamic Microprocessor
scheduling Meals on Wheels design design

( Many other applicationsé urban pl ann



Hill-climbing

Imagine that the states of the world are
laid out on the surface of a landscape,
and we want to find the highest point.

For each state, we have a set of
allowable moves to other states.

Simple 2-D example:

Hill-climbing algorithm:

1. Pick a random starting state.

2 .

3.

On each step,

to a state with higher score.

Stop when

X ¥) A (X+AX, y + Ay)

e

TN

lgm] |

cut and reconnect two edges

Yy

> LE- 00 pllogable moye

can increase score

a

peak



Hill-climbing

Question 1: How to choose the new state?

Deterministic hill-climbing: evaluate Randomized hill-climbing: pick an
all allowable moves, and choose allowable move at random, but
the state with the highest score. only move if it improves the score.

Question 2: Does hill-climbing always find the optimal state?

x
Answer: No, it only finds a local optimum R

(a peak, but not necessarily the highest) =
| X
Hill-climbing algorithm: One solution: Run hill-climbing many
1. Pick d : times with different starting states,
. PICK @ random starting state. and choose the best local optimum.

2. On each step, move nuphitll
to a state with higher score. Another solution: simulated annealing
dallow some dowr}hill maQves as wellé

3. Stop when youore a a peak




Simulated annealing

Pick an allowable move at random. Make the move with probability 1 if it
improves the score, or with some smaller probability if it decreases the score.

Herebs the tricky part: we | et t
a downhill move decrease gradually over time.

This may make the search fall out of poor Large T: random walk
local maxima and into better local maxima. (all moves accepted)

~ Small T: hill-climbing
Pr(accept)=eXp(ASC0reg/ ntemperatur

T decreases with time (only uphill moves)

Hill-climbing algorithm: | ¥V? can prove thl_a‘i’ with agA
. . InTinitely slow cooling rate
1. Pick a random starr]tlng state. converges to the global optlmum
2 . On e e C ste P M(I;rr]e%ractl%ally It oHerPflnds
to a state with higher score. better solutions than hill-climbing
3. Stop when y o0 udenrthereargnanylgal oging.a k




Issues In state-space search

A Hill-climbing and simulated annealing are useful tools for
general search problems.

A The challenging part is designing a good representation
of the problem domain, and choosing a good moveset.

A Advantages: very easy to implement, can save a great
deal of programming effort, only need to remember the
current state, can be parallelized easily.

A Disadvantage: No guarantee that you will find the
optimal solution in a reasonable amount of time.

ADONGOT sol ve a glmbitglorsimulatedt h
annealing if you can find an exact solution (e.g. by linear
programming or A* search).

Aln the remainder of the coul
and detection as state-space search problems,
searching over the set of possible models and over all
potentially interesting subsets of the data respectively.




Other search techniques

Greedy search: if you want to quickly find Example: Greedy algorithm for TSP

a nNndecent o solution, b Rick a rehdpm Satting ocatibne  a |
finding the optimal solution, just make the Repeat: choose closest unvisited location
best myoplc Ch0|ce at each deC|S|0n p0|nt When all locations ViSitEd, return to start

Minimax search: if you have an Genetic algorithms: Initialize a
opponent, assume that the opponent large population of states, and let
will play optimally, and choose a best them evolve by natural selection

response at each decision point. (random mutation and cross-over).
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| ecture 7: Methods for
Clustering Data
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Clustering data

Main goal: Given a dataset of N records, we wish to partition the
dataset into k << N groups such that records in the same group are
similar to each other, and records in different groups are dissimilar.

Given a population of individuals, we want to identify and
characterizet he under |l ying subgroups
individuals, and possibly use these subgroups for prediction.

We want to explain the data in

terms of its natural groupings Example: identify congressional voting blocs.

How well do blocs correspond to party affiliation?

How many groups are there? Are there relevant blocs within a party?
Who belongs to which group? Are there fimaverickso tha
Characteristics of each group? How much do blocs vary with proposed legislation?
@
o0 %00
o _o {
® ¢ o o
o o
® o oo
®

2-D example



Clustering data

Main goal: Given a dataset of N records, we wish to partition the
dataset into k << N groups such that records in the same group are
similar to each other, and records in different groups are dissimilar.

Given a population of individuals, we want to identify and
characterizet he under |l ying subgroups
individuals, and possibly use these subgroups for prediction.

How does clustering Clustering can improve
differ from prediction? prediction performance.
There may not be any Improve Bayesian -
single output that we classification by learning o:.° %
are trying to predict. multiple models per class. e
We are interested in an We may have little or no v
underlying structure that labeled training data for $%e o :0°o
. . . ... (Y .‘..
explains or predicts many learning class models, but  ®®¢® So°

characteristics of the population. lots of unlabeled data.



Applications of clustering

Main goal: Given a dataset of N records, we wish to partition the
dataset into k << N groups such that records in the same group are
similar to each other, and records in different groups are dissimilar.

An important application of clustering is to improve prediction
of an individual 6s characterist.]
obtained from other members of their inferred group.

Customer database segmentation: To
which subgroups should | market my
product, and how should | target them?
(Similarly, voter database segmentation)

Patient database segmentation: Different
subgroups of patients may benefit from
different treatment regimens.




