R* Search: The Proofs

Maxim Likhachev Anthony Stentz
Computer and Information Science The Robotics Institute
University of Pennsylvania Carnegie Mellon University
Philadelphia, PA 19104 Pittsburgh, PA 15213
maximl@seas.upenn.edu axs@rec.ri.cmu.edu

1 Introduction

The pseudocode in Figure 1 is slightly different from the one presented in
the main paper. In particular, every state s now maintains an additional
variable, v(s), which is initially set to oo, and then is reset to the g-value of s
every time s is expanded. This modification simplifies the proofs. Otherwise,
the v-values are not used in the algorithm, and therefore it should be clear
that the pseudocode in Figure 1 is algorithmically identical to the pseudocode
of R* as presented in the main text of the paper.

Henceforth, all line numbers in the text of the proofs will refer to the
pseudocode in Figure 1.

2 Notations and Assumptions

c(s,s") > 0 - the cost of a transition between states s and s’ € succ(s)
in the original graph

€ - the inflation factor. We restrict that 1 < e < o00.

e 7(u,v) - a path from state u to state v in the original graph

c(m(u,v)) - the actual cost of path 7(u,v) which is the summation of
the costs of the transitions on the path



Topt (U, V) = arg miny(y ) ¢(m(u,v)) - an optimal path from u to v in the
original graph

c*(u,v) = c(mopt(u, v)) - the cost of an optimal path from u to v in the
original graph

h(s,s') - heuristics. It (under) estimates the cost of an optimal path
from s to s’. It needs to be consistent: h(Ss, Sgoa1) < ¢(s,5") +h(S', Sg0al)
for any s and any successor s’ of s if s # Sg0a and h(s, Sgoa) = 0 if
§ = Sgoal-

I' - the graph of all states generated by R* plus sgu, if it hasn’t been
generated yet. Thus, initially I' contains only sgare and sgea. After-
wards, every time any state s is expanded, its successors - the states
that appear in the set SUCCS(s) on line 26 - and the edges from s to
these states are added to I

c(paths ¢ ) - the actual cost of the path encoded in paths ¢ . It is assumed
to be infinite if path, ¢ = null.

7l (u,v) - a path from u € T to v € T in graph T using the edges in I’

W,l;p(u, v) - a path 7! (u, v) re-constructed using backpointers. In other
words, any two consecutive states s; € I' and s;1 € ' on the path are
such that s; = bp(s;11).

Clow(m" (u,v)) - the cost of the path 7'(u,v) in which the cost of a
transition between any two consecutive states s; € I' and s;,.1 € ' on
the path is equal to the variable ¢, (paths, s,,,). It is assumed to be
infinite, if 75, (u, v) contains a state s # u such that bp(s) = null.

Tp (U, V) = argmingr (, ) Ciow (7" (4, v)) - an optimal path in between

states u and v in terms of costs ¢y,

c(m"(u,v)) - the actual cost of the path 7' (u,v) in which the cost of a
transition between any two consecutive states s; € I' and s;.1 € ' on
the path is equal to c(paths, s,,,) - the actual cost of the path path,, s, .
It is assumed to be infinite, if ng(u, v) contains a state s # u such that
bp(s) = null.



o (7 (u,v)) - the cost of the path 7! (u,v) in which the cost of a tran-
sition between any two consecutive states s; € I' and s;,1 € I' on the
path is equal to c¢*(paths, s,,,) - the cost of an optimal path from s;
to s;41 in the original graph. It is assumed to be infinite, if m,(u,v)
contains a state s # u such that bp(s) = null.

Let us also define g.(s) = mingsesvcos) (v(s’) +ec(s’, s5)) if s # sgare and
ge(s) = 0 otherwise. We also assume that min operation over an empty set
returns a vector of the expected dimensions in which each of its dimensions
is set to oo. For example, mingcoppn(k(s)) = [oo; o0] if OPEN = ().

Finally, we also assume the following about the TryToComputeLocalPath
function.

Assumption 1 Right after the execution of line 7 the following holds:

o Clow(Pathyys),s) < €c*(bp(s),s) if pathyps),s = null;

hd c(pathbp(s),s) < Clow (pa'thbp(s),s) < EC*(bp(S)a S) Zf pathbp(s),s 7£ nuu;

3 Basic Theorems

Lemma 1 At line 17, the following holds for all s,s" € T' such that s’ €
SUCCS(s):

o Ciou(pathsy) < ec*(s,s') if paths s = null;
o c(pathss) < ciow(pathsy) < ec*(s,s") if paths ¢ # null;

Proof:

For each state s, the set SUCCS(s) is created on lines 23-26. Right
after it, for each member s’ of SUCCS(s), we set pathsy = null and
Clow(pathss) = h(s,s") < ¢*(s,s’) which is consistent with the theorem.

Afterwards, the only place where we can potentially modify either
path(s,s’) or ¢jp,(paths ) is on line 7. However, the modifications are con-
sistent with the statement of the theorem according to the assumption 1.
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Lemma 2 At line 17, OPENUCLOSED contains all and only states in I'
except possibly for states with infinite g-values. Also, OPEN NCLOSED =

0.

procedure UpdateState(s)
if (g(s) > €h(sstart,s) OR
(pathyp(sy,s = null AND path to s seems to be too hard to compute))
insert/update s in OPEN with priority k(s) = [1, g(s) + €h(s, Sgoa1)];
else
insert/update s in OPEN with priority k(s) = [0, g(s) + € h(s, Sgoa1)];

procedure ReevaluateState(s)

[Pathyp(s),ss Clow (Pathyp(s),s)] = TrytoComputeLocalPath(bp(s), s);

if (pathyy(sy,s = null OR g(bp(s)) + Clow (Pathyy(s),s) > € h(sstart, 5))
bp(s) = argming/|scsuces(s')(9(s") + clow(Pathy s));

g(s) = g(bp(s)) + crow (Pathyp(sy,s);

UpdateState(s);

procedure PESS()
9(8goal) = v(8goal) = 00, bp(sgoal) = bp(sstart) = null, k(sgoa1) = [1, 00];
OPEN = CLOSED = {;
g(sstart) = 0, v(Sstart) = 00;
insert sstart into OPEN with priority k(sstart) = [0, € h(Sstart, Sgoal)];
while (k(sgoa1) > ming, coppnk(s’) AND OPEN # ()
remove s with the smallest priority from OPEN;
if 8 # Sstart AND pathbp(s)”g = null
ReevaluateState(s);
else
v(s) = g(s); insert s into CLOSED;
let SUCCS be the set of K randomly chosen states at distance A from s
if distance from sgoa1 to s is smaller than or equal to A
SUCCS(s) = SUCCS(s) U {sgoar};
SUCCS(s) =SUCCS(s) — SUCCS(s) N CLOSED
for each state s’ € SUCCS(s)
[paths,sx ) Clow (paths’s/)] = [null, A(s, Sl)]?
if s’ is visited for the first time
g(s’) = v(s’) = oo, bp(s’) = null;
if bp(s’) = null OR g(s) + clow (Paths ) < g(s)
9(s") = g(s) + crow (pathy g ); bp(s') = s;
UpdateState(s’);

Figure 1: The pseudocode of R*

Proof: We prove by induction. By definition, I' contains sgart, Sgoal,
and all states generated on line 23. During the first execution of line 17, no
states other than sgar and sgea have been generated, sgary in OPEN and

9(Sgoa1) = 00. Thus, the theorem holds at this point.
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Now suppose the theorem holds at the ith execution of line 17. We need
to show that it continues to hold during the next execution of line 17. First,
a state s is removed from OPEN on line 18, but then it is either reevaluated
on line 20, in which case it is inserted into OPEN at the end of the function,
or it is expanded and therefore is inserted into CLOSED on line 22. Thus, s
remains in either OPEN or CLOSED but not both.

The set of states in I' is then grown on line 23. On line 26 we trim
SUCCS(s) to contain only the states that are not in CLOSED. By induction
then, if a state s € SUCCS(s) then it is either in OPEN, or it has infinite
g-value, or it has never been generated before. In the latter case, its g-value is
set to oo right afterwards (line 30). Thus, now every state s € SUCCS(s) is
either in OPEN or has infinite g-value. The g-values of states in SUCCS(s)
can potentially decrease (and become finite) on line 32. But then every
state whose g-value decreases is inserted into OPEN during the call to the
UpdateState function on on the next line. Thus, the theorem continues to
hold during the next execution of line 17 and holds during every execution
of this line by induction. =

Lemma 3 Suppose state s is being expanded on line 22. Then the next time
line 17 is executed v(s) = g(s), where g(s) before and after the expansion of
s is the same. Afterwards, v(s) and g(s) remain the same until the algorithm
terminates.

Proof: v(s) is set to g(s) right on line 22. We thus only need to show
that g(s) does not change while s is being expanded. This follows from the
fact that at the time s is selected for expansion it is added to CLOSED.
Consequently, s can not be in the set SUCCS(s) since all states in CLOSED
are removed from SUCCS(s) on line 26. As a result, g(s) can not be changed
since the only states whose g-values get modified are those that are in the
set SUCCS(s).

Once state s gets inserted into CLOSED it is never removed from it.
Thus, from lemma 2 it follows that it never gets inserted into OPEN and
therefore can not be re-expanded. As a result, its v-value can not be modified
since it is only modified for states that are either expanded (line 22) or states
that have not been visited before (line 30). g(s) can not be modified either
since it is modified only for states selected from OPEN for reevaluation
(line 20) and for states that are successors of the state that is being expanded
(lines 30 and 32) and the set SUCC'S does not contain any states that are
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in CLOSED due to line 26. Thus, v(s) and ¢(s) remain the same until the
algorithm terminates. =

Lemma 4 On line 17, for any state s € I', v(s) > g(s).

Proof: We prove by induction. The theorem clearly holds during the first
execution of line 17 since ¢(Sgart) = 0 < v(Sstart) = 00, G(Sgoal) = V(Sgoal) =
oo and there are no other states in I' at this point.

Now suppose the theorem holds at the ith execution of line 17. We need
to show that it continues to hold during the next execution of line 17. All
the states added to ' have their v-values set to oo on line 30. The only place
where a v-value is changed from infinity to a potentially finite value is line 22.
It is set there to the g-value of the state. However, on the same line, the state
is inserted into CLOSED and its g-value never changes afterwards according
to lemma 3. Thus, the theorem continues to hold during the next execution
of line 17 and holds during every execution of this line by induction. =

Lemma 5 No state s € T is selected more than once for expansion on
line 22.

Proof: Once a state s is selected for expansion on line 22, it is inserted
into CLOSED. Since it never gets removed from CLOSED, it will never re-
appear in OPEN according to lemma 2 and will therefore never again will
be selected for re-expansion. m

Lemma 6 At line 17, for any state s € OPEN it holds that if the first
element of k(s) is 0, then g(s) < € h(Sstart, S)-

Proof: The statement holds during the first execution of line 17 because
OPEN contains only sg.+ whose g-value is 0.

Afterwards, every time a g-value of any state s is modified (lines 10
and 32) or initialized (line 30), the function UpdateState is called on it which
updates k(s) to be consistent with the statement of the theorem. =

Theorem 1 At line 17, ¢(Sstart) = 0, and for ¥s € T' such that s # Sstart,
the following inequality holds

o g(s) =v(bp(s)) + Clow(Pathyys),s) if bp(s) # null;
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e g(s) =00 if bp(s) = null;
and at least one of the following inequalities holds:

b g(S) S 6h‘(sstarta S)
e g(s) = mingsesvcoss)(V(s') + cow(pathy s))

Proof:

Let us first prove the first part of the theorem: g(Sstary) = 0 and for every
other state s € I', g(s) = v(bp(s)) + Ciow(Pathpys),s) if bp(s) # null and
g(s) = oo otherwise. We prove by induction. This holds during the first
execution of line 17 because g(Sstart) = 0, §(Sgoal) = 00, bp(Sg0a1) = null and
there are no other states in I'.

Afterwards, every time bp-value is set to null for newly generated states
on line 30, the g-value of the state is also set to oo on the same line. A g-value,
v-value, bp-value and ¢, (pathy ) may also change on line 22, lines 28-32
and during the call of the ReevaluateState function on line 20. In the first
case, we expand state s for the first time according to lemma 5 and therefore
there are no successors of s yet and the change to its v-value does not affect
any other states. Once the successors of s are generated on lines 23-26, the
execution of line 32 makes sure that g(s') = g(bp(s")) + Ciow(Pathip(s),s) if
bp(s') = s. Moreover, according to lemma 3, g(s) = v(s). Thus, g(s') =
v(bp(s")) + Clow(Pathip(sy,s). 8" can not be sgary because sgar gets expanded
and inserted into OPEN at the beginning of the first iteration of the while
loop and therefore subsequent SUCCS(s) sets can not contain sy because
of line 26. Therefore, g(Ssary) continues to be zero. Thus, the theorem
continues to hold after a state is expanded.

In case of calling the ReevaluateState function on state s on line 20,
the execution of line 10 makes again certain that g(s) = ov(bp(s)) +
Clow(Pathip(s),s), because in order for s € SUCCS(bp(s)), bp(s) must have
been expanded and therefore g(bp(s)) = wv(bp(s)) according to lemma 3.
Also, bp(s) # null because bp-values are set to non-null values before each
call to UpdateState function which inserts states into OPEN. 1t also remains
that g(sstars) = O since the the ReevaluateState function could not have been
called on sga¢ because of the test on line 19. Thus, the first part of the
theorem continues to hold during the next execution of line 17 and holds
during every execution of this line by induction.



We now prove the second part of the theorem, namely that for every state
ERS F, S 7é Sstart s either g($> < 6h/(sstarta S) or g($> = mins’|s€SUCC’S(s’) (U<3/> +
Clow(paths ), or both. We again prove by induction. It holds during the
first execution of line 17 because apart from sgay, I' contains only sg0a1 and
9(Sgoal) = 00 = mings,  esvcoss) V(") + cow(pathy s,,..))-

Now suppose the second part of the theorem holds at the ith execution of
line 17. We need to show that it continues to hold during the next execution
of line 17.

This part of the theorem can be affected by changes in v-values, g-values
and c¢j,-values. First, let us consider the changes in v-values. In the main
body of the while loop, there are two places where v-values change: line 22
and line 30. In the latter case, v is set to oo for states that have never been
visited and therefore could not have had any successors. This operation
therefore can not break the theorem. In the former case, v(s) is set to g(s).
However, for every successor s’ of s, its g-value is decreased so that it is
consistent with the statement of the theorem on line 32 since g(s) = v(s) at
this point because v(s) was set to g(s) on line 22 and ¢(s) remained the same
according to lemma 3.

Now let us consider the changes in g- and ¢j,,-values. They happen on
lines 28, 30, 32, 7 and 10. In case ¢ (paths g ) is set on line 28, then g(s')
is updated appropriately on lines 31-32, where g(s) = v(s) as we have just
shown. In case the g-value of a newly generated state is set to oo on line 30,
then it does not yet have any predecessors.

Now consider the changes on lines 7 and 10. Before entering the
ReevaluateState function, the theorem holds by induction. Suppose the
test on line 8 succeeds. Then the execution of line 10 results in g(s) =
ming|sesvccss)(9(s") + Cow(pathy s)) which is consistent with the theorem
since g(s") = v(s’) because s’ must have been in CLOSED in order for it to
have s as a successor and all states in CLOSED have their g-values equal to
their v-values according to lemma 3.

Now suppose the test on line 8 fails. This means that g(bp(s)) +
Clow(Pathip(s),s) < € h(Sstart, s)) and therefore the execution of line 10 results
in g(s) < e€h(Sstart, s)). Thus, the second part of the theorem also continues
to hold during the next execution of line 17 and holds during every execution
of this line by induction. =

Theorem 2 At line 17, for any state s € I', ¢(mp,(Sstart; 5)) < g(s) < v(s).



Proof: v(s) > g(s) holds according to Lemma 4. We thus only need to
show that ¢(my,(Sstart: §)) < g(s). The statement follows if g(s) = co. We
thus assume a finite g-value.

Consider a path ﬂfp(sstart,s) from Sgqre t0 S1 Sg = Sstart, S1, ..., Sk = S,
where s; € T" for all 0 < ¢ < k. Then from the definition of such path
for any i > 0, g(s;) = v(si—1) + Cow(paths, ,s) > g(si—1) + clow(paths, . s;)
from theorem 1 and lemma 4. For i = 0, g(s;) = ¢(Sstare) = 0. Thus,
g(S) = g(sk) > g(skfl) + ClOU)(pa’thSkfl»sk) > g(‘gk*?) + Clow(path‘skfmskq) +
Clow(Pathg, | s.) > ... = 3i—1 k Clow(paths,_, ;). Moreover, from lemma 1 it
follows that g(S) > Zj:l‘.k C(pathsj_l,sj) = C(Trll;p(sstarm S)) u

4 Main Theorems

For the purpose of the following few theorems we will introduce the following

set Q):

Q = {u|v(u) > ge(u) ANv(u) > € c*(mh,(Sstare w) } (1)

The set () takes the place of the OPEN list in the next theorem. In
particular, Theorem 3 says that all states s in I' which are ahead of () have
their g-values within a factor of € of ¢*(7y,,(Sstart, 5)). Theorem 4 builds on
this result by showing that OPEN is always a superset of (), and therefore
the states which are ahead of OPEN are also ahead of Q).

Theorem 3 At line 17, let Q be defined according to the definition 1. Then
for any state s € I' with (g(s) + € h(s, Sgoa1) < g(u) + € h(u, Sgoal) Yu € Q), it
holds that g(s) < € c* (), (Sstart, 5))-

Proof: We prove by contradiction. Suppose there exists an s such that
9(s) +eh(s, sgoar) < g(u) +€h(u, sg0a) Yu € Q, but g(s) > ec*(m,(Sstart; 5))-
The latter implies that ¢* (Worpt(sstart, s)) < oo. We also assume that s # Sgyar
since otherwise g(s) = 0 = e c*(m,,(Sstart, 5)) from Theorem 1.

Consider a path ngt(sstart,s) from Sgiary t0 S, (S0 = Sstarty -, Sk = S).
Such path must exist since ¢*(m},,(Sstart, ) < 00. Our assumption that
g(s) > ec* (ngt(sstart, s)) > € h(Sstart, S) means that there exists at least one
si € (S0, ..., Sk—1) whose v(s;) > ec*(worpt(sstart, si)). Otherwise,

g(s) = g(s) = s’\seSr(I]liC’%S(s’)(v(S,) + Cow(pathy ) < //theorem 1



U(Sk—l) + Clow(pathsk 1,sk)
*(Wopt(Sstart,Sk 1)) + Clow(paths, . s k)

e(c*(m gpt(sstart,skq)) + c*(sk—1,8:)) = //lemma 1
)

ect (ﬂ-opt(sstarh Sk) = € C*<7T£pt(sstarta S))

IN A

Let us now consider s; € 7(so, ..., Sy_1) with the smallest index i > 0
(that is, the closest to Sgqr¢) such that v(s;) > ec*(m), (Sstart, 5:)). We will
now show that s; € Q. If i = 0 then g.(s;) = ge(Sstart) = 0 according to the
definition of the g.-values. Thus: v(s;) > ec*(wgpt(sswrt,si)) =0 = g(sy),
and s; € Q. If i > 0 then

U(Si) > EC*(ngt(Sstarta Sz)) -
€ C*(ﬂ-gpt(sstarta Si— 1)) + € C*<Si,1, Si) >

v(si—1) + €c(si-1, 5i)

since we picked s; to be the closest state to Sgae with v(s;) >
ect (ngt(sstart, s;)). Thus,

U(Si> > U(Sz‘—l) + EC*(Sz;l, Si) >

S’\siegll]icr'lcs(s/)<v(8/) + 60*(5/’ Sz))

9e(si)

As such, it must again be the case that s; € Q.
We will now also show that g(s;) < €c*(my,(Sstart, 5:)). It is clearly so
when i = 0 according to Theorem 1. For i > 0, if g(s;) < €h(Sstart, Si)

then g(s;) < ec*(m gpt(sstart, ;)) due to the admissibility of heuristics and
otherwise, from theorem 1, it follows that

9(si) < s'|sie§%ichS( ,)( v(8") + clow(pathy s,)) <
v(si—1) + Cow(paths, | ;) <
€ (o (Sstarts Si-1)) + Clow(paths,_, s,) <
ec*(wgpt(sstart,si_l)) +ec*(sii1,8) <

ec” (ﬂ-gpt<85tart7 i)

We will now show that g(s)+€h(s, Sgoa1) > g(5i)+€h(Si, Sgoa1), and finally
arrive at a contradiction. According to our assumption
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9(s) > € (T (Sstart; ) =
€ " (Topy(50, 51)) + € (Mo (51, 51)) >

9(si) + € (mopy(si, 51.))

Adding € h(s, Sgoa1) On both sides and using the consistency of heuristics:

g(s) + €h(s, Sgoal)

g(si) + ec*(wgpt(si, s)) + € h(S, Sgoal)
g(s:) + € (c*(si,8) + h(s, Sgoal))
g(8:) 4 € h(8i, Sgoar)

v IV Vv

The inequality g(s) + € h(S, Sgoa1) > g(5;) + € h(si, Sgoa) implies, however,
that s; ¢ Q since g(s) + € h(s, Sgoa) < g(u) + €h(u, Sgoa1) Yu € Q. But this
contradicts to what we have proven earlier. m

Theorem 4 At line 17, for any state s € ' with (g(s) + €h(s, Sgoal) <
g(u) + € h(u, Sgou) Yu € OPEN), it holds that g(s) < € c*(my,(Sstart, 5)).

Proof: Let () be defined according to the definition 1. Consider the very
first time line 17 gets executed. At this point, OPEN contains only sga for
which g(Sgart) = 0 < ec* (ngt(sstart, Sstart)) = 0. All other states in I, namely,
Sg0al have infinite g-values. Thus, the theorem holds. Also, during the first
execution of line 17, CLOSED = (), and therefore, the following statement,
denoted by (*), holds: for any state s € CLOSED v(s) < e c*(m,(Sstart 5))-

We will now show by induction that the theorem continues to hold for
the consecutive executions of the line 17 within each call to the ImprovePath
function. Suppose the theorem and the statement (*) held during all the
previous executions of line 17, and they still hold when a state s is selected
on line 18. We need to show that the theorem holds the next time line 17 is
executed.

We first prove that the statement (*) still holds during the next execution
of line 17. If test on line 19 succeeds and s does not get expanded, then
nothing is added to CLOSED and therefore statement (*) continues to hold.
Otherwise, since the v-value of only s is being changed and only s is being
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added to CLOSED, we only need to show that v(s) < ec*(my,(Sstart, 5))
during the next execution of line 17 (that is, after the expansion of s). If
the first element of k(s) is equal to 0, then according to lemma 6, g(s) <
€ h(Sstart; §) < € (T (Sstart; 5)). If the first element of k(s) is 1, then since
when s is selected on line 18 k(s) = min, _opppy(k(u)), we have g(s) +
€h(s, Sgoal) < g(u) + € h(u, Sgon1) Yu € OPEN. According to the assumptions
of our induction then g(s) < ec* (ngt(sstart, s)). As a result, from lemma 3 it
then follows that the next time line 17 is executed v(s) < € c* (7, (Sstart: 5)),
and hence the statement (*) still holds.

We now prove that the theorem itself also holds during the next execution
of line 17. We prove it by showing that () continues to be a subset of OPEN
the next time line 17 is executed. According to lemma 2, OPEN set contains
all states in I" that are not in CLOSED except possibly for sy, if its g-value is
infinite. Since, as we have just proved, the statement (*) holds the next time
line 17 is executed, all states s in CLOSED set have v(s) < € ¢* (7}, (Sstarts 5))-
Thus, any state s that has v(s) > ec*(m},(Sstart; 5)), except possibly for syoa
if its g-value is infinite, is guaranteed to be in OPEN. Now consider any
state u € Q. Then v(u) > €c*(my,(Sstart, u)) according to the definition
of Q. Thus, u € OPEN unless © = Sgou with g(u) = oo. However, if
g(u) = oo, then according to lemma 4, v(u) = g(u) = oo and according to
theorem 1, either v(u) = g(u) < €h(Sstart,u) < € (M (Sstart, 1)) or v(u) =
9(u) = mingesvcos(s)(0(s') + cow(pathy ) < mingesucess)(v(s’) +
ec(pathy ) = ge(u). Therefore, if g(u) = oo, then u ¢ ). This shows that
Q C OPEN.

Consequently, if any state s has g(s) + € h(S, Sgoa) < g(u) + € h(U, Sgoar)
Vu € OPEN, it is also true that g(s) + €h(s, Sgoa) < g(u) + € h(U, Sgoal)
Vu € Q, and g(s) < ec*(my,(Sstart, 5)) from Theorem 3. This proves that
the theorem holds during the next execution of line 17, and proves the whole
theorem by induction. m

Theorem 5 At line 17, for any state s € CLOSED, ¢(my,(Sstart, 5)) < g(s) <
ect (ngt(gstartu s))-

Proof: The fact that c(m,(sstat,s)) < g(s) follows from theorem 2.
To prove that g(s) < ec*(m),(Sstart, s)) if s € CLOSED, consider s at the
time it is being expanded (line 22). We distinguish two different scenarios.
First, suppose the first element of k(s) is 0. Then according to lemma 6,

9(3) S Eh(sstarta S) S EC*(ngt(Sstarta S))

12



Now suppose the first element of k(s) is 1.  Because k(s) =
argmin,_ppNk(s’) since this is how s was selected on line 18, it follows
that any other state s’ in OPEN has k(s’) > k(s). This implies that the
first element of k(s’) is also 1 and the second element of k(s’) is at least as
large as k(s). That is, g(s) +€h(s, Sgoa1) < g(s') +€h(s', sg0a1) for every state
s’ € OPEN. From theorem 4 it then follows that g(s) < ec*(m,,(Sstart, 5))-

Since the g-values and v-values of states in CLOSED do not change ac-
cording to lemma 3, the theorem holds. =

Theorem 6 Suppose on line 23 R* always generates all of the states that
lie at distance A from s. Then upon termination, R* returns a path whose
cost is no more §(Sgon1) Which, in turn, is no more than € times the cost of
an optimal path from Sseart t0 Sgoa1. That is, c(wgp(sstart,sgoal)) < g(Sgoal) <
€ C*(Sstarta Sgoal)-

Proof: The fact that c(ﬂgp(sstart,sgoal)) < g(Sgoa1) follows from theo-
rem 2. To prove that g(Sgoa) < € ¢ (Sstart, Sgoa1) We first show that g(sgea) <
ec*(ﬂgpt(sstart,sgoal)) and then show that either g(Sgoa) < €c*(Sstart, Sgoal)
or I' must contain a path 7' (Sstart, Sgoat) Such that c* (7" (Sstart, Sgoal)) =
c*(Sstarts Sgoal), Which also implies the desired inequality.

We distinguish two scenarios. Suppose sgoa has never been inserted
into OPEN during the execution of R*. Then its g-value remains to be
equal to oo and its priority remains to be equal to [1;00| as they were
set initially. According to the termination condition of the while loop, it
holds that either OPEN = ) or min,_nppnk(s) > k(sga). In the for-
mer case, min,_)ppN9(s’) + €h(s', Sgoal) = 00 = g(Sgoal) + € h(Sgoal, Sgoal)
using our convention that min operator over an empty set returns infin-
ity. In the latter case, the first elements of the priorities of the states in
OPEN are 1s and the second elements are infinite, implying again that
min,_)ppN9I(s) +eh(s'; sgoa1) = 00 = g(Sg0a1) + € M(Sgoa1, Sgoar). Thus, from
theorem 4, it follows that g(sgoa1) < € * (Mo (Sstart Sgoal))-

Now suppose sga1 has been inserted into OPEN during the execution of
R*. Then the only way for it to have been removed from OPEN without
being reinserted immediately afterwards is by being expanded. In this case,
it must have been added to CLOSED on line 22. The fact that g(sgea) <
€ ¢*(mh (Sstart Sgoa1)) then follows from theorem 5.

We now prove that either ¢(sgoa1) < € ¢*(Sstart, Sgoa1) Or I' must contain a
path 7" (Ssart, Sgoat) such that ¢* (7! (Ssart, Sgoa1)) = € (Sstarts Sgoal). We prove

13



by contradiction and assume that g(Sgoa1) > € ¢*(Sstart, Sgoa1) and I' does not
contain a path 7 (Sgpart, Sgoal) Such that ¢* (7! (Sstart, Sgoat)) = € (Sstart, Sgoal)-
This means that there must exist a pair of states s; € I' and s;1; € I" such
that ;4.1 € SUCCS(s;), both s, 8,41 € Topt(Sstarts Sgoal) and s; has been
expanded but s;;; has not. This is so because at least sq.r¢ gets expanded
whenever Sgiart 7 Sgoal-

At the time R* terminates, k(sSgoal) = [1,9(Sgoa1)], because otherwise
9(Sgoa1) < €M (Sstart, Sgoal) < € C*(Sstart, Sgoal) according to lemma 6.

Since the while loop terminated while s;,; was still in OPEN, it must
have been the case that k(sgoa) < k(Sit1). Thus, k(sit1) = [1,9(siy1) +
€ h(Si41, Sgoar)] and consequently,

k(Sgoat) < k(sit1)
g(sgoal) < g(si-i—l) +e€ h(Si—‘rl? Sgoal)
According to theorem 1, either g(s;11) < €h(Sstart, Sit1) Or g(Siy1) =

ming|s,,,esvcess) (V(s") + ow(pathsy s, ,)) (or both). In the former case we
get the following contradiction,

9(Sgoa1) < € (h(Sstart; Siv1) + A(Sit1, Sgoal))
< €e(c*(Sstarts Sit1) + € (Sit1 Sgoal))

= € C*(Sstarta Sgoal)

In the latter case we get a similar contradiction,
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9(Sgoa1) < Mingis,, esvccss)(V(s") + Cow(Pathy s,.,.)) + € h(Sit1, Sgoal)
V(8;) + Clow(Paths, s,,,) + € h(Sit1, Sgoal)
g(sz) + Clow (pathsi,si_,_l) + € h(3i+17 Sgoal)

IN

g(si) +€c*(si, Sit1) + € h(Sit1, Sgoal)

IN

ect (ngt<5start7 51)) + € C*(Si; 3i+1) + € h(51+17 Sgoal)

€ C*(Sstart, Si) + € (84, Sit1) + € (Sit1, Sgoal)

€ (Sstarta Sz‘+1) +e€ h(3i+1> Sgoal)

IA

c*
(C*(Sstarta 32‘—4—1) + C*(si—l-l; sgoal))
*

€
€

& (Sstart ) Sgoal)

5 Analysis of the Confidence on e
suboptimality

For the purpose of this analysis, we will assume that all edges in the graph
have unit costs and each state s has M states lying at distance A edges
from it. We will also assume that every time K states are generated by
search on line 23, they have not been encountered previously by search. This
assumption is correct when the search-space is a tree with a single or multiple
goal states. The tree model of a search-space has been commonly used for
the statistical analysis of A*-like searches [2, 3, 1]. Our assumption is also
approximately correct if K is negligibly small in comparison to the number
of states that lie at distance A from state s that is being expanded.

Let us introduce the following tree, denoted by I'™. The root of the tree
is Sgtart and the successors of each node s’ in the tree are all M successors
lying at distance A edges from state s’ in the original graph. Note that '
may have two states that are the same state in the original graph but are
treated as two different states in '™, because of the way it is constructed.
More generally, two states that have different predecessors in ' are treated
as different states independently of whether they are really the same state in
the original graph.
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We define N; . to be the number of distinct paths ™ (Sstart, v) in T'M such
that they satisfy two conditions: (a) a goal state lies within A edges from v
in the original graph and (b) ¢* (WFM(sstart, V) +c*(V, Sgoa1) < € (Sstarts Sgoal)-
Note that any path ﬂrM(sStart,v) is given as a sequence of states from the
tree TM: {sy = Sgtart; S1,---, 5% = v} such that s; € T™ for 0 < i < k and
s; is a predecessor of ;41 in M for 0 < i < k — 1. Two paths 71" (Seare, ¥)
and 7} M(sstart, v) are considered to be distinct if the sequence of states that
appear on these paths differ from each other in any way.

We define a K random walk on any graph G starting with any state sga
as a process of iteratively building a tree I'® of depth m in the following way:
its root is state Sga; the successors of any state s’ € ' are K randomly
selected successors of state s’ in G. ith step of a K random walk is defined
to be a process of generating all states in I' that will reside at the depth of
i from the root of I'®. Thus, after the Oth step of the K random walk, I'
consists of only sgar; after the 1st step of the K random walk, I' consists
of sgart and K randomly chosen successors of s, from the graph G; after
the 2nd step, I'® is grown further to contain an additional K? states, that
are randomly chosen K successors of K states added in the previous step.

The first two theorems are independent of the algorithm proposed in our
paper but will be used in the proofs of subsequent theorems.

Theorem 7 Consider a tree with constant branching factor of M and N,
goal states at depth | distributed uniformly. A K random walk starting at the
100t Ssart Of this tree generates at least one goal state sgon at lth step with

the probability of 1 — [T % if Ny < M' — K' and 1 otherwise.

Proof: Suppose [ steps of the K random walk construct a tree I'® which
is clearly a subset of the original tree. Let ¢ be the number of goal states
at level [ (leaves) of ', Then P(t > 0) = 1 — P(t = 0), where P(t = 0)
is the probability that I' does not have any goal states as leaves. I'® has
K! leaves, whereas the original tree has M! states at level [ and out of them
there are IV; goal states. We now will derive a formula for P(t = 0).

Let us use L to denote the set of leaf states of I'f and G to denote the set
of goal states at level [ of the original tree. The event ¢ = 0 then corresponds
to the event of having L NG = 0. Suppose first that N; > M! — K!. Then
the event LNG = () is impossible since N; is larger than the number of leaves
in the original tree, M!, minus the number of leaves in I'®, K', meaning that
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at least one of the goal states will have to be a leaf in I'. Consequently,
P(t>0)=1—-P(t=0)=1-—0=1, which is consistent with the theorem.

Now suppose that N; < M'— K'. Then, P(t =0) = >1 ¢ st png—o P(L A
G) = X r.ast.ne=0 P(G|L)P(L). Since we assume that goal states at depth
[ are distributed uniformly, all configurations of N; goal states at level [ are
equally probable and therefore P(G|L) = P(G) =1/ (]\]\/][ll). Thus,

P(t = 0) = ZL,Gs.t.LmG:Q) (TL)P(L)

N

= (;T>ZLZGs.t.LﬂG:Q)P(L) =
= U5 b _
- (Ml) ZL ( ) =
Iy M

Mz) ZL ,G s.t. LNG= @P(L)
Mz) L ( NZKZ)P(L)
Ml )

(Nl)

(
(
(M

(The formula for P(t = 0) above actually corresponds to hypergeometric
distribution: the probability that by selecting at random N; goal states out
of M! states, none of K' leaves of ' are selected.) From this, the theorem
follows by computing P(t >0)=1—P(t=0). =

Theorem 8 Consider a tree with constant branching factor of M and N
goal states distributed uniformly in between levels m and | (including the
levels m and 1) of the tree. A K random walk starting at the 100t Sgpart
of this tree generates at least one goal state sgon at less than or equal to |
steps with the pmbabzlzty of 1 if K = M and N<; > 0, the probability of at

least 1 — ¢~ T=m+1 m+1 if K < M and N<; > M', and the probability of at least
K=1 (M—K)

N. 1 1 l_; = TR .
min(l — [, Y5 1—e ™ T ) otherwise.

Proof:

Let P<;(t > 0) denote the probability that the K random walk generates
at least one goal state at level | or before and P<;(t = 0) = 1 — P<(t > 0)
denote the probability that none of the goal states are generated by it.

Let us first write out the formula for P<;(t = 0). Since goal states are
assumed to be distributed uniformly, the probabilities for generating goal
states at each level are completely independent. Thus, considering the fact
that goal states lie at levels m to [, we get
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Po(t=0) = P(no goal states generated at level m)=
P(no goal states generated at level m+1) *...x
P(no goal states generated at level 1)

We will examine four possibilities: (a) K = M and N¢; > 0, (b) K =
M and N¢; =0, (¢) K < M and No; < M' and (d) K < M and N¢; > M'.

Let us first consider case (a): K = M and N<; > 0. Because of the latter
condition, there exists level j, m < j <[ such that the number of goal states
at this level, Nj, is non-zero. Then, N; > 0 = M7 — M7 = M’ — K7 and
therefore, according to theorem 7, P(no goal states generated at level j) =
1 — P(at least one goal state generated at level j) = 1 — 1 = 0. Hence,
Pyt > 0) =1—Pgy(t =0) =1—0 = 1, which is consistent with the
statement of the theorem.

Let us now consider case (b): K = M and N<; = 0. Then, clearly the
probability of generating one or more states at any level less than or equal to
lis 0. That is, P<;(t > 0) = 0. This is consistent with the theorem, according

- : oK)
to which, P<;(t > 0) > min(l—]_[i]i%l ! M;;ffli_’, e T )=1-1=0.
Let us now consider case (¢): K < M and N¢; < M'. This falls into

the last case of our theorem, and therefore we need to prove that P<(t >
KN i-K)

) Nej=1 afl_gel s KL (M-K) )
0) > min(1-[[5 Y7~ 1—e"~ == ), oralternatively, Pt = 0) <
-1
N<l71 MZ_KZ_' _M
max ([T, A € T—m )
We distinguish two scenarios. First, suppose there exists some

level 7, m < 5 < [, such that the number of goal states
at this level, N; > M7 — KJ.  Then, according to theorem 7,
P(at least one goal state generated at level j) = 1. Therefore, P<(t = 0) =

L Nep—1 pfl_gl_; _KZtor-r) o
0, which is no more than max(J];_5 Y =m— ) since the second

term is positive (in fact, the first term is also guaranteed to be non-negative
because the whole product is equal to zero whenever N¢; > M' — K).

Now suppose that at each level j, m < j <[, the number of goal states
N; < M9 — KJ. Then, according to theorem 7,
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is,

Po(t=0) = P(no goal states generated at level m)x
P(no goal states generated at level m+1) *...x

P(no goal states generated at level 1)
N O R
- 1=0 Mm—;
Nl—l Mm+l—Km+1—i
[0 g *
N—1 M'-K'—i
Hi_U Mi—;
_ l HNj—l MI—Ki—i
- j=m 117=0 Mi—q

Now let us write out HNQ ! le;{ using the fact that N¢; = Z

l
HNngl MKl sz:m Ni=1 ppi_ gl
1=0 MI—; 1=0 MI—;
_ N—1 M'—K!—j
- Hi:o Ml—; *
HNZ+Nl—1_1 Ml—I(l—z‘>‘<
=N, Mi—i
HN1+N1—1+N1—2—1 M\—K!'— %
i= Nl+Nl 1 M!—i
HZt VL
Ml—;
t=m1 Nt !
_ 1 HZt SNl g
- I—m Ml—;
J _Zt_]+l )
N;j—1 M- Kl—z—zt s N

_ l H
= - o
j=m lli= 7Zt:j+1

We thus need to show that

1 Nj— LNl

Mi— Ki—j Kl—i—zi:,+1]\ft KTl (M—K)
1111 e <[ [[ = )
‘ M_Z_Zt:j+1Nt

Jj=m =0 j=m i=0

We prove by contradiction. Suppose the inequality 2 does not hold.

l .
- K —i T Zat=j+1
SIS T

j=m =0 j=m =0

and



MI—KJ —j KMl (v-k)
PSl(tZO): H H —_— > e l—m (4)

From inequality 3 follows that there exists some j,¢ such that m < j </,
j<i<N;—1and

M —KI—i M-K—-i-Y_ N
- >
Mi— M —i—30_ N

()

Then
) ) 1 1_: l
Mi—Ki—i M'-K _Z_lz:t:jﬂ Ny
J—q .
MIi—i Mlilizt:]li»l N
J Kl
1— & > 11— —=F—
Mi—i 1_; L
¢ I D\
K K!
S < -
Mi— . 1
! M!—i Zt:j+1 Ni
. Kl Mj_‘ X . . .
K < K= J/Mi —i>0fromi<N;—1< M —Ki—1< M

5 7
Ml*l*zt:j-u Ny

The term M' —i — Zizjﬂ N, is also strictly positive because

M —i—=Y_ Ny > M =N;+1-%_ N, = M' =%, N, +1
> M -l N, +1 = M'—Ng+1
> M'— M'+1 > 0
Consequently,
j K (M7 —i)
K7 < M_in:jﬂm
Ki(M'—i—=Y_ 1 Ny < K'(M7 —1i)
KIM' —Kl'i— K'Y, N, < K'M)—K'i
KIM' —Kl'i— K'Y N, —K'MI+ K'i < 0
KIM' —K'MJ + K'i— Kli— K7y Ny < 0
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Since K! > K7 for any j such that m < j <[, we have K'i — K7i > 0
and therefore,
KIM' —K'MI— K1y N, < 0
Ml _ Kl—j W < Zi:j+1 Nt (6)

The last line in inequality 6 clearly does not hold for j = [. We therefore
assume that m < j <[ —1. As a result,

fo:j+1Nt > Ml<1_(%)l_j)
> M'(1-(5)7Y) (7)
= M'(1-4)

ThlS means that there must exist s, m < s < [ — 1, such that N >
— ( ) Otherwise, Zi:jﬂ N, < (I —j)%m (1-— M) <(l—m)M e (1 —
) = (1 — 1)

Then, according to theorem 7, P(no goal states generated at level s) is
equal to 0 if Ny > M*® — K*® and otherwise:

\:

E=T

P(no goal states generated at level s) = [Ny MJ\Z*I;_Z

K
< I (=30 =1 ps_Ks—y
- 1=0 Ms—;

M (1-Eyq s
= Iy " (-3

Since l— (1— —) < Ny < M? — K*, the variable 7 can not be larger than
or equal to M?®. Therefore,

0 < M°—1 < M?
K K
M.s_i 2 Ms

KS KS

1-— Ms—i S 11— Ms

Thus,
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P(no goal states generated at level s) < [[/Zg ™ (1 - 15-)
Mt K
om (I—g7)—1 s
< Moy ™ (A=(3)%)
Mt K
(1 )—1 _
< g " -G
Mt K

The last line was obtained by taking a logarithm and then exponent of
the right hand side. Now let us apply Taylor series expansion to the term
In(1 — (£)=1). If we let = denote the fraction —(£)""!, then, as long as
K < M, In(1+ x) can be re-written as:

2 3 4

In(l4+r) = v—5+% -5 +...

Moreover, because x is negative, all the terms on the right hand side are
negative. Therefore,

In(l+x) < z

In(1—(5)'™") < =)

B 15 m-()) < 25 -4 (D

elfi(l—%)lnu—(%)lfl) < G_W

KN v—k) .
Thus, P(no goal states generated at level s) < e =m . And since

Po(t = 0) < P(no goal states generated at level s) we get P<(t = 0) <
_KT oK) . N :
e =m  which contradicts inequality 4.

Finally, let us now consider case (d): K < M and N<; > M!. We need to

1 !
prove that P(t > 0) > 1 — ¢~ =1, or alternatively, Po(t=0) < e =T,
The fact that No; = S!_ N, > M' means that there must exist s,
m < s <[, such that N, > %
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Then, according to theorem 7, P(no goal states generated at level s) is
equal to 0 if Ny > M*® — K*® and otherwise:
P(no goal states generated at level s5) = [[Yy" Mﬁiliz_l
A MS—K5—i
< ILs™ e

Y ;.
= IL=g"" (1= 35=)

Ml
l—m+1
equal to M?*. Therefore, as we have shown before 1 —

thus,

Since < Ny < M?® — K?, the variable ¢ can not be larger than or

K 1 _ Kk°

Mi—i > A and

il S
P(no goal states generated at level s) < T -5 1(1 — K

Ml

< M5 (- (£

))

_umt
< IS
l
= (1= (G

l

gx g

The last line was obtained again by taking a logarithm and then exponent
of the right hand side. Once again we apply Taylor series expansion to the
term In(1 + z), where z now is —(£)" and is less than 1 in magnitude. As

before, = is negative and therefore In(1 + x) < z. As a result,

n(1—(5)) < =)
e (- < o (-U0Y
e (- < o

l
Thus, P(no goal states generated at level s) < e =w+. And since

Po(t = 0) < P(no goal states generated at level s) we get P<(t = 0) <
Kl

e 1-m+1
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Theorem 9 The probability that a particular run of R* results in a

path whose cost is no more than € times the cost | of an opti-

mal path (th(lt iS: c(ﬂgp(ssmrt;sgoal)) S 620*(Sstart75goal)) is 1 Zf K =
H

M orl < A. Otherwise, it is at least 1 — ¢TI if Nje > MH and

: Nye—1 pH_gH_§ SOV T
mln(l—Hi:l*O w’l—e H—L+1 ) Zle,e < MH, where L — L%J

MH =i
and H = [$].

Proof: The case of K = M follows directly from theorem 6.

Now let us consider the case | < A. First, let us show that sg..¢ gets
expanded. This is so because during the first while loop test on line 17 sgart
is the only state in OPEN and therefore the only reason for it not to have been
expanded is if the test failed. This is impossible, however, since during the
test min,_)ppNk(s’) = k(Sstart) = [0; € M Sstarts Sgoal)] and k(sgoa1) = [15 0]
if Sstart 7 Sgoal aNd K(Sgoa1) = K(Sstart) otherwise. Thus, it must be the case
that k(sgea) > min,,_oppnk(s’).

Now, because sgart is guaranteed to be expanded, sgoq is generated on
line 25 during the first expansion, namely the expansion of sg..¢. R* ter-
minates when either k(sg) < min,_oppnk(s’) or OPEN = (). Therefore,
Sgoal Must be expanded at the time R* terminates. Consequently, from the-
orem 5, it follows that c(m, (Sstarts Sgoat)) < 9(Sgoal) < € (Thy (Sstarts Sgoat)) =
€ C*(Sstarta Sgoal) S 62 c* (Sstartu Sgoal)-

To prove the other cases of the theorem we need to derive a lower bound
on the probability P(c(ﬂgp(sstart, Sgoal)) < € C*(Sstarts Sgoal)). To derive this
bound, we actually compute a lower bound on the probability that the graph
' contains at least one path " (Sstart, Sgoal) Such that ¢* (7" (Ssparts Sgoal)) <
€ ¢* (Sstart, Sgoa1)- Lhis bound will result in the required bound because ac-
cording to theorem 5 c(wgp(sstart, Sgoal)) < € c*(wgpt(sstart, Sgoal)) and therefore
(T, (Sstarts Sgoa1)) < € (T (Sstarts Sgoat)) < € € (Sstart; Sgoal)-

The derivation of the lower bound on the probability that the graph
' contains at least one path " (Sstart, Sgoal) Such that ¢* (7 (Sstarts Sgoal)) <
€ ¢* (Sstart, Sgoal ), CONsists of several steps.

First, consider a path WFM(sStart, s) in '™ tree from state Sgsiapt tO state s
such that it satisfies two conditions: (a) a goal state lies within A edges from
s in the original graph; (b) C*(T('FM(Sstart, s)) + c*(s, Sgoal) < € (Sstart, Sgoal)-
The latter condition is equivalent to saying that the cost of the path from
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Sstart 1O Sgonl that passes through the states in I'M in the same order they
appear in the path WFM(sstart, s) and follows an optimal path in between any
two consecutive states in I'™ and from s to Sg0al 18 NO mMore than e times the
cost of an optimal path from sgare t0 Sgoar in the original graph. The number
of such paths is N; ., according to the definition of V.

Now let us analyze the following tree I of depth : the root of the tree
1S Sgart; for each non-leaf state s in I”, its successors are the same as in I,
generated at random on line 23, if s was expanded by R*, and its successors
are a new set of successors generated according to line 23, if s was not
expanded by R*. The process of generating I is a K random walk on
the tree I'™. We will first compute a lower bound on the probability that I
contains at least one of the paths 70" (Sgart, s) satisfying conditions (a) and
(b). Because of the condition (b), any such path terminates at level that is
somewhere in between L — 1 and H. The path must terminate at the level
higher than or equal to L — 1 because any path that terminates at the level
lower than L —1 will have ¢* (77" (Sgtart; 5)) < A (| 4] —1) < 1—A. Therefore,

Sgoal Can not lie within A edges from s for otherwise ¢ (7TF (Sstart, S)) +
c* (s, Sgoa1) would have been less than [ which is already the cost of an optimal
path from Sgart t0 Sgoa1. The path must also terminate at the level that is
smaller than or equal to H because any path that terminates at the level
higher than H will have ¢* (77" (Sqtart, 5)) = A (&) +1) >el—A+A=¢l
This contradicts the condition (b).

Thus, any path 7" (Ssat, §) satisfying conditions (a) and (b) terminates
at level that is somewhere in between L — 1 and H. Therefore, given our
assumption, that during the search we do not encounter previously generated
samples, according to theorem 8, a lower bound on the probability that I

contains one of such paths can be given as 1 — e #-7+2 L+2 if Nio > M and

H-1
min(1 — Hf\f:”(jfl % 1—e %) it N < M7,

We now show that that if the tree I contains one or more of paths
7™ (Sstart, ) satisfying conditions (a) and (b), then the path returned by R*
is €2 suboptimal. Consequently, the lower bound for the tree I' is also a lower
bound for R* to find an €2 suboptimal solution.

We prove by contradiction. Suppose I contains one or more of paths
7TFM<SStart,S> = {So = Sstart, S1,---Si,---, Sk = S} satisfying conditions (a)
and (b), but the path returned by R* is not €* suboptimal. That is, at the
time R* terminates C(W};p(sstart, Sgoal)) > €2 C*(Sstart Sgoal)-
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Let us now consider a pair s;, s;11 from the path WFM(sStart, s) such that
s; has been expanded but s;;; has not been expanded. First, let us show
that such pair must exist. That is, it is impossible for sg ..« not to have
been expanded and it is also impossible for all the states on the path to have
been expanded. The former scenario is impossible because during the first
while loop test on line 17 sg4..¢ is the only state in OPEN and therefore the
only reason for it not to have been expanded is if the test failed. This is
impossible, however, since during the test min,_nppnk(s’) = k(Sstart) =
[Oa Eh(sstartu Sgoal)] and k(sgoal) = [17 OO] if Sstart 3& Sgoal and k(sgoal) = k<sstart>
otherwise. Thus, it must be the case that k(sg1) > min,,_oppnk(s').

It is also impossible for all the states on the path WFM(sstm,s) to
have been expanded for the following reasons. If Sgoal = Sgart then
c(w,l;p(sstart, Sgoal)) = 0 = € ¢*(Sstart Sgoal) Which contradicts our initial as-
sumption. If Sgoal 7 Sstart, then R* would have generated sgoa1 as a successor
of s and consequently,

9(Sgoal) = V(8) + Clow(paths,s,,.,) //theorem 1
= 9(s) + clow(pathss,,.,) //lemma 3
< g(s) + €c*(s, Sgoal) //lemma 1
< e (mpp(Sstart, 8)) + €€7(5, 5g0a1)  //theorem 5
< ect(n’ (Sstam s)) + €c*(s, Sgoal)
= e (¢ (7 (Sstarts ) + (5, Sgont))
< € ¢ (Ssarts Sgoal) / [condition(b)

From theorem 2 it then follows that ¢(my,(Sstart: Sgoal)) < € €*(Sstart: Sgoal)
which contradicts our initial assumption. Thus, it must be the case that
there exists a pair s;, ;41 from the path ™ (Sstart; S) such that s; has been
expanded but s;; has not been expanded.

We now consider two cases. First, suppose at the time R* terminates,
k(Sgoal) = [0;9(Sgoal)]. Then, Sgoa € CLOSED since initially k(sga1) =
[1; g(sg0a1)]; whenever a key of a state is modified, the state is inserted into
OPEN; and Sgos1 ¢ OPEN due to the termination condition of the while loop.
Thus, at the time sy, was selected for expansion, according to lemma 6,
9(Sgoa1) < €M(Sstart, Sgoal) < €C*(Sstarts Sgoal) and from theorem 2 it follows
that c(wgp(sstart,sgoal)) < € C*(Sstarts Sgoal) < € C*(Sstart, Sgoal). However, this
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contradicts our initial assumption since a g-value of a state that was expanded
remains constant according to lemma 3.

Now suppose at the time R* terminates, k(sgoa1) = [1; ¢(Sgoa1)]- Since the
while loop terminated while s;,; was still in OPEN, it must have been the
case that k(Sgoa1) < k(Si+1). Thus, k(sit1) = [1, 9(Si+1) + € h(Sit1, Sgoar)] and
consequently,

k(8goa) < k(siy1)
9(Sgoal) < g(Sit1) + € h(Sit1, Sgoal)

C(WZI;;J(Sstart; Sgoal)) < g(3i+1> +e€ h(3i+17 8goal) //theorem 2

According to theorem 1, either g(s;11) < €h(Sstart, Siv1) OF g(Siv1) =

mins’\si+1€SUC'C’S(s’)(U(S,) + clow(paths’,si+1)) S U(Si) + Clow(pathsi,si+1) (01”
both). In the former case we get the following contradiction,

C(ng‘p(Sstart: Sgoal)) < € (h(sstarta S'iJrl) + h<3i+17 Sgoal))
(C* WFM (Sstart7 5i+1)) + C* (T‘-FM (52'+17 5)) + C*(S, Sgoal))
(

(
(T (Starts 8)) + €°(5, Sgoa1)
(

< e

IN
[

€

Sstarts S goal)

In the latter case we get a similar contradiction using theorem 5 and
condition (b),
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