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(57) ABSTRACT 

A method of determining a path having an ordered set of 
Waypoints to be visited by a mobile agent to accomplish a 
mission includes: producing candidate paths using a multi 
objective optimization algorithm, subject to a path produc 
tion heuristic; selecting a path from the candidate paths, 
subject to a path selection heuristic; instructing the mobile 
agent to move according to the selected path; modifying a 
maintained subset of the candidate paths to produce a neW 
candidate path using the algorithm and subject to the path 
production heuristic; designating either the currently-se 
lected path or the neW candidate path as the newly-selected 
path, subject to the path selection heuristic; and instructing 
the mobile agent to move according to the newly-selected 
path. The method may further include iterating production of 
neW candidate paths, either randomly or based on modi? 
cations of previous candidate paths, to continually update an 
operation plan for the mobile agent. 
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VEHICLE ROUTING AND PATH PLANNING 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

[0001] This application incorporates by reference in 
entirety, and claims priority to and bene?t of, US. Provi 
sional Patent Application No. 60/555,778, ?led on 24 Mar. 
2004. 

BACKGROUND 

[0002] Technologies for the control of unmanned ground 
vehicles (UGVs) attempting to perform local path naviga 
tion While traversing unknown, off-road terrains permit 
simple longer-range path planning, such as navigation 
betWeen human-speci?ed Waypoints. HoWever, these tech 
nologies have yet to develop automated plan generation 
strategies toWard achieving higher-level mission goals (e.g., 
reconnaissance, surveillance, and target acquisition) in light 
of changing environmental conditions, evolving mission 
requirements, and a desire or need to coordinate movement 
of multiple vehicles. 

[0003] Approaches that have been used to address path 
planning and routing have included traditional arti?cial 
intelligence algorithms. For eXample, classical plan 
ning, hierarchical-task-netWork planning, and case-based 
planning use symbolic planning based on logic and reason 
ing. HoWever, the problem of interest is essentially numeric, 
and hence less suited for reasoning about goals and sub 
goals. Although Al planning techniques may be applied to a 
higher-level strategic planning problem—i.e., hoW to decide 
What the mission goals are—their utility is diminished in the 
conteXt of tactical planning problems Wherein the mission 
goals are already knoWn. 

[0004] Other approaches, such as coordinated robot plan 
ning, focus on collision avoidance as a primary criterion for 
path planning. In many conteXts, there is so much space 
compared to the number of vehicles that the probability of 
collision is slim. Yet other multi-robot planning algorithms 
are primarily concerned With formations and moving of 
vehicles in unison, and not on balanced Workload distribu 
tion. Investigations into coordinating robot behavior by 
dividing the Workload have generally been reactive (local) 
rather than deliberative (global), losing the bene?ts of plan 
ning ahead for multiple goals. Furthermore, When assigning 
goals, path planning is treated as a separate problem, thus 
substantially ignoring an enemy or obstacle betWeen a 
vehicle/robot and a nearby goal point. 

[0005] One investigation into controlling UGVs is the 
Distributed Architecture for Mobile Navigation (DAMN), 
carried out at Carnegie Mellon University. DAMN includes 
behaviors such as “road folloWing,”“seeking the neXt navi 
gation goal,”“obstacle avoidance,” and “avoid hazards.” 
Each behavior provides a vote on the neXt direction to take. 
A command arbiter decides upon the best direction, Which is 
then acted upon by the UGV. DAMN also includes a global 
navigator to determine a full path to a goal position. HoW 
ever, DAMN uses a D* (dynamic A*) search algorithm. This 
approach, hoWever, does not accommodate as many criteria 
and as much information, at the deliberative planning level, 
that are generally at play, When determining mission assign 
ments and paths that are not fooled by local gradients. 
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SUMMARY OF THE INVENTION 

[0006] There is a need for improved operation planning 
systems and methods for one or more mobile agents that 
incorporate any combination of deliberative and reactive 
planning strategies. The systems and methods described 
herein are generally directed at, among other things, 
embodying local as Well as global criteria in operation 
planning (including path planning and routing), yielding 
global solutions more ef?ciently and reliably, handling a 
myriad of constraints typically present in various mobile 
agent operation planning contexts of interest, placing a fair 
emphasis on balancing Workload distribution among mem 
bers of a ?eet of mobile agents, often dynamically, and 
having sufficient ?exibility to incorporate neW criteria into, 
remove eXisting criteria from, or reorder priorities in, an 
operation plan design process. In one embodiment, the 
systems and methods disclosed herein employ a domain 
speci?c multi-objective optimiZation algorithm, such as, 
Without limitation, a context-in?uenced genetic algorithm, 
to dynamically determine paths for one or more mobile 
agents to accomplish one or more mission goals; a path may 
include instructions on traversing at least a portion thereof. 

[0007] According to one aspect, the invention includes a 
method of determining a path having an ordered set of 
Waypoints to be visited by a mobile agent to accomplish a 
mission. The method includes (a) producing candidate paths 
using a multi-objective optimiZation algorithm, subject to a 
path production heuristic; (b) selecting a path from the 
candidate paths, subject to a path selection heuristic; (c) 
instructing the mobile agent to move according to the 
selected path; (d) modifying a maintained subset of the 
candidate paths to produce a neW candidate path using the 
algorithm and subject to the path production heuristic; (e) 
designating either the currently-selected path or the neW 
candidate path as the neWly-selected path, subject to the path 
selection heuristic; and instructing the mobile agent to 
move according to the neWly-selected path. 

[0008] In one particular embodiment, the method 
includes, after step (f), repeating steps (d)-(f) at least once 
prior to the mobile agent accomplishing the mission. In 
another embodiment, the multi-objective optimiZation algo 
rithm includes an evolutionary algorithm, such as, for 
eXample and Without limitation, a genetic algorithm. 

[0009] According to one practice, modifying the main 
tained subset of candidate paths is performed continually 
(e.g., in the background), even after instruction has been 
issued, as in step (c), to the mobile agent to commence 
movement according to the selected path. This, at least in 
part, is to produce, With time, an improved path to be 
selected for the mobile agent, and to dynamically respond to 
stimuli in the environment or to time-sensitive mission 
requirements. 
[0010] According to one practice, the subset of candidate 
paths to be maintained satis?es a diversity criterion, thereby 
increasing a likelihood of approaching a globally optimal, 
and not merely a locally optimal, solution. According to one 
embodiment, the path selection heuristic and the path pro 
duction heuristic are mutually independent; according to one 
particular practice, this independence hold laterally across a 
given iteration of the steps (d)-(f), or longitudinally across 
different iterations. In an illustrative embodiment, produc 
tion of one candidate path is independent of production of 



US 2005/0216182 A1 

another candidate path, Whether in the same iteration/gen 
eration or across different iterations/generations. Addition 
ally, one or more of the path production heuristic and the 
path selection heuristic may be time dependent. The heu 
ristics may be in?uenced by environmental characteristics 
and/or evolving mission requirements. According to various 
embodiments, modifying the candidate paths includes a 
combination of adding, deleting, and reordering Waypoints 
along a path belonging to the candidate paths. 

[0011] The systems and methods described herein are 
suitable for operation planning applications involving a ?eet 
of mobile agents. According to one aspect, the invention 
includes a method of determining paths for a ?eet of mobile 
agents to accomplish missions, every path having an ordered 
set of Waypoints to be visited by a corresponding mobile 
agent. The method includes: (a) producing candidate path 
sets using a multi-objective optimiZation algorithm, subject 
to a path production heuristic; (b) selecting a path set from 
the candidate path sets, Wherein every mobile agent has an 
associated path belonging to the selected path set, subject to 
a path selection heuristic; (c) instructing a ?rst subset of the 
mobile agents to move according to paths respectively 
associated With the ?rst subset; (d) modifying a maintained 
subset of the candidate path sets to produce a neW candidate 
path set using the algorithm, subject to the path production 
heuristic; (e) designating either the selected path set or the 
neW candidate path set as the neWly-selected path set, 
subject to the path selection heuristic; and instructing a 
second subset of the mobile agents to move according to 
paths belonging to the neWly-selected path set, respectively 
associated With the second subset. 

[0012] In one particular practice according to this embodi 
ment, the method includes, after step (f), repeating steps 
(d)-(f) at least once prior to the mobile agents accomplishing 
the missions. In one embodiment, the multi-objective opti 
miZation algorithm includes an evolutionary algorithm, such 
as, for example, a genetic algorithm. Methods of evolution 
ary algorithms in general, and genetic algorithms in particu 
lar, are described in “Multi-Objective OptimiZation Using 
Evolutionary Algorithms,” by Kalyanmoy Deb, John Wiley 
& Sons, 2001, ISBN: 047187339X. 

[0013] According to various embodiments, modifying the 
candidate path sets includes a combination of adding, delet 
ing, and reordering Waypoints along a path belonging to the 
candidate paths. Additionally, the modifying may include 
trading of one or more Waypoints betWeen tWo or more of 
the mobile agents, as needed or as preferred. 

[0014] According to one practice, the path selection heu 
ristic and the path production heuristic are mutually inde 
pendent. In one particular embodiment, the path selection 
heuristic atone iteration is independent of the path selection 
heuristic at another iteration. In another embodiment, the 
same is true for the path production heuristic. One or both 
of the path selection heuristic and the path production 
heuristic may be time dependent. In yet another embodi 
ment, production of candidate path sets is performed con 
tinually, possibly in the background; this is at least partially 
to dynamically update path sets so an improved path set is 
selected for the ?eet of mobile agents. The dynamic updat 
ing may at least in part be in?uenced by environmental 
in?uences or evolving mission requirements. 
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[0015] Further features and advantages of the invention 
Will be apparent from the folloWing description of illustra 
tive embodiments, and from the claims. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0016] The folloWing ?gures depict certain illustrative 
embodiments of the invention in Which like reference 
numerals refer to like elements. These depicted embodi 
ments are to be understood as illustrative of the invention 
and not as limiting in any Way. 

[0017] FIG. 1 depicts an inferred path set having tWo 
paths to be traversed by tWo respective mobile agents from 
their respective reference locations. 

[0018] FIG. 2(a) depicts a representative block diagram of 
an illustrative embodiment of a method of determining a 
path having an ordered set of Waypoints to be visited by a 
mobile agent to accomplish a mission. 

[0019] FIG. 2(b) depicts an embodiment of a continually 
running operation planning algorithm that includes evolu 
tion and improvement. 

[0020] FIG. 2(a) depicts an illustrative continual interac 
tion of the operation planning algorithm With the real-World 
environment. 

[0021] FIG. 3 depicts a genome of a path set having tWo 
chromosomes representative of tWo respective sequences of 
Waypoints to be visited by tWo respective mobile agents. 

[0022] FIG. 4 depicts an illustrative greedy evaluation of 
the duration and mission success associated With a chromo 
somal representation of a path associated With a mobile 
agent. 

[0023] FIG. 5 depicts an embodiment of a tactical behav 
ior planning algorithm in the context of an unmanned 
ground vehicle (UGV) navigation system. 

[0024] FIG. 6 depicts an embodiment of a communication 
netWork of multiple UGVs and a human operator over Which 
collaborative planning occurs using distributed processing 
and partial information sharing. 

[0025] FIG. 7(a) depicts exemplary evolved paths With no 
knoWn enemies using genetic operators. 

[0026] FIG. 7(b) depicts exemplary evolved paths With no 
knoWn enemies using genetic operators and tactical advo 
cates. 

[0027] FIG. 8(a) depicts exemplary evolved paths With 
tWo knoWn enemies using genetic operators. 

[0028] FIG. 8(b) depicts exemplary evolved paths With 
tWo knoWn enemies using genetic operators and tactical 
advocates. 

[0029] FIG. 9 depicts the ?tness of the best individual 
path by generation for each of four experimental conditions. 

[0030] FIGS. 10(a)-10(c) depict a sequence of three plans 
illustrating, respectively, an execution plan before, a neW 
plan substantially immediately upon, and a neW plan shortly 
after discovery of a neW enemy. 

DETAILED DESCRIPTION OF THE 
ILLUSTRATED EMBODIMENTS 

[0031] To provide an overall understanding, certain illus 
trative practices and embodiments Will noW be described, 
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including a system and method for determining a path 
having an ordered set of Waypoints to be visited by a mobile 
agent to accomplish a mission. In a typical embodiment, the 
mobile agent includes a vehicle, Which may be manned or 
unmanned. For example, and Without limitation, the vehicle 
may include a sea, ground, air, or space vehicle, or an 
amphibious vehicle capable of movement in, and across a 
boundary of, tWo or more terrain types (e.g., a sea-ground 
amphibious vehicle, an amphibious craft capable of travel 
ing in and beyond a planet’s atmosphere, etc.). The sea 
vehicle may be capable of movement on an aquatic surface 
region, subsurface region, or both. Analogously, a ground 
vehicle may be capable of movement underground, on a 
ground surface, or both. 

[0032] In an alternative embodiment, the mobile agent 
includes a human (e. g., a soldier, a rescue Worker, or another 
mobile personnel unit), a robot or robotic component (e.g., 
a robotic arm), a computer-generated agent, an animal (e.g., 
monkey, dog, dolphin, bird, or other trained or trainable 
animal), or any other agent trained, trainable, con?gured, or 
con?gurable to receive and folloW movement instruction. In 
a typical embodiment, the systems and methods described 
herein determine a path for a ?eet of mobile agents— 
Wherein the ?eet may include a combination of the agent 
types described above or their equivalents—to accomplish a 
set of missions. 

[0033] The systems and methods disclosed herein are 
described primarily in the context of unmanned ground 
vehicles (UGVs). However, it is understood that these 
systems and methods may be adapted, modi?ed, and applied 
in other applications, and that such other additions, modi 
?cations, and uses Will not depart from the scope hereof. 

[0034] In one aspect, the systems and methods described 
herein are directed at solving a combination of routing and 
path planning problems. The systems and methods disclosed 
herein solve the tWo problems jointly and adapt the solution 
dynamically to a changing environment and a time-depen 
dent mission goal landscape. 
[0035] In response to an environment and a set of dynami 
cally-changing mission requirements, it is desirable for the 
planning system to perform replanning of both reactive 
(local) and deliberative (global) varieties. Examples of reac 
tive replanning are When a UGV avoids an obstacle or turns 
to run aWay from an enemy. An example of deliberative 
replanning is When a UGV discovers a previously-unknown 
enemy and modi?es its path, typically its entire remaining 
path, to circumvent the enemy and remain hidden en route 
to its next mission goal. Another, more complex, example of 
deliberative replanning is When a ?rst UGV, upon discov 
ering an enemy and determining that reaching a next mission 
goal in time is dif?cult, entails unacceptable risk, or is no 
longer feasible, trades goals With a second UGV having a 
substantially unobstructed path to the ?rst UGV’s next 
mission goal. 
[0036] In one aspect, the systems and methods described 
herein treat the operation planning problem as a multi 
objective optimiZation problem to determine an operation 
plan for multiple UGVs and achieve multiple mission goals 
While satisfying multiple criteria, such as tactical criteria, as 
best as possible based on knoWn environmental and tactical 
situation knoWledge available. 
[0037] An operation plan includes a set of paths, one path 
for each UGV, Wherein each path includes a sequence of 
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navigation Waypoints. In a typical embodiment, the path also 
includes instructions (generally real-time instructions) for 
local movement betWeen a pair of the Waypoints. 

[0038] A mission goal includes a geographic location or 
area to be visited by the UGV; optionally, the mission goal 
also has an associated temporal constraint, generally 
expressed as a time WindoW of arrival at, and/or departure 
from, the area. The UGV may be assigned Zero or more 
mission goals. 

[0039] A tactical criterion is de?ned, at least in part, as a 
property of the operation plan that is desirable for a par 
ticular state of the environment, such as, Without limitation, 
enemy avoidance, haZard avoidance, stealth, or rapid 
achievement of mission goals. 

[0040] As de?ned herein, a path includes an ordered set of 
Waypoints to be visited by a mobile agent. FIG. 1 illustrates 
geographic locations of the Waypoints and the inferred 
directed path along the respective paths for each of the 
UGVs 101 and 102, starting at the UGV’s respective current 
location. Up to three types of Waypoints are used by the 
systems and methods described herein, though alternative 
types may be de?ned for various contexts. Waypoints A-C 
are mission points belonging to the path to be traversed by 
the UGV 101 and the Waypoints D-E are mission points 
belonging to the path to be traversed by the UGV 102. The 
Waypoint 110 (and other holloW circles shoWn in the ?gure) 
denotes a route point, Whereas the Waypoint 120 (and other 
solid circles shoWn in the ?gure) denotes a travel point. 

[0041] A mission point is a Waypoint associated With a 
predetermined mission goal at a speci?c geographic loca 
tion; the sequence of mission points along the path assigned 
to a UGV determines the order in Which the UGV accom 
plishes its assigned missions. A sequence of route points 
determines the general route folloWed by the vehicle 
betWeen tWo mission points. A route point may be manipu 
lated—i.e., traded betWeen UGVs, removed from the path, 
added to the path, or reordered—by the systems and meth 
ods described herein, as part of replanning and continual 
path and/or operation plan improvement. A sequence of 
travel points is used to specify a detailed route folloWed 
betWeen tWo route points. Note that UGV paths may inter 
sect, as shoWn by 130 in FIG. 1. 

[0042] FIG. 2(a) depicts a block diagram representation 
200 of an exemplary method of determining a path having 
an ordered set of Waypoints to be visited by a mobile agent 
to accomplish a mission. Based on an optional initial/seed 
population 202 of paths, the method generates 203 a set of 
candidate paths based at least partially on a path production 
heuristic 204 and a multi-objective optimiZation algorithm 
208. According to one practice, the initial/seed population 
202 is randomly produced. In a typical embodiment, the 
multi-objective optimiZation algorithm 208 includes an evo 
lutionary algorithm, such as, for example and Without limi 
tation, a genetic algorithm. 

[0043] From the candidate paths, one path is selected 205 
for the mobile agent, the selection being at least partially 
based on a path selection heuristic 206. In this embodiment, 
the method further includes instructing 207 the mobile agent 
to move according to the selected path. 

[0044] Optionally, the method 200 includes continually 
and/or iteratively modifying 209 the candidate paths to 
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produce neW candidate paths 203, again, at least partially 
according to the path production heuristic 204 and the 
multi-objective optimiZation algorithm 208. In one embodi 
ment, the modi?cation may include a random modi?cation 
of existing candidate paths to produce neW candidate paths. 
In an alternative embodiment, a modi?er is employed that 
advocates a path modi?cation based at least partially on a 
tactical criterion. In the modi?cation executed by the sys 
tems and methods described herein, the entire remaining 
portion of a ?rst mobile agent’s path may be recomputed, 
and this may include addition, deletion, reordering, or trad 
ing (With a second mobile agent, if one exists) of Waypoints 
along the ?rst mobile agent’s previously-assigned path. One 
or more of these modi?cations (addition, deletion, reorder 
ing, and trading of Waypoints) may be independent of a 
previously chosen or currently in-effect path. 

[0045] According to one embodiment, the method com 
pares a maintained subset 211 of the candidate paths and the 
previously-selected path 205, to select a neW path 213 
subject to the path selection heuristic 206, and instructs 215 
the mobile agent to move according to the neWly-selected 
path. According to one practice, determination of What 
subset of the candidate paths to maintain from one iteration 
to another is at least partially based on a diversity criterion; 
a diverse path population ensures that the iteration evolves 
toWard a global solution and does not gravitate to a mere 
local optimum. 

[0046] Selection of the neW path may be triggered by any 
of a number of stimuli. For example, appearance of an 
enemy proximal to the previously-selected path 205 may 
trigger selection of the neW path so the mobile agent being 
affected may circumvent the enemy. In an exemplary 
embodiment, the path production heuristic 204 and the path 
selection heuristic 206 are mutually independent of each 
other. Additionally, one or both of the path production 
heuristic 204 and the path selection heuristic 206 at a 
particular iteration may be independent of one or more 
respective counterparts at previous or future iterations. One 
or more of the path production heuristic 204 and the path 
selection heuristic 206 may be time-dependent; one example 
of Where this is the case is When heuristics are altered due 
to changing environmental conditions or mission require 
ments. In yet another illustrative embodiment, production or 
selection of a particular candidate path is mutually indepen 
dent of the production or selection of another candidate path, 
Whether in the same iteration or a different iteration. 

[0047] In one aspect, a domain-speci?c path selection 
heuristic 206 captures a rule-of-thumb for evaluating the 
relative Worth of a given path (in particular, to enable 
comparisons With alternative paths). This heuristic generally 
re?ects one or more planning constraints, and in particular, 
the relative importance or interactions betWeen those con 
straints. Analogously to the path production heuristic, the 
path selection rule-of-thumb may capture “expert knoWl 
edge” applied by human planners. In an exemplary embodi 
ment, a Weighted sum of a set of heuristic computations is 
employed to form a single criterion for path selection. 

[0048] In one embodiment, the path production heuristic 
204 and the path selection heuristic 206 employed by the 
systems and methods described herein are generally referred 
to as Advocates and Critics for Tactical Behaviors (ACTB). 
As shoWn in FIG. 2(b)—Which coarsely depicts an exem 
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plary embodiment of the method 200 of FIG. 2(a) involving 
advocates and critics—the advocates 252 and the critics 254 
interact in a cycle 250 that is exposed to, and in?uenced by, 
the “World” de?ned by the problem environment. Within the 
exemplary planning cycle 250 of an embodiment of the 
ACTB system and/or method, multiple advocates 252 are 
used to generate 251 a number of neW plans 256 (or improve 
251 existing plans) based at least partially on a set of 
seed/initial or existing plans. The neW plans 256 are evalu 
ated 253 by a number of critics 254. The results of the 
evaluations by the critics 254 are combined to produce a 
measure/score 255 of the quality of each plan, and by Which 
the plans are ranked 258. A subset of the plans are then 
chosen 257 for further manipulation in a subsequent cycle 
250. In one embodiment, the choice of plan depends on the 
path selection heuristic, Whereas in another embodiment the 
choice of plan depends on the path production heuristic that 
reWards diversity in the candidate path population. Accord 
ing to one practice, the planning cycle 250 proceeds in a 
continual manner (possibly independently of other cycles), 
and interacts With the World in a continual manner. As better 
plans are evolved, they may in?uence the current plan being 
executed. As neW discoveries are made or changes occur in 
the World, the planning process is informed so that the 
advocates 252 and the critics 254 may incorporate neW 
information into their processing. 

[0049] According to one aspect, an advantage of the 
continual, cyclic nature 250 of the ACTB system is tWo-fold. 
First, at each iteration, the set of neW plans 256 improves 
overall, at least partially based on more recent knowledge. 
Second, at each iteration the critics 254 evaluate the plans 
based at least partially on the most recent knoWledge avail 
able. Thus, a change to the tactical situation is detected and 
incorporated by the systems and methods described herein; 
subsequent modi?cations by the advocates 252 are reWarded 
based at least partially on the neW situation. 

[0050] Within the ACTB system 250, the advocates 252 
and the critics 254 interact, albeit typically indirectly. 
According to one embodiment, every advocate is associated 
With a speci?c critic, but the relationship need not be tightly 
linked. This indicates that certain tactical behaviors are 
associated With certain tactical objectives. For example, in 
an exemplary embodiment, a road-folloWing advocate tends 
to generate plans that better satisfy a duration critic. 

[0051] Furthermore, in one embodiment, distinct advo 
cates drive the planning system in distinct directions. For 
example, the road-folloWing advocate may promote changes 
opposite to, or substantially distinct from, those promoted by 
an enemy avoidance advocate. While advocates are typi 
cally, though not alWays, employed and applied indepen 
dently, this does not pose an issue, because the critics Will 
resolve the best changes or combinations of changes over 
time. 

[0052] Analogously, in one embodiment, distinct critics 
drive the system in distinct directions. For example, the 
duration critic may penaliZe plans that a surveillance critic 
reWards (e.g., a plan that sends UGVs to the tops of hills 
generally takes longer to execute than a plan that sends the 
UGVs over ?at terrain). This competition is indicative of the 
variety of, at times even con?icting, tactical objectives 
desirable for a mission. The overall needs of the mission are 
taken into account, and the relative importance of each 
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tactical objective is accommodated by the systems and 
methods described herein. Furthermore, the systems and 
methods disclosed herein employ, in one embodiment, a 
mechanism to combine the evaluations of the critics and 
resolve these issues; the design of this mechanism’s func 
tionality can generally be relevant to the overall perfor 
mance of the ACTB system. 

[0053] Three exemplary tactical advocates include mis 
sion-allocation advocate, avoid-untraversable advocate, and 
a road-folloWing advocate. It is understood, hoWever, that 
these three types are illustrative only and should not be 
considered limiting in any Way. Other applications may have 
feWer or more advocate types, or, generally, may employ 
different advocate types. 

[0054] The mission-allocation advocate exploits knoWl 
edge of the mission goals and their requirements to allocate 
mission goals to the UGVs. Typically, it operates in tWo 
modes, though other numbers and types of modes are 
conceivable, depending on the context. A ?rst exemplary 
mode is selected if a mission goal remains outstanding, that 
is, it has not yet been assigned to any UGV Within a given 
path genome. In this mode, and according to one embodi 
ment, the mission-allocation advocate assigns the outstand 
ing mission goal to a randomly-selected UGV by inserting 
a corresponding mission point into the path of the randomly 
selected UGV, next to an existing route point or mission 
point closest to the outstanding mission point along the 
UGV’s path. The order of the neW mission point is deter 
mined by the existing information in the UGV’s path. 

[0055] A second exemplary mode is used When all mis 
sions have been assigned Within a plan. According to the 
embodiment, the mission-allocation advocate randomly 
removes a sequence of one or more mission points—as Well 
as all intermediate Waypoints—from a path, and inserts that 
sequence before or after a randomly-chosen mission point in 
a randomly-chosen path in the plan. Thus, the missions may 
be inserted Within the same UGV’s path, thereby performing 
an effective re-ordering of the mission goals, or in the path 
of a different UGV, thereby performing a sWitch of mission 
goals from a ?rst UGV to a second UGV. In this offspring 
path set, the neW ordering of missions is randomly deter 
mined. 

[0056] The avoid-untraversable advocate exploits terrain 
knoWledge and a model of the movement capabilities of the 
UGVs to determine routes that do not have Waypoints in 
untraversable terrain. For example, and Without limitation, 
rivers and lakes may be untraversable for particular types of 
UGVs. The advocate identi?es Waypoints belonging to paths 
that lie in untraversable terrain, and then randomly selects 
one of these Waypoints and moves it to a location on a 
traversable terrain. The neW location is selected by searching 
on an arc toWards the “traversable-predecessor” of the 
selected untraversable-Waypoint. Any intervening Way 
points are eliminated (since they necessarily Would have 
been untraversable). 

[0057] The road-folloWing advocate exploits knoWledge 
of the road netWork to determine a path segment betWeen a 
pair of mission or route points making maximal use of roads. 
In one particular practice, roads are represented symboli 
cally in a geospatial information development toolkit (e.g., 
OpenmapTM, BBN Technologies, Cambridge, Mass., USA). 
The road-folloWing advocate randomly chooses tWo mission 
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or route points on a randomly-chosen path. Using determin 
istic routines that query the road representation, the road 
folloWing advocate determines the closest road point to each 
selected Waypoint, and obtains the shortest road path 
betWeen those road points. This road path is represented as 
a sequence of travel points With route points at the each of 
its termini. The neW sequence replaces the path betWeen the 
original selection points. 

[0058] There are contexts Wherein using travel points is 
preferable to using route points. A segment of road may be 
highly curved or irregular, and as such it may require a large 
number of points to specify that segment in a piece-Wise 
linear manner. If the travel points Were included as possible 
points of selection by the other advocates, the process of 
selecting Waypoints for adaptation Would be overWhelmed 
by the large number of travel points. For example, an 
advocate may spend the majority of its time moving road 
points, and thus be highly ineffective at optimiZing the route 
betWeen mission goals. 

[0059] At ?rst glance, the road lookups of the road 
folloWing advocate seem to serve a purpose similar to the 
shortest-path lookups of existing planning techniques. HoW 
ever, the road lookup is limited to identifying only small 
road segments, and it has little or no impact upon the 
exploration of cross-country paths by other advocates. 
Rather than simply looking up a shortest path betWeen tWo 
mission goals, Which may be a tactically poor choice, an 
embodiment of the ACTB systems and methods described 
herein uses multiple tactical advocates to determine routes, 
and creates routes by making a number of small changes at 
random locations in the path. This enables the systems and 
methods described herein to explore a Wide variety of routes 
betWeen the tWo mission goals and adapt that route accord 
ing to multiple tactical criteria. For example, some segments 
may result in a poor ?tness according to one tactical critic; 
eventual removal or modi?cation of those segments by 
tactical advocates may produce an improved path according 
to that critic. 

[0060] A typical embodiment of the ACTB systems and 
methods described herein employs several types of tactical 
critics, all of Which return path evaluations that are greater 
than or equal to 0, Where loWer numbers indicate better 
plans. It is understood, hoWever, that these critic types, 
described beloW, as Well as their typical output ranges, are 
illustrative only, and should not be construed as limiting in 
any Way. Other applications may have feWer or more types 
of tactical critics, or, generally, may employ different critic 
types, possibly having alternative output value ranges. 

[0061] Three exemplary types of critics include a travers 
ability critic, a safety critic, and a stealth critic. The travers 
ability critic exploits terrain knoWledge and a model of the 
movement capabilities of the UGVs to identify portions of 
the path that Wander into untraversable terrain. According to 
one practice, the traversability critic returns a penalty value 
proportional to distance traveled on untraversable terrain 
over all paths; it is Worth noting that in the embodiment 
described, a path Wandering into untraversable terrain is 
alloWed, but is penaliZed accordingly. 

[0062] The safety critic exploits knoWledge of the knoWn 
enemy locations and a model of enemy capabilities to 
evaluate Whether a given plan places one or more UGVs in 
danger by placing them too close to a knoWn enemy. 
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According to one practice, the safety critic returns a penalty 
value proportional to the distance traveled Within danger 
range of the enemy, over all candidate paths; it is Worth 
noting that in the embodiment described, a path that places 
a corresponding UGV dangerously close to the enemy 
location is alloWed, but is penaliZed accordingly. 
[0063] The stealth critic exploits knowledge of the knoWn 
enemy locations and line-of-sight computations to evaluate 
Whether a given plan puts one or more UGVs at risk by 
placing them in the line of sight of a knoWn enemy. 
According to one practice, the line of sight is computed 
using a geospatial information development toolkit and a 
model of the surveillance capabilities of the enemy. The 
advocate returns a penalty proportional to the distance 
traveled Within surveillance range of the enemy; it is Worth 
noting that in the embodiment described, a path that places 
a corresponding UGV Within the enemy’s surveillance range 
(e.g., direct line of sight, radar observation, sonar observa 
tion, etc.) is alloWed, but is penaliZed accordingly. 
[0064] Other critic types employed by one or more 
embodiments of the systems and methods described herein 
include a mission-success critic, a total-duration critic, and 
a max-duration critic, but as mentioned earlier, these exem 
plary critic types should not be construed as limiting the 
scope of the systems and methods described herein. 

[0065] In an illustrative embodiment, the ACTB systems 
and methods described herein facilitate performing con 
tinual operation planning Within a dynamic environment, in 
Which UGVs move, and Wherein knoWledge of the environ 
ment and tactical situation is time dependent. As illustrated 
in FIG. 2(c), in one aspect, the systems and methods 
described herein include a simulation-based system in Which 
a deliberative planning process 261 explicitly interacts With 
a simulated World environment 262 in a continual cycle 263. 

[0066] In one embodiment, the operation planning process 
employs an ACTB-in?uenced genetic algorithm to evolve 
multiple notional operation plans 261 for a predetermined 
number of generations. After a genetic run, the best plan is 
adopted as the prevailing execution plan, even if the plan 
Was randomly generated at a particular iteration/run. The 
execution plan is communicated to the UGVs, Which typi 
cally use a simple (non-reactive) execution model to visit 
their assigned Waypoints. As execution proceeds, World 
events, such as the discovery of a neW enemy location, may 
occur. These events trigger the operation planning process to 
evolve a neW plan that incorporates the neW tactical situa 
tion. Additionally, in an illustrative embodiment, the execu 
tion process may be suspended at regular intervals, and the 
deliberative process executed to explore further improve 
ments to the prevailing operational plan. Path populations 
associated With the genetic algorithm are persistent across 
genetic runs. 

[0067] From an implementation point of vieW, the ACTB 
based systems and methods described herein may be pro 
grammed in Java and the simulation environment may use a 
geographic system to represent terrain information, provide 
basic functionality for making geographic inquiries, and 
provide a graphical interface. Alternatives to the program 
ming language Java and the geographic system OpenMapTM 
may be employed Without departing from the scope of the 
systems and methods described herein. 

[0068] The systems and methods described herein typi 
cally employ an evolutionary algorithm to search for a good 
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path for a mobile agent. Evolutionary algorithms are Well 
suited for complex, multi-objective optimiZation problems. 
In addition to their ability to search ef?ciently through large 
and complex spaces, evolutionary algorithms offer an addi 
tional advantage of being easily tailored to a particular 
domain for improved performance. 

[0069] The systems and methods described herein take 
advantage of this through use of tactical advocates and 
tactical critics. The advocates include domain-speci?c muta 
tions that modify a plan based on knoWledge of good tactics. 
The critics compute various evaluation metrics correspond 
ing to various criteria indicative of a good plan. The struc 
ture of the systems and methods disclosed herein makes it 
easy to add advocates and critics and hence to incorporate 
additional domain knoWledge; similarly, it is straightforWard 
to remove an advocate or critic. 

[0070] The ACTB genetic algorithm employed in an 
embodiment of the systems and methods described herein is 
based at least partially on the notion that potentially signi? 
cant improvements to an overall plan are possible by apply 
ing a succession of small, goal-directed changes. According 
to one practice, these goal-directed changes are made using 
domain-speci?c genetic operators, termed tactical advo 
cates, as already mentioned. In various illustrative embodi 
ments, the improvements include global changes to one or 
more paths (in particular, to the remaining portions thereof) 
assigned to the UGVs. 

[0071] In a typical embodiment, several traditional genetic 
mutation and crossover operators are used by ACTB to 
maintain sufficient diversity in the path population. In this 
embodiment, the tactical advocates continue to make novel 
plans rather than continue to rehash old ones. According to 
one practice, three mutation operators are used, each of 
Which performs a mutation on a randomly-chosen chromo 
some Within the genome. The number and nature of the 
mutation operators is understood to vary based on context, 
so the three illustrative types described herein should not be 
considered limiting in any Way. As mentioned earlier, typi 
cally, only mission points and route points are manipulated 
(i.e., genetically mutated), not travel points. 
[0072] In one embodiment, an insert-Waypoint mutation 
operator randomly selects a Waypoint on the chromosome 
and inserts a single Waypoint before or after that point. The 
geographic location of the neW Waypoint is typically a small 
random distance in a random direction from a line connect 
ing its neighbors. 
[0073] A remove-section mutation operator randomly 
selects tWo Waypoints in the chromosome and removes them 
and Waypoints in betWeen. 

[0074] A nudge-Waypoint mutation operator randomly 
selects a Waypoint from the chromosome and modi?es its 
geographic location slightly in a random direction. 

[0075] In one exemplary embodiment of the systems and 
methods described herein, tWo genetic crossover operators 
are employed. It is understood that other contexts and 
applications may include genetic crossover operators dis 
tinct from, and feWer or larger in number than, the cross 
overs described herein. 

[0076] The path-crossover operator is applied to a single 
genome parent, and performs variable-length one-point 
crossover betWeen tWo randomly-chosen chromosomes 
Within the genome. 
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[0077] The plan-crossover operator is applied to tWo 
genome parents, and performs variable-length one-point 
crossover between a randomly-chosen chromosome in one 
parent and a randomly-chosen chromosome in the other. 

[0078] In an alternative embodiment, in addition to the 
tactical advocates, traditional domain-generic operators are 
also used to augment path search capabilities of the systems 
and methods described herein and/or to maintain path popu 
lation diversity. 

[0079] In one aspect, the ACTB genetic algorithm accom 
modates the multi-objective nature of the operation planning 
problem by using multiple, distinct evaluation components 
to determine ?tness of candidate paths. Speci?cally, accord 
ing to one practice, a tactical critic represents a domain 
speci?c evaluation component that computes a single term 
of a ?tness function. Each tactical critic typically evaluates 
hoW Well a given operation plan satis?es a tactical criterion. 
For example, and Without limitation, a critic for safety may 
evaluate a plan to determine hoW much danger the UGVs are 
placed in, due to traveling too close to a knoWn enemy. In 
a typical embodiment, outputs of multiple critics are com 
bined using a Weighted sum to form a single ?tness value. 
In a military context, for example, the Weights associated 
With the critics re?ect the tactical priorities of the operation. 

[0080] The ACTB genetic algorithm accommodates a con 
straint-based nature of the operation planning problem by 
alloWing ostensibly “illegal” individual paths into the popu 
lation of candidate paths or path sets; an illegal path includes 
a path that violates at least one problem constraint. Apath set 
includes, as the name implies, a set of paths; every mobile 
agent has an associated path belonging to the path set. 

[0081] Additionally, the ACTB genetic algorithm-based 
systems and methods described herein employ ?tness values 
to re?ect the magnitude of a violation. Speci?cally, When a 
tactical critic evaluates a candidate operation plan (i.e., 
candidate path or path set) against a tactical criterion, it 
assigns a penalty if the plan violates that criterion. For 
example, in an illustrative embodiment, a critic assigned the 
task of determining Whether a candidate path is traversable 
may still accept a path that crosses Water (an untraversable 
terrain), but Will assign a high penalty to the path. To enable 
a relative judgment amongst “illegal” plans, critics typically 
assign a penalty proportional to the degree of the violation. 
According to one exemplary practice, the distance to be 
“traveled” in Water at least in part determines a magnitude 
or severity of the penalty imposed. 

[0082] In an embodiment involving n UGVs, Where nil 
(more typically, n22), a genome is de?ned as a set of n 
chromosomes, Wherein each chromosome de?nes the path 
for one of the UGVs as a variable-length sequence of 
geographic locations, or Waypoints, to be visited by the 
UGV for a remainder of the operation plan. According to one 
practice, to evaluate a ?tness of the genome, a successive 
pair of Waypoints is assumed to be connected With a straight 
line. Therefore, according to the practice, each chromosome 
de?nes a piece-Wise linear directed path. The ?rst Waypoint 
in each path represents the next Waypoint to be visited by the 
corresponding UGV. Typically, the ?rst segment of the path 
is understood to be the straight line betWeen the UGV’s 
current location and the ?rst Waypoint in the path. 

[0083] To enable effective genetic manipulations, an 
exemplary genetic representation includes three types of 

Sep. 29, 2005 

Waypoints, each representing a different conceptual aspect 
of a path. It is understood, hoWever, that not each of the three 
types of Waypoints is required in all embodiments. 

[0084] In the embodiment Wherein the systems and meth 
ods described herein employ a genetic algorithm, a route 
point may be genetically manipulated, e.g, mutated. 

[0085] A notable feature of travel points is that they 
generally are not available for selection as points of genetic 
manipulation by the systems and methods described herein. 
Rather, they are used to incorporate speci?c path segments 
betWeen tWo consecutive mission points or route points. The 
relative bene?ts of these segments may then be evaluated 
through a genetic search. In an exemplary embodiment, 
route-points are used by a road-folloWing advocate to rep 
resent complex road segments. 

[0086] FIG. 3 illustrates a sample genome having tWo 
chromosomes 300 and 350, respectively corresponding to a 
?rst UGV and a second UGV. Waypoints A-C are mission 
points belonging to the chromosome 300 and the Waypoints 
D-E are mission points belonging to the chromosome 350. 
As in FIG. 1, each of the route points 301-305 and 311-313 
is represented by a holloW circle, and each of the travel 
points 341-345 (and others not labeled in the ?gure) is 
represented as a solid circle. 

[0087] The three types of Waypoints are used to enable 
genetic manipulations targeted to different levels of plan 
ning. For example, manipulation of mission points and their 
order performs the task of scheduling missions, Whereas 
manipulation of route points performs the task of route 
planning. In the context of a UGV platform, little to no 
distinction is required betWeen the three types of Waypoints, 
except that travel points typically may not be genetically 
mutated or otherWise manipulated. 

[0088] The deliberative UGV planning problem shares 
some characteristics With a classic optimiZation problem, 
called the vehicle routing problem With time WindoWs 
(VRPTW). In both problems, multiple vehicles are to move 
in such a Way as to arrive at particular locations during 
predetermined time intervals. HoWever, the UGV planning 
problem has nontrivial additional complications. One is that 
the paths betWeen locations are generally not Well-de?ned, 
and a task of the planning algorithm is to ?nd a good path 
over a combination of roads and off-road terrain. A second 
complication is that the deliberative UGV planning entails a 
greater number of criteria to be considered for determining 
a good plan. 

[0089] The operation planning systems and methods 
described herein are Well-suited to solve the VRPTW. In 
particular, the problem involves predetermined time Win 
doWs during Which the mobile agents—UGVs in our illus 
trative example—are to arrive at, and/or depart from, a 
subset of the Waypoints. 

[0090] To solve the problem involving time WindoW con 
straints, the systems and methods described herein employ, 
in one aspect, a greedy algorithm providing a unique inter 
pretation of a path With respect to time, alloWing the details 
of the path to be varied quite signi?cantly. This is unlike a 
traditional “shortest-paths” lookup, Wherein a set of ?xed 
routes betWeen key locations is stored; it also is unlike 
“dynamic” shortest-paths lookup, Wherein the shortest 
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routes between key locations are occasionally recomputed to 
accommodate neW information. 

[0091] The greedy algorithm provides a suitable frame 
Work for evaluating a path’s duration as Well as the success 
or failure of accomplishing the missions as part of the 
constrained operation planning problem. This problem may 
be de?ned more concretely as folloWs: given one or more 
mobile agents operating Within a complex environment 
(e.g., urban environment, terrain With multiple features and 
terrain types, multiple knoWn enemy locations, etc.), given 
one or more mission goals involving visiting speci?c loca 
tions Within that environment, and given a set of general and 
mission-speci?c constraints, both hard and soft, imposed on 
prospective routes (e.g., the route must avoid enemies, the 
missions must be achieved as soon as possible, etc.), the 
constrained deliberative planning problem includes deter 
mining a route for each mobile agent such that over all 
mobile agents in the ?eet, missions are successfully accom 
plished While satisfying substantially all hard constraints and 
soft constraints as best as possible. 

[0092] According to one practice, the greedy algorithm 
employed by the systems and methods described herein 
assumes that a mobile agent Will travel betWeen the Way 
points along its assigned path at a speed less than or equal 
to a maximum speed alloWable or feasible for the terrain 
over Which it is traveling. The algorithm also assumes that 
each of a subset of the Waypoints represents an attempt to 
ful?ll a respective mission, subject to a speci?ed time 
WindoW. An aspect of the greedy algorithm includes the 
notion that if a vehicle, traveling at its maximum speed, 
arrives at a mission point earlier than a prescribed time 
WindoW, it may Wait or move suf?ciently sloWly to ensure a 
timely arrival and/or departure. A mission is considered 
accomplished as long as a vehicle arrives to accomplish the 
mission at any point betWeen the start and end time. This 
provides a mechanism for stepping through the path and 
evaluating the times at Which the missions are accom 
plished. 

[0093] In a larger context, the greedy algorithm may be 
employed Within an evolutionary algorithm to solve the 
deliberative planning problem, When a route may be evalu 
ated, typically dynamically, against multiple criteria other 
than simple travel time. That is to say, there is no a priori 
“best” route betWeen a pair of mission locations; this vari 
ability can have an impact on the success of the deliberative 
planning effort. This is the case, for example, in planning for 
one or more UGVs Whose routes are not only to be suf? 
ciently quick, but must also enable the UGV to satisfy a 
variety of tactical constraints, such as avoiding enemies. 

[0094] An issue When evaluating such a plan for delibera 
tive planning includes a tradeoff betWeen hoW to schedule 
the times of the missions versus the computation of the 
travel times When routes are not static in quality. Existing 
approaches are generally capable of performing one task or 
the other, but not both. If scheduling is performed, then a 
?xed routing lookup is assumed. If routing is performed, 
then the times on the missions are assumed to be secondary, 
and the focus is shifted to path planning. 

[0095] According to one practice, the greedy algorithm 
interpretation of the execution of a path chromosome is as 
folloWs. Each mission goal is de?ned as a geographic 
location With an “earliest” time of arrival and a “latest” time 
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of arrival; additionally or alternatively, an earliest time of 
departure or latest time of departure may be speci?ed. The 
duration of travel betWeen each successive pair of Waypoints 
is computed—for example, by assuming that a mobile agent, 
such as a UGV, travels at its established maximum speed for 
each terrain type; alternatively, the UGV may be assumed to 
travel at an established average speed for each terrain type. 
Using the current time in the simulated World and the current 
location of the UGV as a starting point, the greedy algorithm 
steps through all Waypoints on the chromosome in order, 
evaluates a duration of the path segments, and assesses 
mission success as it proceeds. In one aspect, the algorithm 
assumes that if a UGV arrives at a mission point too early, 
it is possible for that UGV to arrive on time (e.g., through the 
simple mechanism of driving more sloWly or by Waiting a 
prescribed amount at an appropriate venue). 

[0096] In a greedy algorithm implementation of the sys 
tems and methods described herein, a notion of a “minimum 
Wait time” for the UGV at each mission point is employed 
to model completion of the missions. It is assumed that the 
UGV Will Wait for the minimum possible amount of time at 
each of its assigned mission points to satisfy the time 
WindoW constraint. 

[0097] According to one practice, the greedy algorithm 
assumes a model of UGV movement speed over different 
terrain types, and evaluates a travel time betWeen successive 
mission points based at least partially on distances and 
terrain traversed over the @iece-Wise linear) path betWeen 
them. Typically, each UGV is assumed to travel as fast as 
possible betWeen mission points (though, in an alternative 
embodiment, an average speed is considered), and then Wait 
as little as needed (if early) to meet a prescribed time 
WindoW requirement (i.e., the greedy choice). Thus, no 
special representation of time WindoWs is required in the 
genome. The mission-success critic evaluates hoW Well a 
given plan comes to accomplishing mission goals, and 
returns a penalty proportional to the number of failed goals 
and a corresponding degree of failure. The total-duration 
critic evaluates hoW long each UGV takes to execute its 
chromosome, and returns the sum of the durations of all 
chromosomes. The max-duration critic evaluates hoW long 
each UGV takes to execute its chromosome, and returns the 
longest duration over all chromosomes. 

[0098] FIG. 4 illustrates a sample evaluation of the dura 
tion and mission success of a path chromosome. Table 1 
provides a summary snapshot of FIG. 4. For example, and 
Without limitation, if a UGV traveling at its maximum 
alloWable or feasible terrain speed over a set of route and 
travel points arrives at the ?rst mission point on its assigned 
path too early, the systems and methods described herein 
assume that it Would Wait the minimum amount of time 
required to meet the “earliest” mission time WindoW, and 
then move on; the arrival time WindoW for the mission point 
A is 20 minutes for ‘A’, the interval [12:10 and 12:30]). At 
each subsequent mission point this same computation 
occurs. If the earliest possible arrival time lies Within the 
prescribed time WindoW, then the minimum Wait time is 0 
minutes (e.g., ‘C’). If it is impossible for the UGV to arrive 
at a mission before or during the prescribed time WindoW 
(i.e., it is late), then the amount of tardiness is recorded and 
the mission is ?agged as having failed (e.g., 5 minutes late 
for ‘D’). HoWever, according to one practice, in a greedy 
fashion, the systems and methods described herein continue 
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to evaluate the path and assume that, though late, the UGV 
Went as quickly as possible to a subsequent mission point. 
For example, though late for mission D, the greedy choice 
is to depart as soon as possible (i.e., 1:45, indicated in bold 
in Table 1). Thus, being late for one mission (e.g., ‘D’) does 
not preclude success at a subsequent mission (e.g., ‘B’). 

TABLE 1 

Mission A: Mission C: Mission D: Mission B: 

Earliest arrival: Earliest arrival: Earliest arrival: Earliest arrival: 
12:00 + 0:10 = 12:30 + 0:15 = 12:45 + 1:00 = 1:45 + 0:10 = 

12:10 12:45 1:45 1:55 
—> Wait time = —> Wait time = —> Wait time = —> Wait time = 

0:20 0:00 —0:05 0:00 

(EARLY) (SUCCESS) (FAILURE) (SUCCESS) 

[0099] The greedy algorithm employed by the systems and 
methods described herein provides, in a typical embodiment, 
a unique Way of interpreting an inherently spatial property 
(namely, travel time along a route) Within the context of an 
inherently temporal constraint (namely, to accomplish the 
missions during prescribed time WindoWs). 

[0100] In conjunction With an evolutionary algorithm, this 
provides a mechanism for exploring variations both in the 
routes (“space”) and in the order of the missions (“time”), 
With little, if any, loss of capability. Over multiple genera 
tions and various sequences of Waypoints, a plan may be 
evolved that correctly ful?lls the mission time requirements 
While obeying the necessity of travel and multiple con 
straints upon that travel. 

[0101] FIG. 5 depicts a prototype application 500 of an 
embodiment of the ACTB systems and methods described 
herein, directed at the problem of deliberative planning of 
UGV routes. The ?gure illustrates an example of Where the 
application ?ts into a larger on-vehicle processing system. 
The vehicle perception subsystem 502 processes and ana 
lyZes the sensor data 504 to produce an evolving description 
of a region that at least partially surrounds the vehicle. This 
description is reconciled 505(a)-505(b) With a priori topo 
graphic information and ongoing situation assessment 506, 
and intelligence 508 that is streamed to, collected by, or 
otherWise communicated to the vehicle. Similarly, and 
optionally, inputs and parameter settings are received by the 
vehicle from the operator 510. All this information—the 
scene description, the situation aWareness, the intelligence, 
and the operator settings/inputs—forms the input to a typical 
embodiment of the ACTB systems and methods described 
herein, Which continually monitor and revieW this data and 
formulate a plan 511, chosen from a pool of adaptively 
maintained tactical behaviors 516, for the vehicle’s move 
ment. In a sense, the adaptive tactical behaviors box 516 
encompasses What is shoWn in FIG. 2(a). Speci?cally, the 
systems and methods described herein produce a sequence 
of vehicle commands 512 of Waypoints expected to be 
folloWed by the vehicle. Optionally, commands sensor com 
mands are issued 514 to the vehicle, instructing the vehicle 
to manipulate one or more sensors or data collection instru 

ments. For example, and Without limitation, the command 
514 may include instructions to the vehicle to turn on an 
onboard camera and point it to a particular target. These 
Waypoints are turned over to a navigation subsystem of the 
systems and methods described herein. 
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[0102] A property of an effective, automated replanning 
system and method for UGVs includes a capability for each 
UGV to cooperate With other UGVs in developing effective 
global solutions, but to accomplish this task Without requir 
ing the full knoWledge of all knoWn intelligence across all 
UGVs. A centraliZed solution, While it may be capable of 
developing highly-optimiZed solutions over all mission 
objectives, is impractical, because it requires an ability to 
maintain complete centraliZed knowledge of all environ 
mental information, as Well as update every UGV essentially 
at all times. A distributed system With full knoWledge 
communicated to every UGV, While it may alloW processing 
requirements to be distributed and enable each UGV to make 
globally-optimiZed decisions, is also impractical, because it 
requires essentially full communication and rapid update of 
neWly-discovered knoWledge. 

[0103] In an exemplary realistic solution, a mobile agent, 
such as a vehicle, is capable of local processing and vehicles 
are assumed to be interconnected With respect to commu 
nications. In the exemplary solution, vehicles exchange 
sensor-derived information and may receive updated intel 
ligence or directives from one or more human operators. 
FIG. 6 illustrates a possible communication netWork of 
multiple UGVs, possibly including a human operator, over 
Which collaborative planning may occur. The exemplary 
system and method depicted by FIG. 6 illustrates that the 
deliberative planning may occur With sharing of partial 
information, not necessarily complete information, among 
the vehicles. 

[0104] An aspect of the systems and methods described 
herein includes effectively planning locally While achieving 
path solutions that are optimiZed to some degree at a global 
level; as mentioned earlier, the entirety of the remainder of 
a path for a mobile agent may change as a result of the 
continual updating of the population of candidate paths, 
Which may occur in part from an unexpected local stimulus, 
such as an unpredicted appearance of an enemy. 

[0105] For an ACTB system and/or method, the continual 
replanning nature of the approach provides valuable ben 
e?ts. Each UGV may execute its oWn directed evolutionary 
system, and independently evolve neW candidates for the 
selected team plan based upon knoWledge available to that 
UGV. Each UGV may periodically transmit its best plan, or 
sets of plans, to other UGVs With Which it communicates. 
The UGVs may then perform an information handshake to 
agree on changes to be incorporated. For example, in such 
an embodiment, plans requiring tWo UGVs to sWap objec 
tives may be implemented if those UGVs are in communi 
cation. The niche-based approaches to genetic algorithms 
are suitable for providing valuable insights into the problem. 
In a niche-based approach, different niche populations are 
maintained and optimiZed on information locally available 
to that niche. In one embodiment, genetic operators occa 
sionally transmit information betWeen niches, thereby pro 
viding the capability for the information in one local search 
to affect another local search, even if indirectly. 

[0106] Another property of an effective automated replan 
ning system for UGVs is a capability to develop plans 
Wherein multiple UGVs demonstrate cooperative group 
behaviors that enable them to solve their missions more 
effectively. For example, and Without limitation, some 












