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Heuristic Searches

The following figure shows a search tree with the state indicated by the tuple inside
parentheses. A letter indicates the state name and the integer indicates the estimated
cost for finding a solution from that state (a cost of 0 indicates a goal state). Using the
Graph-Search algorithm discussed in class, give the solution tree or steps using depth-
first search. How many nodes did depth-first expand? Repeat using breadth-first
search. How many nodes did breadth-first expand? Repeat using heuristic search.
How many nodes did heuristic search expand? Repeat using A" search. How many
nodes did A* expand? Can any of these algorithms ever find N as a solution? Explain
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PROCEDURE GRAPH-SEARCH

-

. Create a search graph, G, consisting solely of the start node, s. Put s on a list called
OPEN.

Create a list called CLOSED that is initially empty.

LOOP: if OPEN is empty, exit with failure.

Select the first node on OPEN, remove it from OPEN, and put it on CLOSED. Call
this node n.

If n is a goal node, exit successfully with the solution obtained by tracing a path
along the pointers from n to s in G. (see step 7.)

Expand node n, generating the set, M, of its successors and install them as successors
ofninG.

Establish a pointer to n from those members of M that were not already in G (i.e., not
already on either OPEN or CLOSED). Add these members of M to OPEN. For each
member of M that was already on OPEN or CLOSED, decide whether or not to
redirect its pointer to n. For each member of M already on CLOSED, decide for each
of its descendants in G whether or not to redirect its pointer.

Reorder the list OPEN, either according to some arbitrary scheme or according to
heuristic merit.

9. Go LOOP
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Algorithm Details: You can use algorithm graphsearch for everything
Start: Open={A} Closed={} G={} M={} f(n)=g(n)+h(n) where g(n)=depth(n) & h(n)=heuristic fcn

Breadth First: Use the function f(n)=car(open) and append M at the end of the open list.
1. The algorithm selects A and expands A (applies I') in order to obtain M={B,C}
n,=B; n,=C; Open={B,C}, Closed={A}, G={A,B,C}, f(n,)=1; f (n,)=1
2. The algorithm expands B in order to obtain M={D,E}
ny=D; n,=E; Open={C,D,E}, Closed={A B}, G={A| D,E}, f(ny)=1; f (n,)=1
3. The algorithm expands C in order to obtain M={F,G}, f(ns)=1; f (n)=1
ns=F; n;=G; Open={D,E F,G}, Closed={A B,C}, G={A,B.C.CD,E,F.G}
4. The algorithm expands D in order to obtain M={H, 1}, f(n;)=1; f (ng)=1
n,=H; ng=1; Open={EF G H, 1}, Closed={A,B,C,D}, G={A,B,C,D.EF.GH,1},
5. The algorithm expands E in order to obtain M={J,K} f(ng)=1; f (n,5)=1
ng=1J; n,,=K; Open={F,G,H,1,J K}, Closed={A B,C,D,E}, G={AB,C.D,EF,GH,IJ.K},
6. The algorithm expands F in order to obtain M={L,M}, f(n,,)=1; f (n;,)=1, nyy=L; n;,=M;
Open={G,H,1,J,K,L,M}, Closed={A,B,C,D,E,F}, G={AB,C.D,E,F,GH,1J,K,L M}
7. The algorithm expands G in order to obtain M={N,P}, f(n;3)=1; f (n,,)=1, n;3=N; n;,=P;
Open={H,1,J,K,_L,LM,N,P}, G={A,B,C,D,E,F.G,H,1JK,.L,M,N P}, Closed={A B,C,D,E,F,G}
8. The algorithm expands H in order to obtain M={}, G={A,B,C,D,E,F,G,H,1,J,K,.L,M,N,P}
Open={1,J,K,L,M,N,P}, Closed={A,B,C,D,E F.G H}
9. The algorithm expands | in order to obtain M={}, G={AB,C,D,E,F,G,H,1J,K,L,M,N,P}
Open={J,K,L,M,N,P}, Closed={A B,C,D,E,F,GH,I}
10. The algorithm selects J. J is a goal node and the algorithm terminates.
BFS expands Closed={A,B,C,D,E,F,G,H,I} 9 nodes

Depth-First: Use the function f{n)=depth(n) and append M at the front of the open list.
1. The algorithm selects A and expands A (applies I') in order to obtain M={B,C}
n,=B; n,=C; Open=({B.C}, Closed={A}, G={A,B.C}. fin))=1: f (n,)=1
2. The algorithm expands B in order to obtain M={D,E}
n;=D; n,=E: Open={D.E.C}, Closed={A,B}, G={A,B,C.D.E}, fin;)=2: f (n,)=2
3. The algorithm expands D in order to obtain M={H,I}
n,=H; ns=I; Open={H,LE.C}, Closed={A,B,D}, G={A,B.C.D.EH.I}, fins)=3: f (ng)=3
4. The algorithm expands H in order to obtain M:
Open={L.E.C}, Closed={A,B,D,H}, G={A.B,
5. The algorithm expands / in order to obtain
Open={E.C}, Closed={A,B,D,H,I}
6. The algorithm expands E in order to obtain M={J,K}, f(ny)=3; f (n,0)=3
ng=J; n;=K; Open={J,K,C}, Closed={A,B,D,H,LE}, G={A,B,C.D.E H.LJ K},
7. The algorithm selects J. J is a goal node and the algorithm terminates.
G={A.B.C,D.E.H,LJK}, DFS expands Closed={A.B.D,H.LE.} 6 nodes

HI}
=(}, G={A.B,.C.DEH,I}

Heuristic-Search: Use the function f{n)= h(n) and sort the open list using f values.

1. The algorithm selects A and expands A (applies I') in order to obtain M={B,C}
n=B; n,=C: Open={B.C}, Closed={A}, G={A.B.C}, fin)=26: f (n,)=13

2. The algorithm expands C in order to obtain M={F,G}

ny=F; n,=G; Open={F,B,G}, Closed={A,C}, G={A,B.C.F.G}, fin;)=12; f (n,)=27

3. The algorithm expands F in order to obtain M={L,M}, ns H
Open={B,GM.L}, Closed={A,C.F}, G={A.B.C,F.G.LM}, fin)=33; f (n)=29

4. The algorithm expands B in order to obtain M={D,E}, f(n,)=19; f (ng)=16

n,=D; ng=E; Open={E,D,G,M.L}, Closed={A,C,F.B}, G={A,B.C.F.G.L,M,D,E}

5. The algorithm expands E in order to obtain M={J,K}, ny=J; n,;=K; f(ng)=0; f (n,,)=2
Open={J K,D,GM.L}, Closed={A,C,F.B.E}, G={A,B.C.F.G,LM,D.EJK}

6. The algorithm selects J. J is a goal node and the algorithm terminates. Open={K,D.G,M.L},
G={A.B,CF.G.LM.D.EJ K} Heuristic search expanded Closed={A.C,F,B.E} 5 nodes

A* Search: Uses f(n)=g(n)+h(n) where g(n)=depth(n) & h(n)=cost and sort the open list using f
1. The algorithm selects A and expands A (applies I') in order to obtain M={B,C}
n,=B; n,=C; Open=({B.C}, Closed={A}, G={A,B.C}. fin )=1426; f (n,)=1+13
2. The algorithm expands C in order to obtain M={F,G}, fin;)=2+12; f (n,)=2+27
ny=F; n,=G; Open={F,B,G}, Closed={A,C}, G={A,B.C.F.G}

3. The algorithm expands F in order to obtain M={L,M}, G={A,B.C.F,G.L M}

ng=L; ng=M; Open={B.G.M,L}, Closed={A,C,F}, fins)=3+33:  (115)=3+29

4. The algorithm expands B in order to obtain M={D,E}, AB.CF.GLMD.E}
n,=D; ng=E; Open={E,D,G,M,L}, Closed={A,C,F.B}, fin,)=2+19; f (n)=2+16

5. The algorithm expands E in order to obtain M={J,K}, G={A,B,C,F.G,.L.M,D.E.J.K}
ng=J; n,y=K; Open={J.K,D.G,M,L }, Closed={A,C,F,B.E}, fi1y)=3+0; f (n,0)=3+2

6. The algorithm selects J. J is a goal node and the algorithm terminates.

A* search expands Closed={A,C,F.B.E} 5 nodes. G={A,B.C.,F,.G.L.M,D.E.J.K}

N will not be found by any of the algorithms because path {A,B.E.J} is considered before
{A,C.G.N} due to the fact that #(E)=16 and /(G)=27 and h(E)<h(G).
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(putprop 'a ‘(b c) 'sons )
(putprop 'b'(d e) 'sons )
(putprop ‘c '(f g) 'sons )
(putprop 'd'(h i) 'sons )
(putprop ‘e '(j k) 'sons )
(putprop 'f'(I'm) 'sons )
(putprop g '(n p) 'sons )

(putprop 'a 25 'hval )
putprop 'b 26 'hval )
putprop 'c 13 'hval )
putprop 'd 19 'hval )
putprop ‘e 16 'hval )
putprop 'f 12 'hval )
putprop 'g 27 'hval )

putprop 'i 5 'hval )
putprop 'j 0 'hval )
putprop 'k 2 'hval )
putprop ' 33 hval )
putprop 'm 29 'hval )
putprop 'n 0 'hval )

(putprop 'a 0 ‘gval )
putprop 'b 1 ‘gval )
putprop ‘c 1 'gval )
putprop 'd 2 ‘gval )
putprop ‘e 2 'gval )
putprop 'f 2 'gval )
putprop 'g 2 ‘gval )

putprop 'i 3 ‘gval )
putprop 'j 3 "gval )
putprop 'k 3 ‘gval )
putprop 'l 3 "gval )
putprop 'm 3 ‘gval )
putprop 'n 3 ‘gval )

( (
( (
( (
( (
( (
( (
(putprop 'h 12 'hval ) (putprop 'h 3 'gval )
( (
( (
( (
( (
( (
( (
( (

putprop 'p 12 'hval ) putprop 'p 3 ‘gval )
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Heuristic Search

« lterative Deepening
— Enjoys the same linear memory requirements of DFS while guaranteeing
that a goal node of minimal depth will be found- memory grows linearly
with the depth of the goal.
— Successive depth-first searches are conducted-each with a depth bound
increasing by 1-until a goal node is found.
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« How many nodes are expanded by BFS?
Assuming uniform branching factor b, with a goal at depth d
1+b+b2+ .. +bd=(bd!-1)/(b-1)
« How many nodes are expanded by iterative deepening?
Down to level j we have Nyg= (b -1)/(b-1)
At worst, we must conduct d such searches for the goal at depth d
Nig= D=0 (31 -1)/(b-1) = (b%*2-2b-bd+d+1)/(b-1)2
for large d this reduces to
Nig/Npe=b/(b-1)
For b=10 and large d this is about 1.11% or 1D expands about
11% more nodes than BFS
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« IDA* (Korf, 1985)
> Allows us to find minimal cost paths with memory that grows
linearly with the depth of the goal.
> Execute a series of depth-first searches. In the first search we
establish a cost cutoff equal to f(n,)=g(n,)+h(ny)=h(n,) with n,=s.
> Expand nodes in a DFS fashion—backtrack whenever the f value of a
successor of an expanded node exceeds the cutoff value.
If this terminates at a goal node, then you have a minimal path, else
the cost of an optimal path must exceed the cutoff value.
Use as your next cutoff value the value of a node visited but not
expanded
IDA* does have to repeat node expansions, but there are potential

tradeoffs involving reduced memory requirements and ease of
implementation
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The End!
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