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The researchers found that when apples were scarce, the agents quickly 
learned to attack one another -- zapping, or “tagging” their opponent with a 
ray that temporarily immobilized them. When apples were abundant, the 
agents preferred to co-exist more peacefully.

Rather chillingly, however, the researchers found when they tried this same 
game with more intelligent agents that drew on larger neural networks -- a 
kind of machine intelligence designed to mimic how certain parts of the 
human brain work -- they would “try to tag the other agent more 
frequently, i.e. behave less cooperatively, no matter how we vary the 
scarcity of apples,” they wrote in a blog post on DeepMind’s website.



Leibo said that the agents used in the apple-gathering and Wolfpack 
experiments had no short-term memory, and as a result could not make any 
inferences about the intent of the other agent. “Going forward it would be 
interesting to equip agents with the ability to reason about other agent’s 
beliefs and goals,” he said.
In the meantime, it might be wise to keep a few spare apples around.



Artificial intelligence changes the way it behaves based on the 
environment it is in, much like humans do, according to the latest 
research from DeepMind .

[…] During the work, they found it is possible for AI to act in an 
"aggressive manner" when it feels it is going to lose out, but 
agents will work as a team when there is more to be gained.



So, depending on the situation, having a greater capacity to 
implement complex strategies may yield either more or less 
cooperation. The new framework of sequential social dilemmas 
allows us to take into account not only the outcome of the 
interaction (as in the Prisoner’s dilemma), but also the difficulty of 
learning to implement a given strategy.







“It’s 2017, and the new thing is called AI,” he said. “And it’s more 
powerful than the Internet, because the Internet didn’t think, the 
Internet didn’t know you. So that shift is about to happen again, 
where there is a new type of way that we connect and get 
information. It’s about to enter society and it knows a lot. It’s 
coming and it’s going to be awesome.”

Women’s Wear Daily



THE COMING DECADES, artificial intelligence will replace a lot of 
human jobs, from driving trucks to analyzing X-rays. But it will also 
work with us, taking over mundane personal tasks and enhancing 
our cognitive capabilities. 









Today

• Uninformed Search (R&N Ch 3)

Thursday, February 16
• Informed Search (R&N Ch 3)
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Depth-First Search

DFS(s,ops,queue) =

If goal(s) then return(s);

Else

successors  {}; queue’ queue;

For each o  ops that applies to s

successors  successors + apply(o,s);

queue’ append(queue’,successors);

If not(empty(queue’))

s’  last(queue);

queue’ remove(s’,queue’);

DFS(s’,ops,queue’)

Else return(FAIL)

Initial call: DFS(initialstate,ops,{})



Depth-First Search

DFS(s,ops,open) =

If goal(s) then return(s);

Else

successors  {}; open’ open;

For each o  ops that applies to s

successors  successors + apply(o,s);

open’ append(open’,successors);

If not(empty(open’))

s’  last(open);

queue’ remove(s’,open’);

DFS(s’,ops,open’)

Else return(FAIL)

Initial call: DFS(initialstate,ops,{})



Handling Repeated States
DFS(s,ops,open,closed) =

If goal(s) then return(s); 

Else

open’  open; 

If s  closed then

closed’  closed + s; 

successors  {};

For each o  ops that applies to s

successors  successors + apply(o,s);

open’  append(open’,successors);

Else closed’  closed;

If not(empty(open’))

s’ last(open’);

open’  remove(s’,open’);

DFS(s’,ops,open’,closed’)

Else return(FAIL)

Initial call: DFS(initialstate,ops,{},{})



Handling Repeated States

{Do a test
before
successor
generation

DFS(s,ops,open,closed) =

If goal(s) then return(s); 

Else

open’  open; 

If s  closed then

closed’  closed + s; 

successors  {};

For each o  ops that applies to s

successors  successors + apply(o,s);

open’  append(open’,successors);

Else closed’  closed;

If not(empty(open’))

s’ last(open’);

open’  remove(s’,open’);

DFS(s’,ops,open’,closed’)

Else return(FAIL)

Initial call: DFS(initialstate,ops,{},{})



Iterative Deepening Search



Iterative Deepening Search

Depth-first search for 1 level



Iterative Deepening Search

Depth-first search for 2 levels



Iterative Deepening Search

Depth-first search for 3 levels



Iterative Deepening Search

Depth-first search for 3 levels

Etc.



Iterative Deepening Search

Need a depth-first search with a depth bound



Handling Repeated States

{Do a test
before
successor
generation

DFS(s,ops,open,closed) =

If goal(s) then return(s); 

Else

open’  open; 

If s  closed then

closed’  closed + s; 

successors  {};

For each o  ops that applies to s

successors  successors + apply(o,s);

open’  append(open’,successors);

Else closed’  closed;

If not(empty(open’))

s’ last(open’);

open’  remove(s’,open’);

DFS(s’,ops,open’,closed’)

Else return(FAIL)

Initial call: DFS(initialstate,ops,{},{})



Depth-Bounded Depth-First Search

DBDFS(s,ops,open,maxdepth) =

If goal(s) then return(s);

Else

open’  open; 

if depth(s) < maxdepth

successors  {}; 

For each o  ops that applies to s

successors  successors + apply(o,s);     {depth of each successor is set}

open’  append(open’,successors);                          {to 1 more than the depth of s}

If not(empty(open’))

s’ last(open);

queue’  remove(s’,open’);

DBDFS(s’,ops,open’,maxdepth)

Else return(FAIL)

Initial call: DBDFS(initialstate,ops,{},maxdepth)

{Do a test
before
successor
generation



Iterative Deepening Search

IDS(s,ops) =

i 1;

repeat

result  DBDFS(s,ops,{},i);

i i + 1; 

until result  FAIL;

return(result)



Iterative Deepening Search

1
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1



Iterative Deepening Search
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Iterative Deepening Search
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Iterative Deepening Search
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Iterative Deepening Search
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Iterative Deepening Search
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Iterative Deepening Search
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3,7 4,11 5,15



Analysis: Iterative Deepening

Criterion DFS BFS Iterative Deepening

Complete? No Yes

Optimal? No Yes

Time?  O(bd)

Space? O(db) O(bd)
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Criterion DFS BFS Iterative Deepening
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Analysis: Iterative Deepening

Criterion DFS BFS Iterative Deepening

Complete? No Yes Yes

Optimal? No Yes Yes

Time?  O(bd)

Space? O(db) O(bd)



b=2 # States Visited

Level Best-First Iterative Deepening Ratio

0 1 1 1.000000

1 3 4 1.333333

2 7 11 1.571429

3 15 26 1.733333

4 31 57 1.838710

5 63 120 1.904762

6 127 247 1.944882

7 255 502 1.968627

8 511 1013 1.982387

9 1023 2036 1.990225

10 2047 4083 1.994626

11 4095 8178 1.997070

12 8191 16369 1.998413

13 16383 32752 1.999145

14 32767 65519 1.999542

15 65535 131054 1.999756

16 131071 262125 1.999870

17 262143 524268 1.999931

18 524287 1048555 1.999964

19 1048575 2097130 1.999981

20 2097151 4194281 1.999990

𝑛 2𝑛+1 − 1
2𝑛+2 − 𝑛 − 3

2𝑛+1 − 1
 2



b=10 # States Visited

Level Best-First Iterative Deepening Ratio

0 1 1 1.000000

1 11 12 1.090909

2 111 123 1.108108

3 1111 1234 1.110711

4 11111 12345 1.111061

5 111111 123456 1.111105

6 1111111 1234567 1.111110

7 11111111 12345678 1.111111

8 1.11E+08 123456789 1.111111

9 1.11E+09 1.235E+09 1.111111

10 1.11E+10 1.235E+10 1.111111

11 1.11E+11 1.235E+11 1.111111

12 1.11E+12 1.235E+12 1.111111

13 1.11E+13 1.235E+13 1.111111

14 1.11E+14 1.235E+14 1.111111

15 1.11E+15 1.235E+15 1.111111

16 1.11E+16 1.235E+16 1.111111

17 1.11E+17 1.235E+17 1.111111

18 1.11E+18 1.235E+18 1.111111

19 1.11E+19 1.235E+19 1.111111

20 1.11E+20 1.235E+20 1.111111

𝑛
10𝑛+1 − 1

9

10𝑛+2 − 1
9

− (𝑛 + 2)

10𝑛+1 − 1


10

9



Analysis: Iterative Deepening

1 + (1+b) + (1+b+b2) +    + (1+b+    bd)



Analysis: Iterative Deepening

1 + (1+b) + (1+b+b2) +    + (1+b+    bd)

= σ𝑖=0
0 b𝑖 + σ𝑖=0

1 b𝑖 + σ𝑖=0
2 b𝑖 +    + σ𝑖=0

d
b𝑖



Analysis: Iterative Deepening
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Analysis: Iterative Deepening

1       +   (1+b)  + (1+b+b2) +    + (1+b+    bd)

= σ𝑖=0
0 b𝑖 + σ𝑖=0

1 b𝑖 +   σ𝑖=0
2 b𝑖 +    + σ𝑖=0

d
b𝑖

= 
b1 − 1
b − 1

+ 
b2 − 1
b − 1

+    + 
bd+1 − 1
b − 1



Analysis: Iterative Deepening

1 + (1+b) + (1+b+b2) +    + (1+b+    bd)

= σ𝑖=0
0 b𝑖 + σ𝑖=0

1 b𝑖 + σ𝑖=0
2 b𝑖 +    + σ𝑖=0

d
b𝑖

= 
b1 − 1
b − 1

+ 
b2 − 1
b − 1

+    + 
bd+1 − 1
b − 1

=  
σ𝑖=1
d+1

(b𝑖 −1)

b − 1
=   

σ𝑖=1
d+1

b𝑖 − σ𝑖=1
d+1

1

b − 1
=  

bd+2 − 1
b − 1

− 1 − (d+1)

b − 1
=  O(

bd+2

b2
) =  O(bd)
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Criterion DFS BFS Iterative Deepening

Complete? No Yes Yes

Optimal? No Yes Yes

Time?  O(bd) O(bd)

Space? O(bd) O(bd)
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Criterion DFS BFS Iterative Deepening

Complete? No Yes Yes

Optimal? No Yes Yes

Time?  O(bd) O(bd)

Space? O(bd) O(bd) O(bd)


