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REAL-TIME TARGET TRACKING OF AN 
UNPREDICTABLE TARGET AMID 

UNKNOWN OBSTACLES 

CROSS-REFERENCE TO RELATED 
APPLICATION 

This application claims the bene?t under 35 U.S.C. § 
119(e) of US. Provisional Application No. 60/378,015, ?led 
May 10, 2002. The above application is incorporated by 
reference in its entirety. 

FIELD OF INVENTION 

The present invention relates to robotic systems having a 
target tracking capability. More speci?cally, the present 
invention relates to a target tracking algorithm that provides, 
among other things, real-time tracking of an unpredictable 
target located amid unknoWn obstacles. 

BACKGROUND OF THE INVENTION 

Tracking moving targets, even With a mobile observer 
robot, raises numerous challenges. These challenges become 
increasingly dif?cult to solve When the moving target’s 
trajectory is unknoWn and the mobile observer robot has no 
prior knoWledge of the Workspace through Which it and the 
target are moving. 

FIG. 1 illustrates an observer robot 103 folloWing a 
moving target 101 through a Workspace 100. The observer 
robot 103 includes a sensor that provides it With a localiZed 
visibility region 109 of the Workspace 100. The observer 
robot 103 has no prior knoWledge of the Workspace 100 or 
the target’s trajectory. Accordingly, the observer robot 103 
Wants to keep the target 101 Within the visibility region 109 
in order to track changes in the target’s movement. Com 
plicating the observer robot’s task are various obstacles 105, 
111 and occlusions produced by those obstacles. If the target 
101 interposes one of these obstacles 105, 111 or an occlu 
sion betWeen itself and the observer robot 103, then the 
observer robot 103 Will not be able to identify the target 103 
in the visibility region 109 and Will likely lose track of the 
target 101 altogether. While the Workspace 100 is shoWn in 
FIG. 1 as a bounded area, the Workspace 100 is theoretically 
unbounded. 

FIG. 2 illustrates a problem that arises When the tracking 
algorithm used by the observer robot 103 employs only 
visual servoing to folloW the target 101. Sensors associated 
With the observer robot produce visibility regions 
109a—109c. The observer robot 103 identi?es the target 101 
in each of the visibility regions 109a—109c and moves 
progressively from location 103a to location 103c as the 
target moves from location 101a to 1016. However, as the 
target 101 approaches an edge of obstacle 111, the target’s 
trajectory passes behind the edge to location 101d. From 
visibility region 109d, the observer robot 103 Will not be 
able to identify the target 101 due to the edge of obstacle 
111. Accordingly, the observer robot’s visual servoing con 
trol Will not knoW What steering command to neXt render to 
the observer robot 103. Thus, the observer robot 103 Will 
likely lose track of the target 101 unless the target’s trajec 
tory just happens to take it past the interposing obstacle 111. 

The tracking problem presented in FIG. 2 someWhat 
resembles the problem that a large hauling truck faces While 
trying to round a corner Without passing over the curb of the 
near-side street. HoWever, in the eXample provided in FIG. 
2, the observer robot 103 cannot see through the obstacle 111 
and cannot pass over it either. Accordingly, pure visual 

10 

15 

20 

25 

30 

35 

40 

45 

50 

55 

60 

65 

2 
servoing does not provide an appropriate solution for Work 
spaces like the Workspace 100. 

Tracking problems have been encountered in various 
other disciplines. HoWever, avoiding occlusions are not 
typically a concern of the tracking solution. For instance, 
missile control systems do not typically need to solve 
occlusion problems. Similarly, tracking targets through 
obstacles in knoWn environments is not typically a major 
problem. If the observer robot has a priori knoWledge of the 
Workspace, it can react to trajectories selected by the target. 
For instance, the prior art includes solutions to problems 
knoWn as “guarding the art gallery” in Which a target having 
an unknoWn trajectory moves through a Workspace (e.g., an 
art gallery) similar to that shoWn in FIG. 1. In this problem, 
?Xed sensors at various locations in the Workspace are used 
to track the moving target. In this problem’s formulation, the 
?Xed sensors typically have knoWledge of the Workspace 
and knoWledge about the location of the other ?Xed sensors. 
Similarly, if the observer robot has a prior knoWledge of the 
target’s trajectory, it can plan for the target’s movements and 
is less reliant upon sensor data. Prior knoWledge even alloWs 
solutions to be developed off-line and even outside the 
observer robot using more poWerful computing devices than 
those likely to be available in a small robot. 

Similarly, on-line game-theoretic planning solutions 
involve preparing probabilistic models of a target’s behavior 
and typically include prior knoWledge of the Workspace. 
HoWever, such solutions are typically computationally 
intense and may not be suitable for implementation in many 
robotic applications. 

Accordingly, a solution is needed for the problem of 
tracking targets having unknoWn trajectories through an 
unknoWn Workspace by a mobile observer robot. The solu 
tion should be suf?ciently elegant so as to minimiZe the 
impact on the computational resources of the mobile 
observer robot. 

SUMMARY OF THE INVENTION 

Embodiments of the invention provide a strategy for 
computing the motions of an observer robot tracking a target 
in an unknoWn environment and With no prior knoWledge of 
the target’s intentions or the distribution of obstacles in the 
environment. Embodiments of the invention provide an 
algorithm that governs the motion of the observer robot 
based on measurements of the target’s position and the 
location of obstacles in the environment. The algorithm 
computes a description of the geometric arrangement 
betWeen the target and the observer’s visibility region pro 
duced by the obstacles and computes a continuous control 
rule using this description. 
Embodiments of the invention provide a method for 

tracking a target moving among a plurality of obstacles in a 
Workspace. The method calls for preparing a visibility 
region that identi?es the locations of obstacles from the 
plurality of obstacles and identi?es the location of the target 
using data received from a sensor. Aplurality of escape paths 
for the target are calculated using the visibility region, each 
escape path representing a route that Would occlude the 
target from future detection by the sensor. An escape path set 
from among the plurality of escape paths is identi?ed such 
that the escape path set represents escape routes having the 
shortest length. An escape risk gradient is calculated for the 
escape path set that can be used to prepare a steering 
command for an observer robot tracking the target. 
Embodiments of the invention also provide a system for 

tracking a target moving among a plurality of obstacles in a 
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Workspace. The system includes a visibility acquisition 
module con?gured to prepare a visibility region that iden 
ti?es locations of obstacles from the plurality of obstacles 
using data received from a sensor. A target acquisition 
module is con?gured to locate the target in the visibility 
region. An escape-path tree building module identi?es a 
plurality of escape paths for the target using the visibility 
region, each escape path representing a route that Would 
occlude the target from further detection by the sensor. A 
shortest escape-path tree calculation module is con?gured to 
identify an escape path set from among the plurality of 
escape paths such that the escape path set represents the 
routes having the shortest length. Arisk gradient calculation 
module calculates an escape risk gradient for the escape path 
set that can be provided to an observer robot tracking the 
target. 

Embodiments of the invention further provide a method 
for tracking a target in a Workspace. The method calls for 
sensing the Workspace to obtain a visibility region that 
identi?es the target and at least one obstacle. An escape risk 
is calculated from the visibility region, the escape risk 
representing the risk that a trajectory of the target Will escape 
further detection from an observer robot. Escape from the 
observer robot includes movement outside the visibility 
region and movement into an occlusion produced by the at 
least one obstacle. A steering command for the observer 
robot can be composed using the escape risk. The steering 
command reduces the target’s ability to escape detection 
from the observer robot. 

Embodiments of the invention also provide a system for 
tracking a target in a Workspace. A sensor obtains data that 
describes the Workspace. A visibility region acquisition 
module uses data received from the sensor to produce a 
visibility region that identi?es a plurality of obstacles in the 
Workspace. A target acquisition module is con?gured to 
identify the target in the Workspace. A risk association 
module uses the visibility region to determine an escape risk 
that the target Will escape detection from an observer robot, 
Where escape from the observer robot includes both target 
movement outside the visibility region and target movement 
into an occlusion produced by at least one obstacle of the 
plurality of obstacles. A motion command calculation mod 
ule composes a steering command for the observer robot that 
reduces a target’s ability to escape detection from the 
observer robot. 

Embodiments of the invention further provide a method 
for tracking a target moving in a Workspace. The method 
calls for preparing an escape-path tree having the target as 
a head node. Aplurality of escape paths are identi?ed for the 
target, each escape path representing a route through the 
Workspace that Would occlude the target from at least one 
sensor. Each escape path of the plurality of escape paths is 
placed as a child node in the escape-path tree, and each 
escape path is ordered in the escape-path tree such that 
escape paths having shorter lengths reside higher in the 
escape-path tree than escape paths having longer lengths. A 
set of escape paths having shorter lengths is selected from 
the escape-path tree. An escape risk for the target is calcu 
lated using the set of escape paths. 

Embodiments of the invention also provide a system for 
tracking a target moving in a Workspace. An escape-path tree 
building module is con?gured to prepare an escape-path tree 
having the target as a head node and identify a plurality of 
escape paths for the target, Where each escape path repre 
sents a route through the Workspace that Would occlude the 
target from at least one sensor. The building module is also 
con?gured to place each escape path of the plurality of 
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4 
escape paths as a child node in the escape-path tree and order 
the escape paths in the tree such that escape paths having 
shorter lengths reside higher in the escape-path tree than 
escape paths having longer lengths. A shortest escape-path 
tree calculation module selects a set of escape paths having 
shorter lengths from the escape-path tree. A risk association 
module is con?gured to calculate an escape risk for the 
target using the selected set of escape paths. 
Embodiments of the invention also provide a computer 

readable medium that comprises an escape-path tree data 
structure, location data for the target, and location data for 
an observer robot tracking the target. The escape-path tree 
data structure is con?gured to represent escape paths that the 
target could use to escape detection by a sensor. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 illustrates a mobile observer robot folloWing a 
moving target through a Workspace. 

FIG. 2 illustrates a problem that arises When the tracking 
algorithm used by the observer robot employs only visual 
servoing to folloW the target. 

FIG. 3 illustrates the movements of an observer robot 
applying a tracking algorithm to folloW a moving target as 
it moves around an obstacle, according to an embodiment of 
the invention. 

FIG. 4 is a ?oWchart that depicts the steps performed by 
the tracking algorithm, according to an embodiment of the 
invention. 

FIG. 5 illustrates sensor data supplied to the track algo 
rithm by a sensor that can be used to determine the visibility 
region and locate the target, according to an embodiment of 
the invention. 

FIG. 6 illustrates a visibility region containing obstacles 
identi?ed by the track algorithm, according to an embodi 
ment of the invention. 

FIG. 7 illustrates a ?rst step in the transition of the 
visibility region into an escape path tree (“EPT”), according 
to an embodiment of the invention. 

FIG. 8 illustrates an escape-path tree imposed over the 
visibility region, according to an embodiment of the inven 
tion. 

FIG. 9 illustrates some initial considerations for a tracking 
algorithm’s risk-based strategy, according to an embodiment 
of the invention. 

FIG. 10 illustrates further movement of the target toWards 
the occlusion created by the obstacle and the role of the 
reactive component, according to an embodiment of the 
invention. 

FIG. 11 illustrates the combination of the reactive com 
ponent and a look-ahead component and into a trajectory for 
the observer robot, according to an embodiment of the 
invention. 

FIG. 12 further illustrates the role of the look-ahead 
component by providing an eXample in Which the target is 
on the same side of the obstacle as the observer robot. 

FIG. 13 is a block diagram of an observer robot con?g 
ured to perform the tracking algorithm, according to an 
embodiment of the invention. 

DETAILED DESCRIPTION OF EMBODIMENTS 
OF THE INVENTION 

Many applications require continuous monitoring of a 
moving target by an observer robot having access to a 
controllable sensor system. While tracking objects is not 
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neW, conventional techniques typically ignore the presence 
of obstacles and focus on imaging and target recognition 
issues. For a target moving among obstacles, the goal of 
tracking involves a complex motion problem: a controllable 
observer a robot needs to anticipate that the target may 
become occluded by an obstacle and move to prevent such 
an event from occurring. Embodiments of the invention 
provide a strategy for computing the motions of a mobile 
robot operating Without prior knoWledge of the target’s 
intentions or the distribution of obstacles in the environ 
ment. Embodiments of the invention also provide an algo 
rithm that governs the motion of the observer robot based on 
measurements of the target’s position and the location of 
obstacles in the environment. The algorithm computes a 
description of the geometric arrangement betWeen the target 
and the observer’s visibility region produced by the 
obstacles and computes a continuous control rule using this 
description. 

FIG. 3 illustrates the movements of an observer robot 303 
applying a tracking algorithm to folloW a moving target 301 
as it moves around an obstacle 111, according to an embodi 
ment of the invention. The target 301 could be any moving 
object, from a robot, to a mechanical device, to an animal, 
such as a human. The observer robot 303 receives data from 
a controllable sensor. For example, the observer robot 303 
may include a controllable vision sensor mounted on the 
robot, as Well as softWare that executes the tracking algo 
rithm. The observer robot 303 need not knoW the target’s 
trajectory in advance in order for the tracking algorithm to 
provide appropriate instructions to the observer robot 303. 
The observer robot 303 also requires no prior model, or map, 
of a Workspace 305 and does not knoW the location of 
obstacles, such as the obstacle 111. Accordingly, the tracking 
algorithm aims to avoid sensor (e.g., visual) separation 
betWeen the observer robot 303 and the moving target 301. 
The tracking algorithm assumes that any obstacle in the 
Workspace 305 that obstructs the observer robot’s ?eld of 
vieW also constrains the motions of both the observer robot 
303 and the target 301, and vice-versa (e.g., no transparent 
objects or smoke screens), according to an embodiment of 
the invention. 
From each sensor sWeep, the observer robot 303 deter 

mines a visibility region 309a—309e (e.g., a local map) for 
the Workspace 301. The observer robot 303, relies on the 
visibility region 309a—309e, computed on-the-?y from the 
measurements, produced by its sensor in an embodiment of 
the invention, to determine its oWn trajectory While folloW 
ing the target 303. For example, as the target’s trajectory 
progresses, the observer robot’s tracking algorithm deter 
mines that if the target 301 moves around obstacle 111, then 
the observer robot 303 Will lose sensor contact With the 
target 301. Accordingly, and in contrast to the observer robot 
motion shoWn in FIG. 2, the observer robot 303 moves 
slightly aWay from the obstacle 111 as the observer robot 
303 tracks the target 301. Thus, When target 301 actually 
does move around obstacle 111, the observer robot 303 does 
not lose sensor contact With the target 303, as shoWn by the 
sensor sWeep indicated in visibility region 3096. 

In simple terms, the observer robot’s tracking algorithm is 
analogous to the actions of a person tracking a moving target 
in an unknoWn environment using a ?ashlight that projects 
only a plane of light. Moreover, the person’s ?ashlight 
?ickers on and off and the person cannot assume that if they 
lose sight of the target that they can re-locate the target by 
running after it. The interested reader Will ?nd a detailed 
mathematical description of the tracking problem and its 
solution folloWing FIG. 13. 
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Visibility Regions in the Workspace 
The tracking algorithm needs to account for the geometry 

of the Workspace 305. In addition to obstructing movement 
of the robots, obstacles constrain the area of the Workspace 
305 that is visible to the observer robot 303. For example, 
the observer robot 303 cannot see around the corner of 
obstacle 111, Which is Why the tracking algorithm causes the 
observer robot’s movements from positions 303a—303c to 
move slightly aWay from the obstacle 111 and facilitate the 
observer robot’s goal of staying in sensor contact With the 
target 301. 
The observer robot’s equipment con?guration determines 

the ?eld of vieW of its sensors. The observer robot’s vis 
ibility may be limited to a ?xed cone (of various siZes) or 
restricted by loWer and/or upper bounds on the sensor range. 
For example, the visibility regions shoWn in FIG. 3 comprise 
the sectors shoWn as 309a—309e. The tracking algorithm can 
compute the visibility region from a synthetic model or from 
sensor measurements. In the former case, a ray-sWeep 
algorithm can be used to compute the visibility region for 
conventional polygonal models. For the latter, the visibility 
region can be measured With a laser range-?nder using 
conventional techniques. A suitable ray-sWeep algorithm is 
discussed in the detailed mathematical description folloWing 
FIG. 13. 
Tracking Strategies 

Target tracking comprises computing a function—a track 
ing strategy—such that the target 301 remains in vieW by the 
observer robot 303 at all times. Additionally, the tracking 
strategy may optimiZe other criteria, such as the total dis 
tance traversed by the observer robot 303, the distance from 
the observer 303 to the target 301, or a quality measure of 
the sensor information. In some embodiments, losing track 
of the target 303 may be unavoidable, in Which case an 
optimal tracking strategy may comprise maximiZing the 
target’s “escape time” or “time to escape” (tesc)—the time 
When the observer robot 303 ?rst loses the target 301. For 
example, as shoWn in FIG. 2, the escape time is the instant 
When the target’s movement interposes the obstacle 111 
betWeen the target 301 and the observer robot 303. 

If the target’s actions are knoWn in advance for all times, 
then the target 301 is said to be “predictable.” In such cases, 
the optimal tracking strategy can typically be calculated 
off-line before the observer robot 303 begins to track the 
target 301. Because the location of the target 301 is knoWn 
for all times, the observer robot 303 may re-acquire the 
target 301 if it becomes lost. For cases Where it is impossible 
to track the target 301 for all times, an alternative is to 
maximiZe the “exposure”—the total time the target 301 is 
visible to the observer robot 303—as an alternative to 
maximiZing the escape time. For example, as shoWn in FIG. 
2, the exposure of the observer robot 103 to the target 101 
roughly corresponds to the observer robot’s positions 
103a—103c. 

If the tracking strategy is computed as a function of the 
target’s state at a particular time, then the strategy operates 
in a closed loop. OtherWise, the tracking strategy runs in 
open loop. Closed-loop strategies are typically preferred 
over open-loop ones even for predictable cases, unless there 
is a guarantee that the target’s motion models and position 
measurements are exact. 

When the target’s actions are unknoWn, the target 301 is 
said to be “unpredictable” and solution to the problem 
becomes more complicated. FIGS. 2 and 3 both illustrate the 
movement of unpredictable targets. The unpredictable case 
can be analyZed in tWo Ways. If the target actions are 
modeled as “nondeterministic uncertainty,” then it is 
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assumed that the target’s set of possible actions is known but 
not the speci?c action to be taken at a speci?c time. Thus, 
the action set is knoWn but not the speci?c action selected by 
the target 301 at any instance. In this case, a tracking strategy 
can be designed that performs the best given the Worst-case 
choices for each given time. Alternatively, if a “probabilistic 
uncertainty” model is available (e.g., the probability density 
function is known), then it is possible to compute a motion 
plan that is the best in the expected sense. 

The unpredictable cases typically need to be solved 
on-line in real time. In the absence of a mechanism for 
re-acquiring the target 301 should contact be lost, a good 
tracking algorithm in the observer robot 303 seeks to maxi 
miZe the escape time as opposed to maximiZing the expo 
sure. A strategy designed for the Worst-case scenario antici 
pates the target’s most adverse action for a future time 
horiZon, executes a small (possibly differential) initial por 
tion of the computed tracking strategy, and repeats the entire 
process again. On the other hand, a tracking strategy 
designed to anticipate the expected target’s action seeks to 
maximiZe the probability of future sensor visibility of the 
target 301 to the observer robot 303. 

Worst-case tracking based on maximiZing the time to 
escape is especially suitable for antagonistic targets that 
actively try to avoid the observer robot. Solving this tracking 
problem can be computationally expensive, especially in a 
small robot. Embodiments of the invention use the notion of 
escape risk as a proxy function of the escape time. As Will 
be described, the gradient of the escape risk can be com 
puted analytically resulting in a fast tracking algorithm. 

FIG. 4 is a ?oWchart that depicts the steps performed by 
the tracking algorithm, according to an embodiment of the 
invention. At each step, the tracking algorithm minimiZes for 
the observer robot (e.g., the observer robot 303 shoWn in 
FIG. 3) the risk that the target (e.g., the target 301 shoWn in 
FIG. 3) may escape the observer robot’s visibility region. 
The tracking algorithm requires no prior model of the 
Workspace (e.g., the Workspace 305 shoWn in FIG. 3). The 
tracking algorithm accommodates transient targets having 
unknoWn trajectories. As Will be discussed, the tracking 
algorithm combines both a reactive term and a look-ahead 
term that together improve the observer robot’s ability to 
stay in contact With the target. The tracking algorithm has 
been experimentally shoWn to Work Well With aggressive 
targets having highly unpredictable trajectories. 

The tracking algorithm repeatedly performs steps 
401—411. The track algorithm evaluates the change in the 
risk of the target’s escape ((1)) at each time step using tWo 
geometric computations. In a ?rst geometric computation, 
the track algorithm acquires 401 a visibility region (e.g., the 
visibility region 309a shoWn in FIG. 3) of the Workspace. 
Step 401 yields the observer robot’s visibility region (e.g., 
region 309a) in the Workspace (e.g., the Workspace 305 
shoWn in FIG. 3). The sensor’s characteristics (e.g., its 
minimum and maximum range) typically constrain the vis 
ibility region, as does the observer’s position and the vieW 
obstructing obstacles contained in the visibility region. This 
visibility data may also be supplied to the track algorithm in 
other Ways (e.g., from other sensors in the Workspace). 
Having its visibility data, the track algorithm can locate 403 
the target (e.g., the target 301 shoWn in FIG. 3) Within the 
visibility region. The speci?c choice of methods for obstacle 
and target detection is typically application dependent. 
A second geometric computation 405 produces the 

escape-path tree (“EPT”), a data structure containing the 
Worst-case paths that the target may select to escape from the 
observer’s visibility region. Using the target’s location, the 
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8 
track algorithm calculates a shortest escape path for the 
target. The track algorithm next associates an escape risk 
407 With the shortest escape paths for the target using 
information from the EPT. Calculation and use of the EFT 
are discussed in greater detail beloW. 
The track algorithm next computes 409 a risk gradient. 

Differential changes in the observer robot’s position typi 
cally produce differential changes in the EFT, Which in turn 
produces differential changes in the risk 4). Because the track 
algorithm may compute-this differential change analytically, 
then the gradient of 4) can be used to direct the motion of the 
observer robot. This approach provides an on-line strategy 
for controlling mobile robots, as Well as a differential 
strategy (e.g., a feedback controller). The escape risk gra 
dient computation comprises determining Vqf for each free 
edge e in the Workspace, Where (If is a measure of the 
target’s escape risk associated to the free edge e. The risk 
gradient computation comprises calculating V5 using the 
escape-path tree prepared in step 405. 
The track algorithm then computes 411 a motion com 

mand for the observer robot (e.g., the observer robot 303 
shoWn in FIG. 3) as a recursive average of the risk gradients. 
The observer robot can then be steered using —V$ as a robot 
control. 

Steps 401—411 of the track algorithm have been shoWn 
sequentially in FIG. 4 for clarity purposes. HoWever, it is 
typically more ef?cient in actual implementations to inter 
mingle some of these steps. Steps 401—403 and 411 are 
implementation dependent. Acquiring location and target 
data depends upon the sensor(s) deployed, and steering 
control for the robot depends upon the design speci?cations 
of the actual robot used. Step 407 comprises evaluating the 
gradient of an escape equation (to be discussed beloW) for 
the escape paths. Step 409 comprises computing a recursive 
average of the risks of the various escape paths in the EFT 
developed in step 405. 

Accordingly, the speed and ef?ciency With Which step 405 
can be executed greatly in?uences the performance of the 
tracking algorithm as a Whole. For the tracking algorithm to 
operate in real-time, the computation of the EFT should be 
performed efficiently. A ray-sWeep algorithm represents a 
suitable approach to efficient performance of the EFT, 
according to an embodiment of the invention. The charac 
teristics of an appropriate ray-sWeep algorithm are provided 
beloW. 

The track algorithm redirects the observer robot (e.g., the 
observer robot 303 shoWn in FIG. 3) several times per 
second based on the differential change in a measure 4) of the 
risk that the target escapes its ?eld of vieW, according to an 
embodiment of the invention. The track algorithm computes 
q) deterministically as a function of hoW quickly the target 
can escape and hoW easy it is for the observer robot to react 
to such an event. For example, if the target can escape by 
moving around a corner (e. g., the obstacle 111 shoWn in FIG. 
3), then 4) groWs With the distance betWeen the observer 
robot and the corner. This approach acknoWledges that 
occlusions may be dif?cult to clear if the observer robot is 
far aWay from the edge that produces the occlusion. 

FIGS. 5—8 provide additional information on acquisition 
of the visibility region, location of the target, construction of 
the EFT, and determination of the shortest escape paths. 

FIG. 5 illustrates sensor data 509 supplied to the track 
algorithm by a sensor 503 that can be used to determine the 
visibility region (e.g., the visibility region 309a shoWn in 
FIG. 3) and locate the target, according to an embodiment of 
the invention. The illustrated sensor data 509 represents a 
single plane of information about the Workspace. The track 
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algorithm may use the sensor data 509 to determine the 
observer robot’s visibility region by identifying obstacles 
501a—501b and identifying the target 301. As shoWn in FIG. 
5, the track algorithm has already identi?ed the target, as 
indicated by the smooth circle placed around the target 301. 
In some embodiments, identi?cation of the target may be 
simpli?ed When some characteristics of the target are knoWn 
to the track algorithm. For example, if the track algorithm 
knoWs that the target Will present a circular image having a 
radius r to the observer robot’s sensors, then the track 
algorithm may more easily identify the target than in the 
absence of such information. The jagged marks shoWing 
obstacles 501a—501b indicate that the track algorithm has 
not yet identi?ed this sensor data as “obstacles” in the 
visibility region. 

FIG. 6 illustrates the visibility region 609 containing 
obstacles 601a—601e identi?ed by the track algorithm, 
according to an embodiment of the invention. As previously 
discussed, the obstacles 601a—601e constitute escape risks 
in that the observer robot may lose sensor contact With the 
target should one of the obstacles become interposed 
betWeen the observer and the target. The visibility region 
609 provides the track algorithm With an instantaneous map 
of the Workspace (or at least the portion of the Workspace 
recogniZable by the observer robot’s sensors). 

FIG. 7 illustrates a ?rst step in the transition of the 
visibility region 609 into an escape path tree (“EPT”), 
according to an embodiment of the invention. Having deter 
mined the location of the obstacles (e.g., the obstacles 
601a—601e) in the visibility region 609, the track algorithm 
can next determine the possible occlusions 703a—703f rep 
resented by those obstacles. For example, based on the 
observer robot’s position if the target 301 passed into 
occlusion 703a, then the observer robot 303 Would lose track 
of the target 301 due to the obstacle 601b. The region 
represented by each occlusion 703a—703f provides the target 
With escape opportunities. In other Words, in order to escape 
from the observer robot 303, the target 301 need not just 
barely slip by an obstacle (e.g., obstacle 601b), instead the 
target 301 just needs to slip into the obstacle’s occlusion 
?eld (e.g., anyWhere in the occlusion ?eld 703a). 
Accordingly, the shortest escape path for the target can be 
determined based upon the target’s distance to the edge of an 
occlusion region. 

For example, suppose that the target 301 is visible to the 
observer robot 303. An “escape path” for the target 303 is 
any collision-free path connecting the target 303 to a point 
outside the observer robot’s visibility region (e.g., the occlu 
sion 703C). The “escape point” of this path is the point Where 
the path intersects the boundary of the observer robot’s 
visibility region, Which alWays occurs along a free edge. A 
free edge of an occlusion region typically represents a 
portion of the occlusion (e.g., the occlusion 703c) that is not 
an obstacle (e.g., the obstacle 601a) since the obstacles are 
assumed to be impenetrable by the target 301 in this embodi 
ment. Of course, there exists an in?nite number of escape 
paths for a particular con?guration of target 301 and 
observer robot 303. HoWever, for a particular escape point, 
there exists a path of minimal length betWeen the escape 
point and the target. Moreover, for any free edge e, there 
exists an escape path of minimal length among all escape 
points along that edge. Such a path is called the target’s 
“shortest escape path” (“SEP”) through the free edge e. The 
length of SEP is the shortest distance to escape (“SDE”) 
through the free edge e. The shortest time in Which the target 
301 may traverse an escape path is the “escape time” for that 
path. For any free edge e and a given target location, there 
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10 
exists a path of minimal escape time, and in general this is 
not equal to the SEP. 

FIG. 8 illustrates an escape-path tree 811 imposed over 
the visibility region 609, according to an embodiment of the 
invention. As previously discussed, the EFT 811 represents 
a data structure typically stored in memory in the observer 
robot. HoWever, the EFT 811 has been imposed over the 
visibility region 609 to assist the reader’s understanding of 
the EFT and its relationship to the sensor data received by 
the tracking algorithm. 

If all the escape paths are computed for a con?guration, 
these form a tree structure, the “escape-path tree.” The root 
of this tree is the target (e. g., the target 301), and each branch 
in the tree terminates in a free edge. The complexity of this 
tree is linear, since each node (e.g., node 807) in the EFT is 
a vertex in the visibility region. 
The EPT 811 maps that possible paths that the target 301 

could take to escape from vieW by the observer robot 303. 
The path can be draWn to the edge of an occlusion or to an 
obstacle’s edge. The EPT 811 also indicates distance rela 
tionships betWeen escape paths. For instance, the EFT 811 
indicates that escape path 801a is a parent of escape path 
801d. In other Words, the target 301 Would travel along 
escape path 801a to reach escape path 801d. Visual inspec 
tion of EPT 811 indicates that the shortest tWo escape paths 
for the target 301 are escape path 801b and escape path 8016. 

Computing escape paths is important because a tracking 
strategy based on expecting the Worst-case scenario assumes 
that the target Will escape by taking the quickest route (e.g., 
escape path 801b). One such strategy is to move the observer 
robot 303 to a position that locally minimiZes SDE. This 
assumes that the tracking algorithm can compute the shortest 
escape path. The SDE is a Worst-case measure of the 
likelihood that the target leaves the observer robot’s ?eld of 
vieW. The larger the SDE, the more likely Will target remain 
in vieW to the observer robot. An alternative is to minimiZe 
the average length over all paths SEP, or optimiZe a similar 
function operating over all the individual paths. 

FIGS. 9—12 describe the reactive term and the look-ahead 
term that are included in the tracking algorithm and that 
together improve the observer robot’s ability to stay in 
contact With the target (e.g., the target 301). 

FIG. 9 illustrates some initial considerations for a tracking 
algorithm’s risk-based strategy, according to an embodiment 
of the invention. As previously discussed, as the target 301 
moves toWards an occlusion, the observer robot 303 reacts 
by moving aWay from the occlusion. Aline 901 indicates the 
observer robot’s loss of sensor contact With the target 301 
based upon the target’s passage into the occlusion repre 
sented by the edge of the obstacle 105. Thus, as the target 
301 moves along escape path 903 toWards the occlusion 
provided by obstacle 105, the observer robot 303 reacts by 
moving along a path 905. The risk that the target 301 can 
escape from the observer robot can be represented as a 
monotonically increasing function of the multiplicative 
inverse of the length of the shortest escape path (e.g., path 
903). 

FIG. 10 illustrates further movement of the target 301 
toWards the occlusion created by the obstacle 105 and the 
role of the reactive component, according to an embodiment 
of the invention. As the observer robot 303 moves along path 
905, the shortest escape path for target 301 is no longer path 
903 but becomes path 1003 instead. Accordingly, a line 1001 
noW represents the observer robot’s loss of sensor contact 
With the target 301 based upon the target’s passage into the 
occlusion created by the obstacle 105. Thus, this neW escape 
path can be used to determine another location for the 
observer robot 303. 
















