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Abstract N

Robot path-planning methods can be used in real-time com-
puter games but then need to run fast to ensure that the game
characters move in real time, an issue addressed by incre-
mental heuristic search methods. In this paper, we demon-
strate how one can speed up D* Lite, an incremental heuristic
search method that implements planning with the freespace
assumption to move game characters in initially unknown or
partially unknown terrain to given goal coordinates. We speed
up D* Lite by implementing its priority queue with buckets
rather than a binary heap. This non-trivial change reduces its
runtime by a factor of two and effectively doubles the number
of game characters that real-time computer games can afford.

Figure 1. Planning with the Freespace Assumption: The
| ntroduction goal cell is in the upper-right corner. The upper-left figure
shows the terrain. The circle denotes the game character,
and black cells denote blocked cells. The remaining fig-
ures show the knowledge that the game character has about
the terrain at various points in time. The circle again de-
notes the game character, black cells denote blocked cells
that the game character has already observed, the line de-
notes the cost-minimal presumed unblocked path from the
current cell of the game character to the goal cell, and the
thick part of the line denotes the beginning of the path that

: the game character actually traverses until it reaches the goal
cells that are either blocked or unblocked. The game charac- cell%r observes the path toybe blocked (and re-plans). ’
ters can move in the four main compass directions with equal
cost and use the sum of the absolute differences of the x and They plan and follow a cost-minimal presumed unblocked
y coordinates of two cells (Manhattan distance) as heuris- path from their current cell to the goal cell, that is, a cost-
tic estimate of their distance, resulting in consistent heuris- minimal path under the assumption that cells with unknown
tics (but our search methods are more general than that andblockage status are unblocked. If they observe their cur-
apply also to more complex graph topologies, non-uniform rent path to be blocked, they plan and follow another cost-
edge costs, and arbitrary consistent heuristics, including the minimal presumed unblocked path from their new current
zero heuristics). They do not know initially which cells are  cell to the goal cell. They repeat this process until they ei-
blocked. They always know which (unblocked) cells they ther reach the goal cell or no presumed unblocked path from
are in, sense the blockage status of their neighboring cells, their current cell to the goal cell exists, in which case they
and can then move to any one of the unblocked neighboring cannot reach the goal cell. Figure 1 gives an example.
cells. Their navigation task is to move to a given goal cell, Planning with the freespace assumption results in paths
for which they use planning with the freespace assumption: that are both believable and provably short (Tovey, Green-
S berg, & Koenig 2003). It needs to run fast since every game

“This research has been partly supported by an NSF award to character needs to find shortest presumed unblocked paths
Sven Koenig under contract 11S-0350584. The views and con- \yhanever it observesits current path to be blocked, yet needs

clusions contained in this document are those of the authors and .
should not be interpreted as representing the official policies, ei- to be responsive to the commands of the players and move

ther expressed or implied, of the sponsoring organizations, agen- smoothly. Therefore, it is often implemented with the in-

Consider real-time computer games such as Total Annihila-
tion, Age of Empires or Dark Reign. The game characters
initially do not know the terrain (“fog of war”) but observe

it within a certain range around them and then remember it
for future use. To make them easy to control, the player can
click on known or unknown terrain, and the game charac-
ters then move autonomously to the location that the player
clicked on, which is the navigation task we study in this pa-

per in the following setting: The terrain is discretized into

cies, companies or the U.S. government. cremental heuristic search methods D* (Stentz 1995) or its
Copyright © 2006, American Association for Artificial Intelli- successor D* Lite (Koenig & Likhachev 2005). We demon-
gence (www.aaai.org). All rights reserved. strate how one can speed up D* Lite by implementing its
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Figure 2: lllustration of D* Lite: The first and second fig-

ures in the top row show the goal distances of all cells dur-
ing two consecutive searches. An incremental uninformed
search basically only expands those cells whose goal dis-

tances have changed from the preceeding search, as showﬁgg

in the second figure in grey. Heuristic search with Backward
A* expands the cells shown in the third figure. D* Lite then

(approximately) expands the cells expanded by both incre-
mental and heuristic search, as shown in the fourth figure.

priority queue with buckets rather than a binary heap, which
reduces the runtime of D* Lite by a factor of two.

Overview of D* Lite

D* Lite (Koenig & Likhachev 2005) is a version of Back-
ward A*! that re-uses information from previous searches to
speed up the current search, basically by transforming the
previous A* search tree to the new one. It needs to search
backward from the goal cell to the current cell of the game
character since it requires the root of the search trees and
thus the start of the searches to remain stationary. The origi-
nal version of D* Lite uses a binary heap as priority queue to
break ties in favor of cells with smaller g-values. Recently,
an improved version of D* Lite was developed that uses a
binary heap as priority queue to break ties in favor of cells
with larger g-values (Likhachev & Koenig 2005). It tends to
expand fewer cells and has a smaller runtime than the orig-
inal version of D* Lite. One way of understanding D* Lite

is to view it as a combination of incremental and heuristic
search, as shown in Figure 2 for one particular search of our
example.

D* Litewith aBinary Heap
D* Lite, in its most general form, finds a cost-minimal path

from the current vertex of the game character to the goal ver-
tex and moves the game character along it until it reaches the

goal vertex or observes that some edge costs have changed,

in which case it repeats the process. Figure 3 shows the
standard implementation of D* Lite (Koenig & Likhachev
2005), using the following notationS denotes the finite
set of vertices of the graphsg...+ € S denotes the cur-
rent vertex of the game character (initially: its start vertex),
andsg.q; € S denotes its goal verteXuce(s) C S denotes

the set of successors of vertex S in the graph. Similarly,
Pred(s) C S denotes the set of predecessors of vestex
Sinthe graph0 < ¢(s, s’) < oo denotes the cost of moving
fromvertexs € Sto vertexs’ € Suce(s). D* Lite maintains

!Backward A* is a version of A* that searches from the goal

cell to the current cell of the game character, while Forward A* is
a version of A* that searches in the opposite direction.
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The pseudocode uses the following functions to manage the priority queue:
U.TopKey() returns the smallest priority of all vertices in priority quelie (If U
is empty, then U.TopKey) returns|oo; co].) U.Pof() deletes the vertex with the
smallest priority in priority queué/ and returns the vertex. U.Insést k) inserts
vertexs into priority queuel/ with priority k. Finally, U.Removés) removes vertex
s from priority queueU.
procedure CalcKey(s)
{01} return[min(g(s), rhs(s)) + h(Sstart, s) + km;min(g(s), rhs(s))];
procedure I nitialize()

02} U = 0;

{03} ky, = 0;
§04 forall s € S rhs(s) = g(s) = oo;
05} rhs(sgoat) = 0;
{06} U.Inser(s 041, CalcKey(sgoai));
procedure UpdateVertex(u)
{07} if (u # Sgoa1) Ths(u) = min g, cgucq.,) (¢(u, s') +g(s"));
if (u € U) U.Removéu); ) )
if (g(u) # rhs(u)) U.Inser(u, CalcKey(u));
procedur e ComputeShortestPath ()
10} while (U.TopKey() <CalcKeY(sstart) ORThS(Sstart) # g(Sstart))
11}  koia = U.TopKey);
12} u = U.Pop();
13} if (koig<CalcKey(u))
14 U.Inser{u, CalcKey(u));
15} elseif(g(u) > rhs(u))
16 g(u) = rhs(u);
17 forall s € Predu) UpdateVertes);
18} else
19 g(u) = oo;
20 forall s € Predu) U {u} UpdateVertexs);
procedure Main()
21} S1qst = Sstart;
22} Initialize();
23} ComputeShortestPatjt
24} while (sstart # Sgoal)
25} [*if (g(sstart) = o0) then there is no known pgth */ ,
26} Sstart = argming, s c(Sstart;s) +9(s'));
5H Mo tOSsmi; +/ €SUCGs 5 parg ) (( ) +9(s")
28} Scan graph for changed edge costs;
29} if any edge costs changed
30 km = km + h(Siast, Sstart);
31 Slast = Sstart;
32 for all directed edgeéu, v) with changed edge costs
33 Update the edge cosfu, v);
34 UpdateVertexu);
35 ComputeShortestPa()

Figure 3: D* Lite

two kinds of estimates of the goal distance of each vertex
namely a g-valug/(s) and an rhs-valuehs(s). The rhs-
value of a vertex is based on the g-values of its successors
and thus potentially better informed than them. It always
satisfies the following relationshiprhs(sgee:) = 0 and
rhs(s) = Ming ¢ gyee(s) (c(s, ') +g(s)) fors € S\{sgoar}.

A vertexs is called consistent ifi(s) = rhs(s) (meaning
that the estimate of its goal distance as given by its g-value
is consistent with the estimates of the goal distances of its
successors as given by their g-values), otherwise it is called
inconsistent. An inconsistent vertexis overconsistent if
4(s) > rhs(s) and underconsistent if(s) < rhs(s). If

all vertices are consistent then all of their g-values are equal
to their respective goal distances and a cost-minimal path
from the start to the goal vertex can be found easily. How-
ever, D* Lite does not make every vertex consistent after
some of the edge costs have changed. Instead, it uses con-
sistent heuristica(s, s’), that approximate the cost of a cost-
minimal path from vertex to vertexs’, to focus the search
and update only the g-values that are relevant for computing
a cost-minimal path from the start to the goal vertex. D* Lite
maintain a priority queu& that always contains exactly the
inconsistent vertices. These are the vertices whose g-values
D* Lite potentially needs to change to make the vertices con-
sistent. The priorityt(s) of a vertexs in the priority queue



can be a vectojk, (s); k2(s); . . . ; kn(s)] of n non-negative ||_Expanded Cells | Runtime ise9

integers, which D* Lite calculates on linf01}. D* Lite D* Lite (Larger G-Values) || 11416.4+229.1 | 10439.7+£210.9
always chooses a vertex in the priority queue (= an inconsis- D Lite (Buckets) 11632.5£232.7 | 4448.8 +89.2

tent vertex) with the smallest priority according to a lexico- _ .

graphic ordering and expands it. D* Lite defines priorities Table 1: Experiments in Random Mazes

not only for the vertices in the priority queue but for all ver- overconsistent)g(s) > rhs(s) (that is, vertexs is overcon-

tices because its termination criterion can then be stated in ~ Sistent) andrhs(s") > c"(s',s) + rhs(s). It then follows
terms of these priorities. The correctness of D* Lite has been Zom the ‘je_fllnltlon Ozour priorities thak(z) = [rh/sgsl) 4>-
proved for all priorities that satisfy the following two prop- (sstare, s'); 1] > [rhs(s) + ¢ (7, 8) + hlsstare, )3 1]

; . [rhs(s) + h(sstart, $); 1] = k(s). The strict inequality holds
erties (Likhachev 2005), wheré (s, s’) denotes the cost of becausehs(s') > ¢ (s s) + rhs(s) andh(sears, s') < 00

a cost-minimal path from vertexto vertexs”: (sincec* (sstart, s') < oo and the heuristics are consistent and
(a) for any two vertices, s € S'if ¢*(sstart, s") < 00, g(s") > thus admissible). The non-strict inequality holds due to the con-
rhs(s"), g(s) > rhs(s) andrhs(s’) > c¢*(s', s)+rhs(s), then sistency of the heuristics.
k(s") > k(s); and (b) Consider any two verticeg s’ € S with c*(sstart, s’) < o0,

(b) for any two vertices, s’ € 5 if ¢ (sstart, s') < 00, g(s') > g9(s') > rhs(s') (that is, vertexs’ is either consistent or over-
rhs(s'), g(s) < rhs(s) andrhs(s') > ¢ (s, s) + g(s), then conasten/t)g(s) < ,rhs(s) (that is, vertexs is underconsistent)
k(s') > k(). andrhs(s’) > c*(s', s) + g(s). It then follows from the defini-

. . ' o tion of our priorities thak(s’) = [rhs(s’) + h(Sstart, s'); 1] >
The version of D* Lite from Figure 3 breaks ties in fa- [g(5)+c* (5", 8) + h(Sstart, 8'); 0] > [9(8) + h(Sstart, ); 0] =

vor of cells with smaller g-values and uses priorities thatare  k(s). The strict inequality holds becausks(s’) > c*(s', s) +

pairs of integers. The version of D* Lite that breaks ties  g(s) andh(sstart, 8") < 0o (sincec”(sstart, s’) < oo and the

in favor of cells with larger g-values (Likhachev & Koenig heuristics are consistent and thus admissible) and the second el-

2005) uses priorities that are triples of integers. The large ement of the priority on t_he_ left (one) is strictly larger than th_e

number of possible priorities limits how one can implement ~ Sécond element of the priority on the right (zero). The non-strict

the priority queue of D* Lite. Priority queues are commonly inequality holds due to the consistency of the heuristims.
implemented with buckets or binary heaps. The amount

of memory needed to store the priority queue depends in Experiments

both cases on the number of elements in the priority queue. we perform experiments in randomly generated terrain of
However, in case of buckets, it also depends on the num- sjze 201 x 201 that is solvable. We generate the corridor

ber of possible priorities because buckets reserve at least onestrycture of the maze-like terrain with a randomized depth-
pointer for each possible priority, namely to a list (also called first search and then remove 750 walls. We average over
bucket) of elements with that priority. Thus, priority queues 5000 random mazes with randomly chosen start and goal
cannot reasonably be implemented with buckets in case the cells on a computer with a Pentium IV 2GHz processor and
numper of possible priorities is large, as was the.case for 2 GByte of RAM. Table 1 reports the number of expanded

D* Lite so far, even though buckets tend to result in much celis as well as the runtime until the goal cell is reached for

smaller runtimes than binary heaps. both D* Lite with a binary heap and D* Lite with buckets,
) ) that we both implemented with all standard optimizations
D* Litewith Buckets (Koenig & Likhachev 2005). The runtime of D* Lite with

To imp|ement D* Lite with buckets in case the costs and buckets is Only half of the runtime of D* Lite with a binary
heuristics are integers (as is the case for planning with the heap, which Eorrelates well with similar speed-ups for other
freespace assumption), we now define simpler priorities for Versions of A*. We also show the 95-percent confidence in-

D* Lite and modify the calculation on ling¢01} accord- tervals (under the assumption that the distribution is normal)
ingly, namelyk(s) = [rhs(s) 4+ h(sstart, s); 1] for consis- to demonstrate the statistical significance of our results.
tent or overconsistent verticase S andk(s) = [g(s) +

h(sstart, ); 0] for underconsistent verticesc S.2 These _ _ References . _
priorities are equivalent to using(s) = 2 x (rhs(s) + Koenig, S., and Likhachev, M. 2005. Fast replanning for navi-

h(sstart, 8)) + 1 for consistent or overconsistent vertices gation in unknown terrainTransactions on Robotic1(3):354—

s € Sandk(s) = 2 (g(s) + h(sstare, s)) for undercon- 363.

sistent vertices € S. They can thus be implemented with ~ Likhachev, M., and Koenig, S. 2005. A generalized framework
scalars that are at most about twice as large as the f-values for Lifelong Planning A*. InProceedings of the International
of A* rather than vectors, which makes it possible to imple- ~ Conference on Automated Planning and ScheduBiSg108.
ment this version of D* Lite with buckets. Itonly remainsto  Likhachev, M. 2005.Search-based Planning for Large Dynamic

be shown that our priorities satisfy the two properties given Environments PhD dissertation, School of Computer Science,
Carnegie Mellon University.

above:
. . , o , Stentz, A. 1995. The focussed D* algorithm for real-time re-
(@) Consider any two vertices s’ € S with ¢ (sstart, s') < oo, planning. InProceedings of the International Joint Conference
g(s") > rhs(s’) (that is, vertexs’ is either consistent or on Artificial Intelligence 1652—1659.

Tovey, C.; Greenberg, S.; and Koenig, S. 2003. Improved anal-
ysis of D*. In Proceedings of the International Conference on
Robotics and Automatigi3371-3378.

’D* Lite uses h(sstart,s) instead of the more familiar
h(s, sg0al) because it is an incremental version of Backward A*
rather than Forward A*.
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