Appendix A

Examples

A.1 Alpha-Beta Example

To give anidea of how Alpha-Betaworks, this appendix illustrates how it traversesthe
tree of figure 2.4 in detail and concept. For convenience, figure A.1 shows the code of
the Alpha-Betafunction again. The two items of most interest are how and why cutoffs
are performed, and seeing how Alpha-Beta constructsthe minimal treethat proves froo.
In this example Alpha-Beta will find some cutoffs, but it will traverse more than the
minimal tree, since the children of some nodes are not ordered best first. (For example,
in max node a the left-most child b is not the highest and in min node k the left-most
child is not the lowest.) The values for a, B and g as Alpha-Beta traverses them are
shown next to the nodes in figure A.2. Children that are cut off are shown as a small
black dot.

The table in figure A.3 gives a step-by-step account of Alpha-Beta's progress.
Cutoffs are indicated in the table, and explained in the text below. Since Alpha-Beta
works towards finding a max and a min solution tree of equal value, we have shown
these in the table as well. Recall from the postcondition of Alpha-Beta that if a node
returns a g value that lies within the search window, then both a T+ and a T~ have
been traversed. This case applies to most of the nodes. Only nodesj, p and u return a
value outside their window. Their valueis determined by a single solution tree. Upper
bounds for a node are indicated as f*, lower bounds as f~. Max solution trees are
shown as T*, min solution trees as T~. Figure A.4 gives the final minimal tree that
proves the minimax value.

Theroot is caled with « = —w and = +eo. Itsfirst child b is expanded with the
same parameters. The same holdsfor node ¢, d and e. Node eis aleaf, which callsthe
evaluation function. It returnsits minimax value of 41 to its parent. Here, at node d,
the values of g and 8 are updated to 41. Node d performs a cutoff check; sinceg > «
(because 41 > —o) the search continuesto the next child, f. Since g was updated inits
parent, this node is searched with a window of (—e, 41). Node f returns its minimax
value.

Parent d returns 5, the minimum of 41 and 5. Parent c updatesg and « to 5. Node c
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function alphabeta(n, o, 8) — g;
if n=leaf then return eval(n);
elseif n=max then
g = —o
¢ :=firstchild(n);
whileg< gandc ¥ 1 do
g := max(g, alphabeta(c, a, B));
a = max(a, g);
¢ := nextbrother(c);
else/* nisamin node */
g = +oo;
c := firstchild(n);
whileg> aandc# 1 do
g := min(g, alphabeta(c, «, B));

B := min(B,g);
¢ := nextbrother(c);
returng;

Figure A.1: The Alpha-Beta Function

Figure A.2: Example Tree for Alpha-Beta
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#1n  on Bn On cutoff? fn Tn fn Tn
1|l a —w +o —oo —oo +o0
2 b —o0  +oo +oo —o0 +oo
3| ¢ —x 4o —o — o +oo
4| d —o0  +oo +o0 —oo +o0
51 e —w 4w 41 41 e 41 e
6| d —w 41 4 41> - —o 41 de
7| f —ew 41 5 5 f f f
8| d —w 5 5 1 5 def 5 df
91| ¢ 5 +o0 5 5< +oo 5 cdef +o0
10| g 5 S —o +o0
11 | h 5 +o 12 12 h 12 h
12 | ¢ 5 12 12 12>5 —oo 12 gh
13 | i 5 12 90 0 i 0 i
14 | g 5 12 12 1 12 ghi 12 gh
15| ¢ 12 +e 12 1 12 cgh,i 12 cdf,g,h
16 | b —w 12 12 12> —  —o 12 b,cd f,gnh
17 | j — 12 - —oo +o0
18 | k —ew 12 +e —oo +o0
19 | | —~ 12 101 101 | 101 |
20| k —w 12 101 101> —» —w 101 k|l
21| m —w 12 80 80 m 80 m
2 | k —w 12 80 1 80 klIm 80 km
23 | ] 80 12 80 80 ¢ 12 80 j.klIm +o0
24| b —e 12 12 1L 12 b,cgh, 12 b,cd f,gh
ij,klI,m
25| a 12 4o 12 12 < +eo 12 abcg +o0
hij kl,m
26 | n 12 40 4w o oo
27 | o 12 4o — e too
28| p 12 4o+ —o0 +o0
2 | g 12 4+ 10 10 ¢ 10 q
30| p 12 10 10 10¥ 12 —oo 10 pq
31| o 12 +~ 10 10 < +eo —o0 +oo
32| r 12 4o+ —o0 +o0
33| s 12 +o 36 36 s 36 s
4| r 12 36 36 36> 12 —oo 36 r,s
3B |t 12 36 35 3B ot 3B ot
36 |r 12 35 35 1 35 r,st 35 rt
37 | o 3B +o 35 4 35 or,st 35 opaqr,t
38| n 12 35 35 35> 12 —o0 35 nopaqr,t
39 u 12 35 —o0 —o0 +oo
40 | v 12 3B 4w —o0 +oo
41 | w12 35 50 5 w 5 w
42 | v 12 35 50 50> 12 —oo 5 wvw
43 | X 12 35 36 36 X 36 X
44 | v 12 35 36 1 36 v,wXx 36 vXx
45 | u 36 35 36 36 ¢ 35 36  uv,wXx +oo
46 | n 12 35 35 4 35 nor,s 35 nopoqr,t
t, U, v, w, X
47 | a 3B +o 3H 1 35 anor, 35 abcdf,g
S t, U, v, W, X h,nop,qr,t

Figure A.3: Alpha-Beta Example
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Figure A.4: Minimal Alpha-BetaTree

continuesto searchnode g, since5 < +e. Thelower bound isused to search node g and
its children with the smaller search window of (5, +<). Node g returns the minimum
of 12 and 90 to ¢, which returns the maximum of 5 and 12 to b. In node b the search
is continued to expand j. Node b isamin node. The g-value 12 is an upper bound,
substantiated by a max solution tree containing node ¢, d, f,g and h. Seeline 16 in the
table. The search window for node j is reduced to (—, 12), indicating that parent b
already has an upper bound of 12, so that if in any of the children of b alower bound
> 12 appears, the search can be stopped. Node | expands the sub-treerooted in itschild
k, which returns 80. This causes a cutoff of its brother in node j, since 80 « 12. The
search of node j, whose value, being amax node, is alower bound of 80 that can only
increase, is no longer useful. The value of parent b is already as low as 12, and since
it isamin node, it will never increase. Because b has no other children to lower his
value further, it returns his value too. The return value of b is defined by min solution
treeb,c,g,h,i,j,k |, mand max solutiontreeb, c,d, f, g, h.

At the root the value g is updated to the new lower bound of 12. Consequently, «
isupdated to 12. Since 12 < +o, N0 cutoff occurs. Searching the sub-tree below n can
still increase the g value of the root. Node nis expanded. Node o, p and q are searched
with window (12, +). Node q returns 10. At its parent p this causes a cutoff, since
10 ¥ 12. In contrast to the previous cutoff, the reason for it cannot be found by looking
at the value of the direct parent, since o does not have ag valueyet other than —«. This
kind of cutoff is known as a deep cutoff (in contrast to the previous cutoff, which is
said to be shallow). It is called deep because the reason for the cutoff lies further awvay
than the direct parent of the node. The sub-tree below b has returned 12, so the value
of a, which isamax node, will be at least 12. Node p, a min node, can at most return
avalue of 10. The value of node q ensures that none of its brothers can ever influence
the value of the root. Node p returns 10.

Next nodesr, s, t,u,v,w and x are searched. The sub-tree below v returns 36. This
causes a cutoff (one of the shallow kind) in node u, since 36 ¥ 35. Node u returns 36,
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Figure A.5: Example Tree for SSS*

node n returns the minimum of 35 and 36, and the root returns the maximum of 12 and
35. The minimax value of the tree has been found, it is 35.

The exampleillustrates that Alpha-Beta can miss some cutoffs. Although pruning
occurs in the example, Alpha-Beta builds atree that is larger than the minimal tree, as
can be seen by comparing figures A.2 and A.4. Alpha-Beta expands 11 leaves, less
than the minimax tree of 16, but more than the minimal tree of 7.

A.2 SSS* Example

In the next example we will give an idea of how SSS* works.

Stockman originally used min solution treesto explain hisalgorithm. Here SSS* is
explained using upper bounds and max solution trees, since we think that the algorithm
is easier to understand that way and it makes the connection to MT-SSS* easier to see.
The two key concepts in the explanation are an upper bound on the minimax value,
and a max solution tree. SSS* starts off with an upper bound of +, and works by
successively lowering this upper bound until it isequal to the minimax value. The max
solution trees are constructed to compute the value of each upper bound.

SSS* works by manipulating alist of nodes, the OPEN list. The nodes have astatus
associated with them, either live (L) or solved (S), and a merit, denoted h. The OPEN
list is sorted in descending order, so that the entry with highest merit (the “ best” node)
isat the front and will be selected for expansion.

We will examine how SSS* searches the tree in figure A.5 for its minimax value
(the same tree asin the Alpha-Beta example). Since the tree is ailmost the same as the
one used by Pearl in his explanation of SSS* [99], it may be instructive to compare
his min with our max solution tree explanation. In the trees in figures A.6-A.12 the
nodes are numbered a to t in the order in which SSS* visits them first. A number of
stages, or passes, can be distinguished in the traversal of thistree. At the end of each
pass the OPEN list consists of solved nodes only. In appendix B we will see that after
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Figure A.6: SSS* Pass 1

I operations 1 and 3 SSS* has constructed a min solution tree for the solved node.
Appendix B aso stresses the fact that at any time the nodes in the OPEN list are the
leaves of a (partial) max solution tree rooted at the root, defining an upper bound on it.
These two solution trees are shown in the tables. We will start by examining how SSS*
traverses the first pass.

First pass. (seefiguresA.6and A.7)
In thefirst passthe left-most max solution tree is expanded to create thefirst non-trivial
upper bound on the minimax value of theroot. The code in figure 2.17 places an entry
inthe OPEN list containing the root node a, with atrivial upper bound: +. Thisentry,
containing an internal max node which has asfirst child amin node, matchesT" case 6,
causing ato bereplaced by itschildren (inleft-first order). The OPEN list now contains
nodes b and h, with avalue of +«. The left-most of these children, b, is at the front of
thelist. It matches T case 5, causing it to be replaced by its left-most child, c. Thelist
now containsnodes c and h. Next, case 6 replacesc by d and f, and case 5 replacesd by
e, giving aslist nodese, f and h. Now anew I'-case comesinto play, sincenode e hasno
children. Node e does not match case 6, but case 4, causing its state to change fromlive
to solved, and its h valueto go from +e to 41. Sincethelist is kept sorted in descending
order, the next entry on the list appearsat the front, f, the left-most entry with highest h
value. It matchescase5, g isinserted, which matches case 4, causing it to enter the list
with value 12. Thelistis now ((h,L,«), (e, S 41),(g,S 12)). Next the right subtree
below hisexpanded in the same way, through asequenceof I" cases5 (nodei isvisited),
6 (j and | enter thelist), 5 (k replacesj), 4 (k getsvalue 10), 5 (I is replaced by m), and
4 (1 getsvalue 36). The OPEN listisnow ((e, S 41),(m S 36),(g,S 12), (k, S 10)).
We have seen so far that at max nodes all children were expanded (case 6), while
at min nodes only the first child was added to the OPEN list (case 5). Case 4 evaluated
the leaf nodes of the tree. Maintaining the list in sorted order guaranteed that the entry
with the highest upper bound was at front. Note that the sub-tree expanded thus far is



A.2 SSS* Example 117

#| n T OPENlistafterT oo Tip  foot  Tioa
0 ((a L, +=)) +o @
1] a 6 ((bL+w),(hL +x)) —oo +  ab,h
2| b 5 ({cL ) (hL+=)) — +o ab,ch
3l c 6 ((dL+=)(f Lt} (Nl +x)) —o +o ab,cdf.h
41 d 5 ((eL+o)(fL+=) (hL+)) — +o abcdefh
5| e 4 ((fL+=) (hL+=)(6S41) - +< abcdefh
6| f 5 ((gL+=)(hL+x), (eS4])) —= +o abcdefgh
7| g 4 ((hL+=)(eS41),(3S12)) —= + abcdefgh
8| h 5 ((iL+=)(eS41),(3812)) —= +o ab,cd,
ef,ghi
9 i 6 (L) (L ), —eo +o ab.cde
(6.S41),(9.512)) f.g.hij,l
10§ 5 ({kL+e) (I, L, +e), —oo +o abcde
(6:541),(g.S12)) f.o.hijkl
1]k 4 ((IL+=),(eS41), —eo +e abcde
(9.512), (k. S10)) f.g.hij k!
121 5 ((mL+=),(eS41), —o +o abcde
(9.512), (k. S10)) f.g.hijklm
13|m 4 ((eS41),(mS36), 41 e 41 abcde
(0.512),(k S 10)) f.g.hijklm

Figure A.7: SSS* Table Pass 1
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41 5  skipped skipped

Figure A.8: SSS* Pass 2

OPEN list after T fiop Tiop  froot  Troat
((nL.41),(mS36), —e 41  abcdefghijklm
(9,5 12),(k S 10))

15(n 4 ((MS36),(3812, 36 m 36 abcdenfghijklm

(k S 10),(n. S 5))

o|>
N | -1

14

Figure A.9: SSS* Table Pass 2

amax solution tree (compare figure A.6 to figure 2.6). The minimax value of this tree
is41, which is also the h value of thefirst entry of the OPEN list.

Second pass: (seefiguresA.8 and A.9)

In the second pass, SSS* will try to lower the upper bound of 41 to come closer to
f. The next upper bound will be computed by expanding a brother of the critical leaf
e. The critical leaf has a min parent, node d, so expanding this brother can lower d’s
value, which will, in turn, lower the minimax value at the root of the max solution
tree. Since this value is the maximum of its leaves, there is no point in expanding
brothers of non-critical leaves, since then node e will keep the value of the root at 41.
Thus, node n isin a sense the best node to expand. The entry for node e matches I
case 2, which replaces e by the brother n, giving it state live, and the value 41, the
sharpest (lowest) upper bound of the previous pass. The n entry matches I" case 4.
Case 4 evaluates the leaf, and assigns to h either this value (5), or the sharpest upper
bound so far, if that happens to be lower. Node n gets value 5. In genera, I' case 4
performs the minimizing operation of the minimax function, ensuring that the h of the
first (highest) entry of the OPEN list will always be the sharpest upper bound on the
minimax value of theroot, based on the previously expanded nodes. The OPEN list has
become ({m, S 36),(g,S 12), (k,S 10, (n,S 5)). Thus, the upper bound on the root
has been lowered to 36. Its valueis determined by a new (sharper) max solution tree,
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ff=12

skipped skipped 36 35

Figure A.10: SSS* Pass 3

#] n OPEN list after T fioo Tiop  froot  Tioot

16(m 2 ((0L36).(0S12), - 36 abcdenfg,
(k. $10),(n, S 5)) h.i,j.k1,mo

170 4 ((0835).(9S12, 35 o 35 abcdenfg,
(k. $10),(n, S 5)) hij.kl,mo

Figure A.11: SSS* Table Pass 3

whose |eaves are contained in the OPEN list.

Third Pass: (seefiguresA.10 and A.11)
In the third pass, the goal of the search isto get the upper bound below 36. Just asin
the second pass, the first entry of the OPEN list, m, matchesI" case 2, and its brother
is inserted. It matches I' case 4, so it gets evaluated. The new brother is node o,
with value 35. Again, a sharper upper bound has been found. The new OPEN list is
((0.535),(9,512), (k. S 10), (n,S5)).

Fourth Pass. (seefiguresA.12 and A.13)

The previous search lowered the bound from 36 to 35. In the fourth passthe first entry
has no immediate brother. It matchesal casethat is used to backtrack, case 3, which
replaces node o by its parent |. Case 3 is aways followed by case 1, which replaces |
by its parent i and, in addition, deletes all child-entries from the list—only node k in
this case. Each time case 1 applies, al children of amin node and its max parent have
been expanded and the search of the subtree has been completed. To avoid having old
nodes interfere with the remainder of the search, they must be removed from the OPEN
list. Thelist now contains: ({i,S 35),(g,S 12),(n,S 5)). Next, case 2 matches entry
i, and expansion of the brother of i commences. Node p is inserted into the list with
state live. It matches case 6, which inserts g and r into thelist. Node g matches case 5,
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skipped skipped 36 35 50 36
Figure A.12: SSS* Pass 4

# OPEN list after I fiop Tiop froot  Troot

18 ((,S35),(3.812), 35 Imo 35 abcdenfg,
(k S 10),(n. S 5)) hij.kl.mo

19 ((.S35),(3.812), 35 ilmo 35 abcdenf,g,
(nS5)) hi,j,k1,m o

20 ((p.L.35),(3.812), —w 35 abcdenfg,
(n,SS)) hi,j. kI, mo,p

21 ((@L.35),(r,L,35), —w 35 abcdenfg,
(g,SlZ),(n,S.5)) hi,j,kI,mo,p,q,r

22 ((sL,35),(r,L.35), — 3% abcdenfg,
(g,SlZ),(n,S.5)) hij.kl,mo,paq,r,s

23 ((sS35),(r,L.35), 50 s 35 abcdenfg,
(g,SlZ),(n,SS)) hi.j.kl.mo,p,aqr,s

24 ((tL.35),(r,L,35), — 3 abcdenfg,
(g,SlZ),(n,S.5)) hi,j.kl,mo,pqr,st

25 ((tS35),(r,L,35), 36 t 35 abcdenf.g,
(g,SlZ),(n,S.5)) hij.kl,mo,pqr,st

26 ((@S35),(r,L.35), 36 qst 35 abcdenf,g,
(g,SlZ),(n,SS)) hij.kl,mo,pqr,st

27 ((r.S35).(0S12), 35 past 35 abcdenf,g,
(n,SS)) hijkl,mo,paqr,st

28 ((hs35).(0S12), 35 hilm 3 abcdenfg
(n,SS)) 0,p.q,st hij.kl,mopaqrst

29 ((as35)) 35 ahilm 35 abcdenfg,

0,p,q, st hijkl,mop,qr,st

Figure A.13: SSS* Table Pass 4
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which inserts its left-most child s, still with h value 35. This leaf is then evaluated by
case 4. The evaluation of 50 is not less than the sharpest upper bound of 35, so his not
changed. The OPEN list is now: ((s, S 35),(r,L,35),(g,S12),(n,S5)). Nodesisa
max node with a brother. It matches case 2, which replaces s by itsbrother t. Nodet is
evaluated to value 36 by case 4, which again does not lower the sharpest upper bound
of 35. The OPEN listisnow: ((t,S35),(r,L,35),(g,S12),(n,S5)). Nodet matches
case 3, which isfollowed by case 1, inserting p and purging the OPEN list of entry r.
Thelistisnow: ((p,S 35),(9,S12),(n,S5)). Sincemax node p has no brothers, case
3 applies, whichisfollowed by case 1. Case 1 insertstheroot ainto thelist, and purges
thelist of all the children of a. The list now becomes the single solved entry (a, S 35),
which satisfies the termination condition of SSS*. The minimax valueis 35.

A.3 MT-SSS* Example

Now we will use the tree from the previous examples to show how the reformulation
of SSS* works.

SSS* finds fro0t by determining a sequence of upper bounds on it. The idea behind
MT-SSS* is that these upper bounds can aso be found using a null-window Alpha-
Betacall. The null-window call creates the solution tree. Thissolution treeis stored in
memory, so that it can berefined in later passes. It turnsout that in thisway Alpha-Beta
will expand the same solution trees as SSS*. We will show how this works in detall
using an example. Comparing it to the SSS* exampleillustratesthat both formulations
expand the same trees. (In appendix B the equivalence of the two formulations is
discussed in some detail.)

Alpha-Betaisused to construct solution trees. The postcondition of the Alpha-Beta
procedurein section 2.1.3 suggeststhat using outcome 2, we can haveit return an upper
bound if we make it fail low. To create a fail low, Alpha-Beta must be called with a
search window greater than any possible leaf node value. Alpha-Beta, when called
with such awindow, will find the same upper bound, and expand the same max solution
tree, as SSS*. This can be seen intuitively because both Alpha-Betaand SSS* expand
the children of anode in aleft-to-right order.

The exampletreeinfigure A.2 is searched to determineits minimax value. A num-
ber of stages, or passes, can be distinguished in the traversal of thistree. At the end of
each pass afull max solution tree exists, which determines a better upper bound on the
minimax value. Also, solved nodes represent min solution trees. These two solution
trees are shown in the tables. Note that in the figures the nodes are still numbered a to
t in the order in which SSS* visits them first, not MT-SSS*.

First pass: (seefiguresA.14 and A.15)

In thefirst passtheleft-most max solution tree is expanded to create thefirst non-trivial
upper bound on the minimax value of theroot. SSS* buildsthe max solution tree shown
in figure A.14, using cases 4, 5, and 6 of the I" operator. Instead of using I" cases 4, 5
and 6 and a sorted OPEN list, MT-SSS* uses M T to compute the bound, by traversing
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Figure A.14: MT-SSS* Pass 1

#ln m On cutoff?  fn Tn  fa  Tn
1 a +oo —oo —oo +o0
2 b +oo +oo —oo +co
3| C Ho —o —o0 +o0
4| d +oo +oo —oo +oo
5] e +w 41 — e 41 e
6 d +oo 41 41 ¥+oo —o0 41 de
7] C +o 4l 4l<+e —o +oo
8| f Heo  teo —oo +oo
9| g += 12 — g 12 g
10| f  +eo 12 12740  —oo 12 f,9
11 | ¢ 4= 41 L —o0 41 cdef,qg
12| b 4o 41 41F 4o —o 41 b,c,def,g
13 | a 4+ 41 41< o —o +oo
14 h +oo +oo —oo +oo
15 | i o0 —oo o too
16 | j +o0 oo o T
17 | kK 4+~ 10 -k 10 k
18 | j + 10 10740 —oo 10 jk
19 | i +0 10 10< w0  —o +oo
20 | +oo +oo — oo +o0
21 | m +e 36 —o M 36 m
22 | | to 36 36 +o —oo 36 I,m
23 | i + 36 1L —oo 36 i,j,kl,m
241 h 4o 36 36F+e —o 36 hijklm
25| a +w 41 1 —o0 41 ab,c,d,ef,ghij,kl,m

Figure A.15: MT-SSS* Table Pass 1
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41 5  skipped skipped

Figure A.16: MT-SSS* Pass 2

n m oo cutoff? Ty fa Ta
26| a 41 - —o0 41  ab,cdef,g,hijkl,m
27 | b 4 A4 —oo 41 Db,cdef,g
28| c 41 - —oo 41 cdef,g
29 | d 41  +w —oo 41 de
30| e 41 41 4lF+e 41 e teo €
31| n 4 5 —oo N 5 n
32|d 4 5 1 — d,en 5 dn
33| c 4 5 5<41 —oo +oo
34| f 41 12 12¥4 - 12 fg
3B | c 41 12 1 -~ c¢den 12 c¢d,nf,g
36| b 41 12 12441 - 12 bycd,nf,g
37 | a 41 12 12<41 -« 12 ahb,cdnf,ghijkl,m
3| h 41 36 3641 - 36  hijklm
39| a 4 36 1 —oo 36 abcdnfghijklm

Figure A.17: MT-SSS* Table Pass 2

solution trees. At unexpanded nodes, f~ is —eo, and f* is +e. A cal MT(G, «) will
cause an alpha cutoff at all min nodes, since all internal calls return valuesg < y = .
No beta cutoffs at max nodes will occur, sinceal g < y. We seethat the call MT(a, «)
onthetreeinfigure A.2will traversethetreeinfigure A.14, conformingto Alpha-Beta's
postcondition. Due to the “store” operation in figure 3.2, this tree is saved in memory
so that its backed-up values can be used in alater pass. The max solution tree stored
at the end of this pass consists of thenodesa, b, c,d, e, f,g,h,i,j,k, | and m, yielding an
upper bound of 41.

Second pass: (seefiguresA.16 and A.17)

This pass lowers the upper bound on f from 41 to 36. How can we use Alpha-Betato
do this? Since the max solution tree defining the upper bound of 41 has been stored by
the previous MT call, Alpha-Beta can re-traverse the nodes on the principal variation
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(a b, c,d,e) to find the critical leaf e, and see whether expanding its brother will yield
a search tree with alower minimax value. Finding this critical leaf, and selecting its
brother for expansionisthe essence of the* best-first” behavior of SSS* (and MT-SSS*).
The critical leaf e has a min parent, node d, so expanding the brother can lower its
value, which will, in turn, lower the minimax value at the root of the max solution tree.
Since this value is the maximum of its leaves, there is no point in expanding brothers
of non-critical leaves, because then node e will keep the value of the root at 41. Thus,
based on the information that the max solution tree provides, thereis only one node (n)
whose expansion makes sense. Other nodes are worse, since they cannot change the
bound at the root.

To give Alpha-Beta the task of returning a value lower than f* = 41, we giveit a
search window which will cause it to fail low. The old window of (eo — 1,0} will not
do, since the code in figure 3.2 will cause it to return from both nodes b and h, with a
valueof 41, lower than +eo, but not the lower upper bound. A better choiceisthe search
window (f* — 1, f*), or (40,41), which prompts MT to descend the principal variation
and return as soon as alower f* on node ais found. It descendsto nodes b, c,d,eand
continues to search node n. It will back up value 5 to node d and cause a cutoff. The
value of d is no longer determined by e but by n. Node e is no longer part of the max
solution tree that determinesthe sharpest upper bound. It has been proven that e can be
erased from memory as long as we remember that n is the new best child (not shown
in the MT code). The value 5 is backed up to c. No beta cutoff occurs a ¢, so f's
bound is retrieved. Since f* ¥ y at node f, MT does not enter it, but usesc. f* = 12
for g. 12 isbacked up to b, where it causes an alpha cutoff. Next, 12 is backed up to
a. Sinceg < vy, node h is probed, but sincec. f* ¥ y (36 ¥ 41) it is not entered. The
call MT(a, 41) failslow with value 36, the sharper upper bound. The max solution tree
defining thisbound consistsof nodesa, b, ¢, d, n, f, g, h,1,j,k | and m(that is, node e has
been replaced with n).

By storing previously expanded nodes in memory, and calling MT with the right
search window, we can make it traverse the principal variation, and expand brothers of
thecritical leaf, to get abetter upper bound on the minimax value of the root, in exactly
the same way as SSS* does.

Third Pass: (seefiguresA.18 and A.19)

In the previous pass, the upper bound was lowered from 41 to 36. A call MT(a, 36) is
performed. From the previous search, weknow that b hasan f* 7 36 so it isnot entered;
h. f* > 36, soit is. The algorithm follows the principal variation to the node giving the
36 (htoitol to m). The brother of mis expanded. The bound on the minimax value
at the root has now been improved from 36 to 35. The max solution tree defining this
bound consists of nodesa, b, c,d,n, f,g,h,i,j,k | and o.

Fourth Pass. (seefiguresA.20 and A.21)
Thisisthelast passof MT-SSS*. We will find that the upper bound cannot be lowered.
A cal withwindow (f* — 1, f*), or MT(a, 35), is performed. In this pass we will not
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skipped

skipped

36

Figure A.18: MT-SSS* Pass 3

On cutoff? fn

Tn

fh

T+

# | n :

40 | a 36 —w —o0 36 ahb.cdnfghijklm
41 | b 36 12 12¥36 — 12 b,cdn,f,g

2| h 36 +e —oo 36 hijklm

B|li 3B - —oo 36 ijklm

4 | j 36 10 10436 — 10 j.k

45 | 36 +oo —o0 36 |, m

46 |m 36 36 3BF+e 36 m teo M

47 | o 36 3H — 0 35 o

48 | | 36 35 1 — I,mo 35 lo

9 (i 36 3 L —= i, Imo 35 ijklo

50| h 36 3 35%36 -« 35 hijklo

51| a 36 35 1 —oo 35 abcdnfghijklo

Figure A.19: MT-SSS* Table Pass 3

skipped

skipped 36 35

50 36

Figure A.20: MT-SSS* Pass 4
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#ln mn On cutoff?  fn  Tn a1
52| a 35 - —oo 35 abcdnf,
g, hijklo

53| b 3 12 12735 — 12 b,cdef,g

54 h 35 +oo —o0 35 h|i,j,k|||0

55 | i B  —w — i,I,mo 3B ijklo

56 | j 35 34 34435 —w 34 gk

57 | 35 +oo —o0 36 |, m

588 | m 3 36 36%¢3 36 m +o M

59 (0] 35 35 35 7 +oo 35 (0] +oo (0]

60 | | 35 35 1 35 I,mo +o |0

61 | i 35 35 1 35 ilmo +oo i,j,k 1,0

62| p 35 - —o0 +oo

63| q 35 +w —oo +oo

64| s 3B 50 50 S +o0 S

65|t 35 36 36 t +oo  t

66 | q 35 36 1 36 qgst too Qi

67| p 3 36 36¢3 36 pogst +oo

68| h 3 35 1 35 hil,monpaqgst +- hijklo

69| a 3 35 1 35 ahilm +~ ab,cdn,f,
0,p,q St g, hijklo

Figure A.21: MT-SSS* Table Pass 4

find afail low as usual, but afail high with return value 35. The return value is now
alower bound, backed-up by a min solution tree (all children of a min node included,
only onefor each max node).

How does Alpha-Beta traverse this min solution tree? The search follows the
critical path a, h,i,1 and 0. At nodel, child mhasc. f~ « vy, soitisnot entered. Now 0
is entered but not evaluated sinceit is no longer open. Node o returns the stored bound
o. f* = 35. The value of the children is retrieved from storage. Note that the previous
pass stored an f* value for | and o, while this pass storesan f~. Nodei cannot lower
h'svalue (g > v, 35 > 35, no cutoff occurs), so the search explores p. Node p expands
g which, in turn, searches sand t. Since p is a maximizing node, the value of q (36)
causes a cutoff: g ¢ y, noder is not searched. Both of h's children are> 35. Node h
returns 35, and so does a. Node a was searched attempting to show whether its value
was < or > 35. Node h provides the answer: greater than or equal. This call to MT
fails high, meaning we have a lower bound of 35 on the search. The previous call to
MT established an upper bound of 35. Thus the minimax value of the treeis proven to
be 35.

We see that nothing special is needed to have Alpha-Betatraverse the min solution
treea, h,i,I,mo0,p,g,sandt. The ordinary cutoff decisions cause its traversal, when
a=f"(a)—1landp = f"(a).

Inthe previousfour passeswe caled MT (Alpha-Beta) with aspecial search window to
have it emulate SSS*. This sequence of calls, creating a sequence of fail lows until the
final fail high, can be captured in asingleloop, given by the pseudo code of figure 3.1.



Appendix B
Equivalence of SSS* and MT-SSS*

This appendix discusses the ideas behind the equivalence of Stockman's SSS* and
the new reformulation MT-SSS*. We do not present a formal proof in this appendix.
That can be found in [106]. An outline of the full proof can be found in appendix
A of [113, 112]. The aim of the current appendix is to convey the idea behind the
equivalence. It can be regarded as an “informal proof,” or as an illustration supporting
theformal proof, which requiresacertain amount of familiarity with theold formulation
of SSS*.

B.1 MT and List-ops

Figure B.1 shows an extended version of MT, to be called by MT-SSS*, shown in
figure B.2. The list operations (list-ops) between {* and *} are inserted to show the
equivalence of MT-SSS* and Stockman’s SSS*. The value of h is the current value of
y. (Inimplementations of MT-SSS* the list-ops should not be included.) Theclaimis
that, when called by MT-SSS*, the list operationsin MT cause the same I” operations
to be applied asin Stockman's original formulation. These list-ops are the core of the
equivalence proof [106]. Their place in the MT code shows in a clear and concise
way where and how the SSS* operators fit in the way Alpha-Beta traverses a tree.
The example in appendix A.3 can be used to check this. Without the list-ops, the call
MT(n, y) is an ordinary null-window Alpha-Beta(n,y — 1, y) search, except that MT
uses one bound, making the code a bit simpler.

MT-SSS* and SSS* are equivalent in the sense that they evaluate the same leaf
nodes in the same order, when called on the same minimax tree. In the previous
chapters and examples SSS* and MT-SSS* have been treated primarily as algorithms
that manipulate max solution trees. The origina SSS* formulation stresses the min-
solution-treeview. Thefull story is, of course, that both max and min solution treesare
manipulated by SSS*, just as Alpha-Beta's postcondition in section 2.1.3 shows that
Alpha-Beta also constructs both types of trees.

The critical tree that proves the minimax value of a game tree is a union of the
max solution tree with the lowest possible upper bound, and the min solution tree with
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/* For equivalence with SSS* this function must be called by MT-SSS*  */
/* (seefigure B.2) */
/* MT: storage enhanced null-window Alpha-Beta(n,y — 1, y). */
/* nisthenodeto be searched, y — lisa, yisB inthecal. */
function MT(n,y) — g;
if n=leaf then
retrieven. f~,n. f*; /* non-existing bounds are + o */
if n.f~ = —wandn. f" =+ then
{* List-op(4,n); *}
g :=eva(n);
gseif n.f* =+ theng:=n.f";eseg:=n.f";
elseif n=max then
{* retrieven. f=,n.f5if n.f* =+ and n. f~ = —e then List-op(6, n); *}
9= —oo
c :=firstchild(n);
* g > y causes a beta cutoff (8 = y) */
whileg< yandc# L do
retrievec. f*;
if c.f* >y then
g :=MT(c,7);
{* if g >y then List-op(1,c); *}
glseg ==c.f";
g :=max(9,9);
¢ := nextbrother(c);
else/* nisamin node*/
{* retrieven.f,n.f5ifn.f" =+ and n.f~ = —e then List-op(5,n); *}
g = too;
c := firstchild(n);
[* g < y causes an alpha cutoff (a« =y — 1) */
whileg>yandc# L do
retrievec. f~;
if c.f~ < ythen
g :=MT(c,y);
{*ifg >ythen
if ¢ < lastchild(n) then List-op(2, ¢); else List-op(3, ¢); *}
gseg :=c.f;
g:=min(g.9);
¢ := nextbrother(c);
[* Store one bound per node. Delete possible old bound (see page 53). */
ifg>ythenn. f~ :=g; storen.f;
gsen.f":=g; storen.
returng;

Figure B.1: MT with SSS*’s List-Ops
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function MT-SSS*(n) — f;
g 1= oo
repeat
v=0
g:=MT(n,7);
untilg=1;
return g;

Figure B.2: SSS* as a Sequence of MT Searches

the highest possible lower bound. SSS* can be regarded as an interleaving of two
processes, one working downward on the max solution tree part of the final minimal
tree, and one working upward on the min solution tree part. First amax solutiontreeis
expanded downwardsfrom theroot. Next, SSS* constructsamin solution tree growing
upwards off of the critical leaf. The aim isto create a min solution tree that reaches all
the way up to the root, and has the same value as the max solution tree, because that
signals that the critical tree that provesthe minimax value has been constructed.

However, often this processis ended prematurely, when SSS* findsthat the val ue of
the min solution tree drops below that of another node/min solution tree, which causes
the whole processto start over again, giving SSS* its interleaved nature.

B.2 MT and the Six Operators

Turning to figures B.2, B.1, and 2.17, the construction of solution trees by the six
operators will be discussed in a little more detail, focusing on the circumstances in
which SSS* and MT invoke the six I" operators.

Many of the operations that SSS* performs have a minor, local, effect: a max
solution treeis being expanded, or SSS* backtracksto the node where the next one will
be grown. However, at some points operations with a more major, global, nature are
performed. When operator 4 has evaluated the last leaf of a max solution tree, and all
the entriesin the OPEN list are solved, the highest h value drops. The selection of the
next entry, through SSS*’s sorting of the OPEN list, is a major decision point, where
SSS* selects anode which isin acertain sense globally “best” (figure 2.18).

In MT-SSS* the minor, local, operations are performed by the MT code, by having
anull-window Alpha-Beta search construct a solution tree. The major decision to find
the next node which is globally “best” occursin MT-SSS* when MT is caled at the
root to traverse the critical path to the critical leaf. In MT-SSS* the global decisions
aremore visible than in SSS*, since they coincide with a new pass of the main loop.

A number of features of SSS* play an important role in this discussion. At any
time, the highest h value in the OPEN list is an upper bound on the minimax value of
theroot of thegametree. Theentriesaretheleavesof apartial max solutiontree. When
the OPEN list consists only of solved entries, a pass of the main loop of MT-SSS* has
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ended (assuming that only one critical path exists). The entriesin thelist are the leaves
of atotal max solution tree, that is rooted at the root of the game tree.

Concerning MT, thefollowing pre- and postcondition hold (following Alpha-Beta's
postcondition in section 2.1.3): at a fail high, MT has traversed a min solution tree,
whosevalue f~(n) isstored with noden. At afail low, MT hastraversed amax solution
tree, whose value f*(n) is stored with node n. Since MT is called by MT-SSS* with
y = f*(root), the node on which MT is called is either open, or part of a max solution
tree.

The SSS* notions live and solved correspond to the Alpha-Beta notions open
(children not yet expanded) and closed (all children expanded). The term sub max
solution treeisused for amax solution treewhoseroot isaninterior node, not necessarily
the root of the game tree, in other words, a smaller, deeper, max solution tree. A sub
max solution tree may even be as small as asingle leaf. The same appliesto the term
sub min solution trees.

It will be shown that the list-opsin MT cause the same operations to be performed
on the OPEN list as the origina SSS* operators. One of the key points is that SSS*
always selectsthe entry with the highest h value. (Other preconditions of the operators,
such as being applied to an open node or to a max node, are easily verified from the
MT codein figure B.1.) Therefore, the focus of attention in the following discussion
will be on how MT performs all the list-ops on the (Ieft-most) node with the highest h
value.

The key circumstances in which the six operators are invoked are discussed from
the viewpoint of SSS* and MT.

SSS¢: At the start of the algorithm, the OPEN list is empty. The entry with the

highest h value is the root. SSS* now expands the left-most max solution tree using
the operators 4, 5, and 6.
MT: MT selectsthisentry, below which the left-most max solution treeis expanded (by
Alpha-Beta's postcondition), applying list-op’'s 4, 5, and 6. Examination of the SSS*
operators on the one hand, and the M T code on the other, shows easily that the list-op’s
in MT follow the same expansion sequence as the operatorsin SSS*.

SSS+: At the start of another pass of MT-SSS*, the OPEN list contains only solved

entries, that form the leaves of atotal max solution tree. The highest entry is an upper
bound on the minimax value of theroot, and containsthecritical leaf of themax solution
tree.
MT: The conventional Alpha-Beta cutoff decisions cause MT to traverse the |eft-most
critical path of the max solution tree, along which y = f*(n) = f*(root) holds, until the
left-most critical leaf isreached. (In closed max nodestheleft-most childwithc. f* =y
is entered; the highest child among the children in the max solution tree. In closed min
nodes the left-most child with c. f~ = —= < y is entered; the only child in the max
solution tree.) Thus, both SSS* and M T select the critical |eaf to be operated upon.

Next, SSS* selects the node where a sub max solution tree will be expanded, in
order to try to lower the upper bound on the minimax value of the root.

SSSF: Depending on the parity of the depth of the tree, either operator 1, or 2/3 are
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performed on the critical leaf. (Turning to the MT code, the critical leaf’s value is
equal to y, so the inner MT call fails high with g > y.) Assuming an even depth of
the tree, operator 2 or 3 are performed. These operators expand the “best” node: the
node (or rather, the sub max solution tree which happens to be only a single node)
that can influence the value at the root (see also figure 2.18). If the critical leaf has an
unexpanded brother, then operator 2 selectsit.

MT: In MT the unexpanded brother is selected because the return valueg > y does not
cause a cutoff. (The MT-SSS* code ensuresthat y = f*(root) is equal to the highest h
value).

SSS: If all open brothers of the critical leaf have been expanded with decreasing
their h value, operator 3 applies, which performs half of the back-up operation to start
expanding the next smallest sub max solution tree. Operator 1 applies next, which
does the other half of the back-up motion, putting a max node at the front of the list,
to be replaced by operator 2 by its next brother, starting the expansion of the sub max
solution tree by operator 4, 5 and 6 just as when the sub max solution tree were only
asingle node, only it is bigger. (For odd depth trees, the part of the back-up process
starting with operator 1 also applies.)

MT: In MT the back-up motion of operator 3 occurs because there are no more
children, causing MT to automatically back-up to its parent. The back-up motion of
operator 1 occurs becausethereturn valueof theinner MT call isstill afail high(g > v),
which causes a cutoff in the max parent because g « v, causing MT to back-up. Inthe
min nodewhere MT endsup, thereturn valueis still afail high, which causes no cutoff,
so the next child is expanded, just like operator 2 does. (Of course, if no brother exists
for operator 2, operator 3 applies. And if operator 1 putsthe root on thelist, which has
no brothers, MT/MT-SSS* and SSS* both terminate.) Thus MT and SSS* also select
the same nodes when the place to expand the sub max solution treeisto be determined.

Expansion of the sub max solution tree succeedsif the value of h islowered, or in
MT terms, if the inner MT calls fail low. If it fails high, a min solution tree will be
constructed. (Inthe MT case thisfollows from the Alpha-Beta postcondition.)

SSS+: The question of failing high or low occurs when operator 4 is performed.
A “fail high” causes the h value of the first entry to stay the same, so the backing-up
operators for solved entries 1, 2 and 3 are applied, in the same fashion as described
previously. A “fail low” causes another entry to have the highest h value. This entry
has been inserted by operator 6, the only operator that inserts multiple entries into the
list. All of the entriesinserted by operator 6 have the same h value. The only operator
that can lower an h value is number 4. When this happens, the next brother (or rather,
(great) uncle) appears at the front. (No entries from outside the sub max solution tree
to be constructed can enter, because their h valueis lower.) In thisway, aslong asthe
expansions“fail low”, amax solution tree is expanded in the same way as the left-most
max solution treein the first pass.

MT: In MT, construction of a sub max solution tree after afail low is easy to see from
Alpha-Beta' s postcondition, or from the code. (The same appliesfor asub min solution
tree after afail high).
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This concludes the description of a single pass of MT-SSS*. Next, the globally
“best” node is selected—in SSS* since the OPEN list is sorted, in MT-SSS* because
the stored f*(n) values together with the y value cause MT to traverse the critical path.

The previous explanation indicated that SSS* and M T perform the same operations
on the OPEN list for the following cases:

o At thefirst cal to MT from MT-SSS*, where the left-most max solution treeis
constructed.

« When finding the critical leaf in subsequent callsto MT from the main loop of
MT-SSS*, where the OPEN list contains the leaves of a max solution tree.

« When further expanding parts of the tree in order to get a better upper bound on
the root (fail low), or finding that the current upper bound is the minimax value
(fail high).

Comparing SSS* to MT/MT-SSS*, the ingenuity with which the six I" cases emulate
Alpha-Beta's behavior in MT-SSS* is extraordinary. Why SSS* was created in its old
formiseasier to seeif onerealizesthat itsrootsliein AO*, an algorithm for the search
of problem-reduction spaces[93].



