Computer Science has Changed



Hit a huge milestone...
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How they beat humans is meaningful






Partners After Class




Contest Due Today
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Today’s Goals

1. Understand Big O
2. Get a feel for exponential growth
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Searching




Linear Search
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Mordor

One does not simply walk into it...




Binary Search

Binary search needs to look at only eight elements to find 650.

| 201] 202| 203 205 206] 207| 208| 209] 210] 212] 213/ 214 215| 216| 217| 218| 219] 224 225| 228| 229| 231]
0 1 2 3 4 10 11 13 15 16 17 18
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How Can We Compare
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Timing?

In C++, you can measure elapsed time by calling
the t ime function

1. The time function is often too rough.

2. Some measurements are likely to be wildly
off.

3. Different computers.

4. Different translation of code.



What can we do?



suspense



Count number of executions.



Count Number of Executions

Think about the worst case.

int find(Vector<int> & vec, int goal) {

for(int i = 0; 1 < vec.size(); i++) { 2n + 1
if(vec[i] == goal) return i; 2n

}

return -1; 1



Big O

We say a function f(n) is “big-O” of another function g(n), and write
“f(in) is O(g(n))” if there exist positive constants ¢ and n, such that:

f(n) <c-g(n)

For all

n > no



Count Number of Executions
T(ﬂ) =3n+ 2 Where n,=1

T(n) < 3n + 2n

T(n) < 5n

T(n) IS O(n) Where ¢ =5
We say that f{n) f(n) <c-g(n)
s big O(g(n)) if: For al

n > no



Big O of Binary Search?






Comparing Big O

Number of steps required for linear vs. binary search:

linear binary
N log N

10

100 7

1000 10

1,000,000 20
1,000,000,000,000,000 60
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Even Presidents Have to Know

://www.youtube.com/watch?v=k4RRi ntQc8




Selection Sort

int main() {

void Sort (Vector<int> & vec) {
for ( int 1lh = 0 ; 1lh < vec.size () ; lh++ ) {
int rh = FindSmallest (vec, 1lh, vec.size () - 1);
Swap (vec|[1lh], wvec[rh]);

1h rh vec

\ 4

809 | 503 | 946 367|987 838|259 | 236 659 361

0 1 2 3 4 5 6 7 8 9

skip simulation



Gauss Summation




Gauss Summation







Selection Sort Complexity

O(n?)



But wait! Check this out...






BowoN e

Merge Sort

Divide the vector into two halves: v1 and v2.
Sort each of v1 and v2 recursively.
Clear the original vector.

Merge elements into the original vector by choosing the
smallest element from v1 or v2 on each cycle.

vec
236 | 259 | 361 | 367 | 503 | 659 | 809 | 838 | 946 | 987
0 1 2 3 4 5 6 7 8 9

vl

V2




Merge Sort Complexity

Sorting 8 items

requires

Two sorts of 4 items

which requires

Four sorts of 2 items

which requires

Eight sorts of 1 item

The work done at each level (i.e., the sum of the work done by
all the calls at that level) is proportional to the size of the level.
Each of which are N. The running time is therefore proportional
to N times the number of levels.



Merge Sort Complexity

O(nlogn)



Comparing Sort

The difference between O(N?) and O(N log N) is enormous for
large values of N, as shown in this table:

N N? N log, N
10 100 30
100 10,000 700
1,000 1,000,000 10,000
10,000 100,000,000 100,000
100,000 10,000,000,000 2,000,000
1,000,000 | 1,000,000,000,000 20,000,000




Socrative
a) O(1) b)O(logN) «c)O(N) d) O(N?)

for (int k = n; k >= 0; k--) { O(N)
cout << k << endl;

} This loop executes n times.

for (int 1 = 0; 1 < n; 1i++) {
for (int § = 0; 3 < i; J++) { ()(pJZ)
cout << 7 << endl; .
This loop follows the pattern

from selection sort.

}

for (int 1 = 0; 1 < 100; i++) {
cout << 1 << endl; C)(l)

} This loop does not depend on

the value of n at all.

STUDENT



Complexity Classes

running time ———

problem size —

Logarithmic

|

| Quadratic
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CTATLCC ANIN CAPITALS

| Traveling Salesperson Problem:
We have a bunch of cities to visit. In what order should

¢ | We visit them to minimize total travel distance?
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Travelling Sales Person Tree
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Travelling Sales Person Tree
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# States = (N)




Travelling Sales Person Tree
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Travelling Sales Person Tree
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Travelling Sales Person Tree
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nationalatlas.gov - STATES AND CAPITALS
Exhaustively try all orderings: O(n!) N
Potential best algorithm:  O(2")
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et ND CAPITALS
So let’s say we come up with a way to solve

, \ Traveling Salesperson Problem in O(2").

sy, It would take ~4 days to solve Traveling
N L Salesperson Problem on 50 state capitals (with
3GHz computer)
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Two Tiny Updates

Add San Juan, the capital city
of Puerto Rico

Also add Washington, DC

Now 52 capital cities instead
of 50




would take

With the O(2") algorlthm we invented, it
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Salesperson problem on 50 state capitals + 2
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nationalatlas.gov - STATFS AND CAPITALS
With the O(2") algorithm we invented, it would
take ~17 days to solve Traveling Salesperson
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natlonalaf’aa [4 Va\ VAN CTATCC A ND CAPITAI_S
! Sacramento is not exactly the most interesting

N or important city in California (sorry,
.~ 7 Sacramento). What if we add the 12 biggest
w"“sinerol non-capital cities in the United States to our |
s,,,;,,,’l’\"“‘\ map?

Nt .
v
ORegoy MINNESOTA) \k’l b
Boisy
‘ ’DAHO ) "
UTHD pul T, -
oy o WISCONSIN R : \ \

NEBRASKA

10
M ILLINOIS |INDIANA m

@ingieit| 1gillolis

COLORADO MISS

Oity

TE

OKLAHOMA

lshoma City s A
ouTH
Q@ CAROUNA Sy
ALABAMA| GEORGIA
Momery
\ TEXAS X
. | -
| T\ N, Lousigid (|4 3ee . @" °
A HAWAII /_. \ . i@ BatWhowge . _ \
Honol N s <
{ ’i/“, R \ \J & . R .
¥ I\ A ° : \
100 | /14 \ B CFLORIDAL
k M | 1 N \
0 100k ALASKA £ N ‘ ¢ oF M1 L
I 4 */ \ y t"‘l { "/@0 ‘
v, \ 3 { o
9\ \" 0 20 0mi ) L
7\ 0 ) g Cy
g 0 100 200 300km S ™M
2N b
¢ Jun { y /
0 200mi ’.\ C
0 200 km 3 UsB A




Honoldy

0 100km

natlonala""‘)(‘ [a Yo\ VALY
| With the O(2") algorithm we invented,
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log,n n log,n n? 2"

2 8 16 16
3 24 64 256
4 64 256 65,536
5 160 1,024 | 4,294,967,296
6 384 4,096 1.84 x 10"
7 128
8 256
9 512

10 1,024

30

1,300,000,000

¥ of Cacelbook atcounts




log,n n log,n n? 2"

2 8 16 16
3 24 64 256
4 64 256 65,536
5 160 1,024 4,294,967,296
6 384 4,096 1.84 x 101
/ 128 194 YEARS
8 256
9 512

10 1,024

30

1,300,000,000

¥ of Cacelbook atcounts




log,n n log,n n? 2"

2 8 16 16
3 24 64 256
4 64 256 65,536
5 160 1,024 | 4,294,967,296
6 384 4,096 1.84 x 10"
7 128 896 16,384 3.40 x 1038
8 256 3,590,000,000,000,000,000,000
9 512 YEARS

10 1,024

30

1,300,000,000

¥ of Cacelbook atcounts




log,n n log,n n? 2"
2 8 16 16
3 24 64 256
4 64 256 65,536
5 160 1,024 4,294,967,296
6 384 4,096 1.84 x 10"
7 128 896 16,384 3.40 x 1038
8 256 2,048 65,536 1.16 x 1077
) 512 For comparison: there are
10 1.024 abf)ut 10E+80 fa\toms in the
’ universe. No big deal.
30y 1,600,000,000

¥ of Cacelbook atcounts



log,n n log,n n? 2"
2 8 16 16
3 24 64 256
4 64 256 65,536
5 160 1,024 4,294,967,296
6 384 4,096 1.84 x 10"
7 128 896 16,384 3.40 x 1038
8 256 2,048 65,536 1.16 x 1077
9 512 4,608 262,144 1.34 x 10154
10 1,024 1.42E+137 YEARS (another way of
thinking about the size: including
s 130000000 o e of e
: tweet)

¥ of Cacelbook atcounts



log,n n log,n n? 2"

2 8 16 16
3 24 64 256
4 64 256 65,536
5 160 1,024| 4,294,967,296
6 384 4,096 1.84x 10
7 128 896 16,384 3.40 x 10%
8 256 2,048 65,536 1.16 x 1077
9 512 4,608 262,144  1.34x10'%

0 1,024 (.00(1)(())62343 1,048,576 (.0003s)| | o0 1 osg

30| 1,300,000,000{ ° 900000?10303 169000000? f goﬁm LOL

¥ of Cacelbook atcounts



log,n n log,n n? 2"
2 8 16 16
3 24 64 256
4 64 256 65,536
5 160 1,024 4,294,967,296
6 384 4,096 1.84 x 101
7 128 896 16,384 3.40x 103
8 256 2,048 65,536 1.16 x 1077
9 312 2" is way into crazy LOL territory, but 4 x 1014
look at nlog,n—only 13 seconds!!
10 1024)  Go0003s) 130 x 10308
30] 1,300,000,000] ° 900000? 10303 T 8 years —

¥ of Cacelbook atcounts
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Game Trees

e As Shannon observed in 1950, most two-player games have
the same basic form:

— The first player (red) must choose between a set of moves
— For each move, the second player (blue) has several responses.
— For each of these responses, red has further choices.

— For each of these new responses, blue makes another decision.
— Andsoon...

AMAMAAAAAAAAAAAAAA



Minimax lllustration

Suppose that the ratings two turns from now are as shown.
From your perspective, the +9 initially looks attractive.

Unfortunately, your can’t get there, since the =5 is better for
your opponent.

The best you can do is choose the move that leads to the —-2.




The Game of Nim

e |In Nim, the game begins with a pile of coins between two
players. The starting number of coins can vary and should
therefore be easy to change in the program.

e |n alternating turns, each player takes one, two, or three
coins from the pile in the center.

e The player who takes the last coin loses.




The Game of Nim

806 Nim )
There are 11 coins left.
I'1ll take 2.

There are 9 coins left.

Your move: 1

There are 8 coins left.

I'll take 3.

There are 5 coins left.

Your move: 2

There are 3 coins left.

I'1ll take 2.

There is only one coin left.
You lose.




The Hardest Game Left
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Go Complexity






Remember This?

1 2
e
_____*> 0.99
o‘/“/
1

1

InputSum = inputl * weightl +
input2 * weight2 + Q)
input3 * weight3 +
input4 * weight4;

Output = sigmoid(InputSum);

double neuron(double x1, double x2);



Two Neural Networks

Policy Network

{Small set of moves}
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Two Neural Networks

Only search moves
that the policy network
says are good

When you get deep.
stop. Use value
network to eval.



AlphaGo Big O

O(n?)

Policy Network

{Small set of moves}

* But the constant factor is large



Today’s Goals

1. Understand Big O
2. Get a feel for exponential growth




