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Sort a table of Integers

volid sort (int *tab, unsigned n){

int 1=1,3]=0,sorted=0;
do{
sorted=1;
for(j=0;j<n-i;++j){
if (tab[j+1]l<tab[j]){
int temp=tabl[j];
tab[j]=tab[j+1];tab[j+1]=temp;
sorted=0;}
++1;
}while(i<n && !sorted);

}



Set of possible table orderings

2134 | 1234




Relations between soluions

1 3 4 2
1 4 2 3 4 1 2
3 1 2 4
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Objective function

 Measure of the solutions quality

- 3 3 improperly ordered pairs
2
4

3 properly ordered pairs



Example path In the search space
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Path In the search space

2 (234

23@3145
/ﬁ

3214

324
4

1
2 213

[

; 1
0

0

-

1

\

"’ /72?23

2~/ Y
iﬁiiiﬂl' A‘|~‘Iiiaiai4132 5
2 \N s 4
3421 | 4321 5
5 6

3142 »1342 »1324 »1234

Search space
serialization



“Easy” and “hard” problems

1 0

« Small neighborhoods
(polynomial of n)

e Short paths
(polynomial of n)

NP-complete

« Single optimum of the
objective function




Example problem
shortest trip from Gd to Kr
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Uninformed search



Structure of the search space

Feasible solutions
e are green vertices
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Fragment of the search space

GdWalLPo
GdWalLWr

Wl é GdWalKawr
GdWalLKa

GdOl
GdwaOl
GdsSz ———— Gd GdWa GdWaBi
l GdWalu
GdBy
A GdWaKi — GdWaKiKr
GdByL GdByWa

7

GdByLPo GdByLWr GdBylLKa

T

GdByLKaWr  GdByLKaKr



Breadth-first and depth-first search

procedure breadth first procedure depth first
A€ls,] A€{sy)
while A+ Q2 while A # &
x ¢ popFIFO(A) x ¢ popLIFO(A)
Y € neighbors (x) Y € neighbors (x)

A€ AUY A€ AVUY



GdWaLKawr

GdWaLKaKr

GdWaBi

GdWalu

GdWaKi

GdByL

GdByLPo GdByLWr GdByLKa

GdByLKaWr  GdByLKaKr

GdByWa




Seqguence of visited nodes
depth first éG"W&LP"

GdWalLWr
GdWal GdWaLKawr

GdWaLKa

GdOl

GdwWaoOl

GdWa GdWaBi
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GdWaKi — GdWaKiKr

GdByLPo  GdByLWr

GdByLKaWr  GdByLKaKr



Informed search




Fragment of the search space

GdWalLPo
GdWalLWr
514  GdWaLlL é GdWaLKaWwr

GdWalLKa
797
Gdol GdWaOl 589
362 | 377
GdSz Gd Gdwa GdWaBi 570
0
GdBy GdWalLu 443
165
392 A GdWaKi — GdWakKiKr
GdByL GdByWa 995 671

GdByLPo GdByLWr  GdByLKa 585

T

/80 GdByLKawr  GdByLKaKr 665



Best-first search

procedure best first

A€ (s

while A+ 4
x € popProrityList(A)
Y € neighbors ( x)
A€ AUY



Seqguence of visited nodes
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goal @

start




Best first based on
the cost function




Best first based on an oracle




WANTED

an oracle



Distances and their estimates

Straight line distances to Krakow



Fragment of the search space

GdWalLPo
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Fragment of the search space
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Heuristic function

* Tree structured search space

* Objective function for intermediate nodes
needed

e Cost for the intermediate node Is known

 Heuristic function estimates how much the cost
will increase after the best accessible terminal
node Is attained



Heuristic function (for minimization)

Optimistic (lower bound of the cost increase) admissible: g(x)+h(x)<=g(xt)

Error of the estimate never increases while monotonous: g(xj)+h(xj)>=g(xi)+h(xi)
approaching to the terminal node



Heuristic function (for minimization)

If the heuristic function I1s admissible and

monotonic
and the solution iIs In a finite distance from the

starting point

then A* will yield that solution after a finite
number of visited nodes

which is no greater than for the best-first that
uses the cost function
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Cost function GdWalLWr
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Best first based on the cost

GdWalLPo

Cosy/function GdWalLWr < GdWaLKawWr
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Best first based on the cost +
heuristic function éedWaLPo

Cost function GdWalWr
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Realistic heuristic function
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Traveling salesman problem

Find the
cheapest tour
to visit all cities




Traveling salesman prahlem
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Traveling salesman problem

GdOIWaKiKrKaWrZgSzPoLByGd 2154
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Traveling salesman problem

GdOIWaKiKrKaWrZgSzPoLByGd 2154

GdWaLPo
T3 GdWalw
* aLWr
Gdol 514 GdWal GdWaLKaWwr
GdWalLKa
362 GdwaBy 647 /17 GdWaLK?S;r
GdSz —— ——
G 0 Gdwa GdWaOl 589
\ 377
GdB GdWakKi — GdWaKiKr
y 165 55k 671
392A
GdByL GdByWa

GdByLPo GdByLWr  GdByLKa 585

T

/80 GdByLKawWr  GdByLKaKr 665

GdByLP0SzZgWrKaKrKiwaOIlGd 2154



Traveling salesman problem

Heuristic
function?




Heuristic function

Sorted list of
edge weights
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193
195
203
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212
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Heuristic function

Sorted list of
edge weights
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Path cost and heuristic function

Sorted list of
edge weights
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Path cost and heuristic function

Sorted list of
edge weights
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Path cost and heuristic function

Sorted list of
edge weights
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Traveling salesman problem

GdOIWaKiKrKaWrZgSzPoLByGd 2154
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Solving 15 puzzle

1 3 12
10 | 11 4 | 13
S 6 | 7 |14
8 9| 2 |15

Solution representation?

Admissible transformations?

Cost function?

Heuristic function?

-

1 | 2 3
12 13 | 14
11 15
10 9 | 8




Solving 15 puzzle
attempt #1

1 3 12 1 2 3
10 1 11 4 | 13 j 12 13 | 14
) 6 /7 | 14 11 15
8 9 | 2 |15 10 9 | 8
Solution representation? Positions of tiles

Admissible transformations?  Move a tile into empty place
Cost function? Number of wrongly placed tiles

Heuristic function? ?

12




Solving 15 puzzle
attempt #1




Solving 15 puzzle
attempt #2

1 3 12 1 2 3
10 1 11 4 | 13 j 12 13 | 14
) 6 /7 | 14 11 15
8 9 | 2 |15 10 9 | 8
Solution representation? Sequence of moves

Admissible transformations?  Move a tile into empty place
Cost function? Number of moves

Heuristic function? ?



Solving 15 puzzle
attempt #2

b (DL (DD (DR [ RD]



Solving 15 puzzle
attempt #2 - heuristic function

1 3 | 12 1 2 3 4
10 1 11 4 | 13 : 12 13 114 5
5 6 7 | 14 11 15 6
8 9 2 | 15 10 9 8 I

2:4 10:2

4:2 11:2

54 12:4

30 6:2 132

7.2 14:2
8:2 15:2



Knapsack problem

* N items
« Each item has its weight w>0 and profit p.>0

* Choose items such that total profit is maximized
and total weight does not exceed W

max Z?:l X; D
Z; x.w.<W
x.€{0,1}



Knapsack problem

* N items
« Each item has its weight w>0 and profit p.>0

* Choose items such that total profit is maximized
and total weight does not exceed W




Knapsack problem
search space

0007? 0017 0107? 0117 1007 1017 1107 1117

(0000 ) (0001 (0010 ][ 0011 | 0100 (0101 ) (0110 (0111 (1000 | ( 1001 J( 1010 ) ( 1011 J( 1100 ][ 1101 ) [ 1110 [ 1111 |




Knapsack problem
profit and heuristic function

e Profit function

Q(X)szl_:l Pi

* Heuristic function
Items are sorted w.r.t. p/w. (descending)

h(x)=2.. _,yp
Zi:x:? yiwi:W_Zi:x.:1 X W,

y;€[0,1]



Knapsack problem example
profit and heuristic function

* ltems i 1 2 3 4 5 6
pb 20 5 10 5 6 3

3

1

w6 2 5 3 4
p/w 333 25 2 166 15

e W=13

« Consider the solution x=707171

e Total profit: g(x)=p,+ps=5+3=8
» Total weight: w(x)=w,+w,=3+3=6
* Vectory: y=[1,0,1/5,0,0,0]

 Heuristic function: h(x)=20-1+10-1/5=22
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