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1 The Problem

The goal of this project is to enable an intelligent mobile virtual agent to autonomously generate maps in large scale,
dynamic, unstructured worlds, and subsequently to use these maps to plan and navigate routes from one locale to
another. While this problem has been tackled before for small-scale, mostly static environments, there are no solutions
for the more complex problem posed by large-scale dynamic environments. Kuipers and Levitt (1988) define large
scale space as follows:

“A space whose structure is at a significantly larger scale than the observations available at an instant”

This indicates that “large scale” is defined in relation to the agent perceiving the environment. Rather than using this
definition, we want to look at vast-scale spaces. In the real world this would, to a human sized observer, be closer to
the size and complexity of a city, rather than a single building. A good comparison is used by Sibley et al. (2010a) who
show routes between London and Oxford, 121 km long, for their work. This scale of environment can pose problems
for mapping as the space requirements are equally vast. Static environments are used in the vast majority of mapping
research, as problems with sensor noise and pose uncertainty are hard enough without the addition of moving objects.
Likewise, structured environments are often used, as these are simpler to segment and generate maps with. Most static
environments used consist of office like environments with rooms leading from a central corridor (Fox et al., 2005).
We want agents to be able to move away from this structure and be capable of mapping any style of environment,
indoors and out. We can investigate these issues by looking at mapping large scale, dynamic virtual worlds. In a
virtual world the agent is always able to request its current location, thus removing the pose uncertainty (also known
as the localisation problem), and the world is presented as a set of geometric primitives, without the need for using
unreliable sensors. The range an agent is able to perceive the environment is still limited, but there are less issues from
having a sparsely populated environment to map and navigate within.

The problem of generating maps in large-scale, dynamic worlds can be tackled in two stages. The first stage is to
determine how to represent the map, the second stage is then how to generate this. We can test how successful the
map representation and generation has been by using it to plan and navigate routes. Various questions exist at each
stage about what makes a good or bad representation and how we can evaluate this. Evaluating the map representation
requires looking at how the map will be used. The map is being created so that the agent can navigate from one place
to another. In order to ensure the agent is able to plan routes and navigate we will need to look at methods for route
planning and how these can be applied in the new map representation.
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2 Literature Review

The process of addressing how to enable an intelligent mobile agent to generate maps of large scale, dynamic and
unstructured environments can be split into sub-problems. The central issue is how to represent a map of this type of
environment. Current literature focuses on small scale, static, office like environments (Thrun, 1998, 2002; Shi et al.,
2010; Thrun and Bücken, 1996; Simmons et al., 2000; Birk and Carpin, 2006; Dijk et al., 2003; Doyle et al., 1997; Jan
et al., 2009; Filliat, 2003; Stoffel et al., 2008; Zender et al., 2008; Choset and Nagatani, 2001; Simmons and Koenig,
1995; Tapus and Vasudevan, 2005). While some attempts have been made to change one of these aspects, nothing has
been done to solve the full problem (Wolf and Sukhatme, 2003; Biswas et al., 2002; Pronobis et al., 2009; Kuipers
et al., 2004; Maurette, 2003; Schmidt and Azarm, 1992; Zilberstein and Russell, 1993; Yuan et al., To Appear; Bi et al.,
2009; Elfes, 1989; Kuipers and Levitt, 1988; Hhnel et al., 2003; Sibley et al., 2010a; Huang et al., 2008; Konolige et al.,
2003; Sibley et al., 2010b). Once a map representation has been selected then the agent needs a method of generating
this map by exploring the environment. The final problem is how this can be used for route planning and navigation.
We will look at route planning algorithms designed to work in dynamic, large scale or any type of environment.

The virtual world that we will use is Second Life (Linden Research Inc.). Second Life is a continuous, persistent,
virtual world which thousands of people use every day. The world is split into 255m3 areas of space called regions.
Each region has a unique name and can either be owned privately or by Linden Lab. A region is surrounded by other
regions or empty space. Movement between and within regions can be restricted with only certain people given access
to private regions, or modes of transport being disallowed.

Using virtual worlds as a test bed for AI is not a new idea and there are many advantages associated with it (Kaminka
et al., 2002). In a virtual world we are able to record everything the agent does and how decisions are made much more
easily than in the real world. In experimental terms, we can set up the exact same environment to reliably compare
test results. Since most of the current techniques for mapping and route planning were designed for agents working in
the real world, the differences between the virtual world and the real are important. Some of these differences work
to the agents advantage. Localisation in the real world can be a hard problem; this is made trivial in Second Life as
global coordinates and pose information is always available from the server. Sensor noise is also not a problem in vir-
tual worlds as the environment is presented as a set of geometric primitive objects with their location and dimensions
described exactly. Mechanical issues that may arise with the sensors and motors are not a problem in virtual worlds.
These are replaced with issues concerning network latency and disconnection. Virtual worlds are very dynamic envi-
ronments. The real world can change while an agent is mapping the environment, but it is less likely to have major
structural changes during that period. Second Life is a constantly changing environment and this will need to be taken
into account.

2.1 Map Representation

Traditionally map representations have been split into three categories: metric, topological and hybrid maps (Thrun,
1998, 2002; Wolf and Sukhatme, 2003; Thrun and Bücken, 1996; Huang et al., 2008). We will describe how each of
these maps are generated and what information they contain, as well as generic advantages and disadvantages. We
will also look at map representations designed to function in unstructured, large scale or dynamic environments.

2.1.1 Metric Maps

Metric maps are a simple form of map directly generated from sensor information. They represent the geometric
information about the world and where free space exists (Kuipers and Levitt, 1988; Filliat, 2003; Thrun, 1998, 2002;
Zender et al., 2008). A general advantage of this type of map is that they translate well to the real world and between
systems, allowing easier validation of a representations (Filliat, 2003). They are also considered easier to build, robust
and highly accurate (Thrun, 2002; Wolf and Sukhatme, 2003; Thrun and Bücken, 1996). They are, however, less
efficient to plan routes in than higher level abstractions due to the greater number of potential paths (Filliat, 2003).
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The information stored at the metric level is invaluable for generating such abstractions and so will always be required
in a mapping system. The memory space required is a disadvantage to metric maps, they tend towards large sparse data
representations with large time and space complexities(Zender et al., 2008; Elfes, 1989; Thrun and Bücken, 1996). The
problem with space requirements can be reduced using different data storage methods such as the octree (Lefebvre
et al., 2009).

A common type of metric map is the occupancy grid (Elfes, 1989). Occupancy grids are capable of representing any
type of environment, they are very simple to create, and robust. Most topological maps and hybrid systems use an
occupancy grid as the initial or low level representation (Thrun, 1998; Wolf and Sukhatme, 2003; Biswas et al., 2002).
An occupancy grid is built up by splitting the world into a grid typically in two or three dimensions. The probability
of occupancy for each cell in the grid is computed over time. Most implementations of occupancy grids are in two
dimensions and are small enough for the map to be held in memory. For the large scale virtual world we will need
information stored in three dimensions, leading to the space required to store an occupancy grid being very large. Due
to the occupancy of each cell being calculated over time, this type of map is also unsuitable for fast changing dynamic
environments. Any changes will either be regarded as noise and so cancelled out by the other readings, or they will
need to be in place for a significant amount of time to effect a change in the grid (Wolf and Sukhatme, 2003; Biswas
et al., 2002).

Object maps (Thrun, 2002) work in a different way. They reduce the world to geometric primitives and then hold
information about the relative dimensions of shapes and where they are positioned. This is an unpopular approach in
robotics as the real world can be hard to reduce to primitive shapes. Virtual worlds, however, are already presented in
this form meaning that an object map is an ideal representation. The object map will also be capable of representing
unstructured space as it is concerned with where the objects lie and the free space between them. Thrun (Thrun, 2002)
also believes that it would not be possible to look at dynamic objects without an object map representation.

2.1.2 Topological Maps

Topological maps are an abstract representation of the environment, consisting of nodes and arcs. The node is a distinct
place or region in the world and the arc holds information about the connectivity of the node and how to travel between
them (Huang et al., 2008). A topological map is a more compact representation than the metric map as it only holds key
information about the world (Filliat, 2003; Kuipers and Levitt, 1988; Kuipers et al., 2004; Thrun and Bücken, 1996).
A topological map is designed to hold structural information about large scale spaces (Kuipers et al., 2004). They are
usually, but not always, generated from a metric representation of the world (Barbosa and Rodrigues, 2006; Thrun,
1998; Shi et al., 2010). A general advantage to topological maps is that the more compact representation allows for
faster route planning (Sibley et al., 2010b). Accurate localisation is not needed in a topological map, just knowledge
of which node or arc the agent is currently travelling through (Thrun, 1998; Sibley et al., 2010b). A disadvantage is
that topological maps are considered more difficult to generate and keep up to date in large scale worlds (Thrun, 1998;
Filliat, 2003). Generating a topological map will need more computational power than simply using a metric map, but
the advantages in route planning time should compensate for this. The method used to generate a topological map is
an important factor in whether the map will need regenerating as the environment changes. Good decompositions will
cause only one node to need changing at a time, so the overall structure of a topological map is not affected.

There are two approaches to generating a topological map. The first generates it from a metric representation by
decomposing the space into individual nodes. The other method is to generate a topological map directly from sensor
readings. We will look at several specific methods for generating a topological map. Two of these require an occupancy
grid: voronoi decomposition (Thrun, 1998) and image skeletonisation (de Oliveira and Romero, 2009). The third is a
method of direct generation called Topological Map Navigation (TMN) (Shi et al., 2010).

Both voronoi decomposition and image skeletonisation use an occupancy grid as the metric input to a topological
generation process and are very similar throughout. Voronoi decomposition is a method of segmenting space based on
a set of seed points and the distance of a location from these. Thrun (1998) uses the boundaries of the world as seed
points and generates voronoi lines equidistant from these. Critical points are then assigned along the line where the
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boundaries narrow (usually a door). The points are extended to critical lines from one boundary to another, splitting the
map into regions. At this point only the boundaries and critical lines are important as each region forms a single node
in the topological map. Image skeletonisation was proposed as an alternative to voronoi decomposition. Originally
it was an image processing technique used to understand image composition. An image is reduced to single lines by
finding the points equidistant between boundaries. Nodes are then defined by selecting the intersections and points
where boundaries narrow. This is very similar to how voronoi decomposition is performed. The difference between
the two techniques, according to Oliveira, is that image skeletonisation does not create unnecessary arcs and nodes in
the environment, but little evidence is given to back up this claim.

An entirely different approach is proposed by Shi et al. (2010) referred to as Topological Map Navigation (TMN). No
metric map is ever created, instead a topological map is formed directly from sensor information provided by a laser
scanner. Nodes then fall into three groups: dead ends, corners and intersections. Whereas in the previous techniques
the arcs held information about the connectivity of nodes, now they simply inform the agent the direction and distance
between nodes.

As can be seen there are many similarities between the voronoi and image skeletonisation method. Both reduce the
world to lines, equidistant from boundaries, then select points on these to form nodes. A disadvantage to voronoi is
that superfluous nodes can be created, which then require pruning to give a more compact representation (Thrun and
Bücken, 1996). Image skeletonisation claims to never generate these unnecessary lines and points and so requires less
computation. Oliveira and Romero state that both the voronoi decomposition and the image skeletonisation method
are robust in different environments.

Since the environment that we are interested in generating maps of is large scale, dynamic and unstructured it is also
useful to look at how the different methods will perform in these conditions. Voronoi decomposition can easily cater
to large scale worlds as it only requires adding more nodes. TMN however may not scale well as it is difficult to
generate topological maps directly and even more so in large scale spaces (Thrun, 1998). The larger world makes
it harder for the agent to know which node it is in, and which set of features it is currently observing. Dynamism
in the world is seen through the underlying metric representation. As the occupancy grid changes a topological map
generated by image skeletonisation and voronoi decomposition is updated. TMN has a different approach for dealing
with changing environments. If the type of node does not change then there is no need to update the map. None of
the methods described deal well with unstructured worlds. TMN is based around the sensors receiving information
from close objects. While it works well in an office or indoor environment, unstructured or empty spaces will cause
issues for classifying nodes and travelling to locations away from physical barriers. Image skeletonisation will reduce
an unstructured empty space to a single line down the middle of the area. Voronoi as described in (Thrun, 1998) will
have the same problem as image skeletonisation, but this is due to the way voronoi decomposition is used by Thrun. If
a different set of seed points were chosen, based around the destination points rather than the boundaries, then voronoi
decomposition would function well in unstructured environments. Since the environment that we are interested in
generating maps of is large scale, dynamic and unstructured it is also useful to look at how the different methods will
perform in these conditions. Voronoi decomposition can easily cater to large scale worlds as it only requires adding
more nodes. TMN however may not scale well as it is difficult to generate topological maps directly and even more
so in large scale spaces (Thrun, 1998). The larger world makes it harder for the agent to know which node it is in,
and which set of features it is currently observing. Dynamism in the world is seen through the underlying metric
representation. As the occupancy grid changes a topological map generated by image skeletonisation and voronoi
decomposition is updated. TMN has a different approach for dealing with changing environments. If the type of node
does not change then there is no need to update the map. None of the methods described deal well with unstructured
worlds. TMN is based around the sensors receiving information from close objects. While it works well in an office
or indoor environment, unstructured or empty spaces will cause issues for classifying nodes and travelling to locations
away from physical barriers. Image skeletonisation will reduce an unstructured empty space to a single line down
the middle of the area. Voronoi as described in (Thrun, 1998) will have the same problem as image skeletonisation,
but this is due to the way voronoi decomposition is used by Thrun. If a different set of seed points were chosen,
based around the destination points rather than the boundaries, then voronoi decomposition would function well in
unstructured environments.
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2.1.3 Hybrid Maps

Hybrid maps, also known as multi-level, are a relatively new concept being used in an attempt to solve problems
that arise with dynamic and large scale worlds (Thrun, 2002; Wolf and Sukhatme, 2003; Thrun and Bücken, 1996;
Tapus and Vasudevan, 2005). A hybrid map contains several representations of the world in different formats. Each
representation can then be used for a different task in the environment. Changes made to one level should propagate
through the rest of the representation. The advantages to this type of map is the ability to pick and combine advantages
that other types of maps contain and when there is a disadvantage in one level, move to different representation to
solve this.

Hierarchical maps are a type of multi-level representation that take advantage of how humans intuitively partition
space (Tapus and Vasudevan, 2005; Zender et al., 2008). Kuipers proposed the Spatial Semantic Hierarchy (SSH)
to combine metric and topological representations of space to give an overall more useful representation to resolve
ambiguity in the environment (Kuipers et al., 2004). Space is split up into small metric representations of the world
(usually occupancy grid based) linked by a topological graph over the top. This allows route planning on two levels,
the higher level which states which nodes to visit in order and the low level where more detailed route planning can
occur. Hierarchical maps have also been used to explore pedestrian indoor navigation (Stoffel et al., 2008). The map
described by Stoffel et al. (2008) holds different topological maps containing different levels of detail. When planning
a route it is possible to move from one level to a more appropriate one. The structure is held as a tree with each leaf
being a small scale map of the environment with links to other small parts.

2.1.4 Mapping Unstructured worlds

The vast majority of robot mapping is performed in indoor, office environments made up of long corridors and several
rooms. By contrast, an unstructured environment is an open space with few well defined boundaries and limits on
movement. A structured environment can help navigation as there are very limited configurations of the space and
semantic information can be inferred. The range of sensing equipment can also be a limiting factor in robotics as large,
open spaces will not allow laser or sonar scanners to receive any information (Shi et al., 2010).

Of the two metric representations mentioned earlier, the occupancy grid (Elfes, 1989) and the object map (Thrun,
2002), only the first has been used to generate maps of unstructured worlds. The advantage the occupancy grid has
when describing this type of environment is that structure makes very little difference in how the map is generated.
The world can still be split into a grid system and the occupancy of each square still calculated independently of one
another. Object maps will also be capable of representing this type of environment, assuming that objects can still be
split into geometric primitives. Neither representation needs to use any underlying structure to represent the world,
unlike the topological map. Node definition in topological maps requires splitting the metric map into sections, this is
usually done by using the structure of the world and declaring boundaries at doors or other landmarks (Thrun, 1998).
Without the structure of the world nodes become harder to define and so the map harder to create.

2.1.5 Mapping Large Scale Worlds

We previously described large scale worlds as an environment the size of a city, rather than the standard description
used. Metric maps, such as the occupancy grid can scale to any size with any number of dimensions. The problem
lies with the space and time required to process a map of this size without giving the agent unlimited resources. The
level of detail required for an occupancy grid to give a truly accurate representation of large scale worlds comes at
the cost of very large memory and storage requirements. In limiting the space available, we also limit the accuracy.
Topological maps are a more compact representation that only hold what is considered relevant, everything else is
removed (Pronobis et al., 2009; Thrun and Bücken, 1996). This leads to another question to be answered, how do we
know what data is relevant and should be maintained?

Topological maps have been used by various people to try and solve the problem of mapping large scale spaces (Thrun,
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1998; Ramloll and Mowat, 2001; Choset and Nagatani, 2001; Kuipers and Levitt, 1988; Stoffel et al., 2008; Kuipers
et al., 2004). For large scale worlds topological maps have considerably advantages over metric representations. This
level of abstraction reduces the space required to store the map and allows route planning to take less time. The main
advantage of a topological representation is that it allows faster route planning than the metric map (Thrun, 1998).
This is due to the smaller number of potential places the agent can move to and the compactness of the representation

2.1.6 Mapping Dynamic Worlds

Second Life is a dynamic environment with user created content being added every second of the day. This rate of
change must be taken into account when generating maps of the environment. Existing maps must have the capability
to adapt and change and the agent must be able to recognise when the structure of the space is different. There are two
types of change that occur: structural changes and the movement of objects and people. Structural changes are rarer
in established regions but can happen rapidly with no warning.

We will look at two groups that have attempted to solve this problem. Both these groups use multiple occupancy
grid maps and compare the differences between them in an attempt to track changes which are not observed. The
Robot Object Mapping Algorithm (ROMA) (Biswas et al., 2002) is based on the Dynamic Occupancy Grid Mapping
Algorithm (DOGMA) (Thrun, 2002) and designed to track changes in dynamic environments. Several occupancy grids
are kept in memory and these are compared, giving a time line to the objects in the world and their locations. Another
approach very similar to ROMA was proposed by Wolf and Sukhatme (Wolf and Sukhatme, 2003). This was designed
to keep track of mobile objects in a static environment again, by combining information held on two occupancy grid
representations. On one map the static parts of the environment were displayed and on the other, the moving objects.
The grids are once again compared and objects can be tracked from one location to another. The disadvantage to these
methods is that it relies on objects moving so slowly that they appeared to be static in separate snapshots of the world.
Faster moving objects, such as people, are reduced to noise in the environment.

There has been little focus on using topological maps in dynamic worlds. As a topological map is an abstraction then it
is less affected by change, except in the case of major structural differences (Shi et al., 2010). In this case a topological
map would have to be at least partially regenerated from the metric map or sensor readings.

2.2 Map Generation

The agent needs be able to generate maps of previously unknown environments. To do this it will need some type of
exploration strategy that will allow the agent to know when and how it will explore an entire region (Simmons et al.,
2000). The simplest form of exploration is to exhaustively search an environment in a static pattern. A lawn mower
approach covering the entire environment, or a spiral starting from the outside edge are two examples of exhaustive
search. Using these methods will lead to a full map, but will take a very long time to complete. A better alternative is to
use greedy exploration (Thrun, 1998). In greedy exploration the agent always moves along the lowest cost path towards
an unexplored area. This has a disadvantage in large scale and continuous worlds as the agent has the opportunity to
walk in one direction for a very long time and never return to explore the rest of a region. Knowing when the entire
environment has been covered is a different problem. For environments with boundaries the exploration process can
calculate how much new information there is to learn (Simmons et al., 2000) and declare the end point when the
information gain does not exceed a given threshold. Other approaches require the world to be annotated (Doyle et al.,
1997) and while this will make exploration faster, it will also have a detrimental effect as we want our agent to be able
to function in any environment.

Exploration done by single agents is still a slow process, even with techniques like greedy exploration. Using multiple
agents to explore a region of space and combining the maps produced is one method that has been used to try and speed
up this process (Nair and Tambe; Ramloll, 1997; Birk and Carpin, 2006; Konolige et al., 2003; Fox et al., 2005). These
exploration agents can be simplified versions of the main agent, only capable of exploring and generating the small
maps which are then passed onto a centralised controller to combine and process though this is not always the case.
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While this may speed up generating the map for the environment, the overall cost of creating these agents, combining
and validating the map must not exceed the time it would take a single agent to do the same job. Overheads for
the agents are a valid concern, as are methods enable the agents to work together in exploring the entire environment,
rather than just one corner of it several times (Nair and Tambe; Dixon and Henlich, 1997; Simmons et al., 2000). Other
concerns with using the sub-map approach are mentioned by Sibley et al. (2010b). Map overlap, data duplication, map
merging alignment and the optimal size for sub-maps all have to be considered when deciding if a multi-agent approach
is viable.

Merging the individual maps becomes a new challenge for the agents. Previous work in this field has focused on
merging occupancy grid maps of static environments by translating and rotating images until they match (Birk and
Carpin, 2006; Simmons et al., 2000; Konolige et al., 2003). The main problem in merging metric representations
is that the exact pose information is not always available for other agents (Simmons et al., 2000; Fox et al., 2005).
This leads to uncertainty as to whether one region corresponds to another. Individual maps are able to be validated if
more than one agent is responsible for mapping an area, reducing the problem of sensor noise (Birk and Carpin, 2006;
Simmons et al., 2000). This can also be used to ensure that an agent is not reporting malicious information of any
type. In both (Birk and Carpin, 2006) and (Simmons et al., 2000) the maps are generated by individual agents and then
merged at a central point. New instructions are given to the agent by the central controller. The agents then attempt to
find as much new information as possible.

Topological maps can also be merged by adding arcs connecting between the two. While being simple to achieve,
unless a topological maps are in the same scale and built in the same way, it is not as useful.

2.3 Route planning

To evaluate how successfully the map has been generated we must look at how it will be used. A map is designed to
allow the virtual agent to identify key destination points in the environment and navigate from one place to another.
As the focus of this project is on the map representation and generation process, rather than new methods of route
planning, we will only look briefly at methods of route planning and navigation. Route planning in large scale,
dynamic, unstructured worlds can have problems. As the size of the world gets larger the number of potential routes
grows exponentially. As the world is dynamic there is no guarantee that a route will be navigated successfully so the
agent must be capable of re-planning if the environment changes.

A basic approach to route planning is to use A* search. This is a best first search which finds the least-cost path from
the start point to the end by combining both the cost of movement and an estimate of how close to the end that step
has taken the agent (Russell and Norvig, 2003).

Approaches have been suggested for dynamic environments such as using Unsteady Diffusion Equations (Schmidt and
Azarm, 1992), Ant colony algorithms (Bi et al., 2009), trail based methods (Yuan et al., To Appear) and anytime route
planning (Zilberstein and Russell, 1993). The unsteady diffusion method uses the idea that a goal point emits a gaseous
substance through the environment. The agent then chooses a path based on the concentration of gas, with a higher
concentration indicating that it is moving close to the goal (Schmidt and Azarm, 1992). This approach requires full
knowledge of the environment to generate, and in large scale spaces there will be a significant cost in pre-processing
the map to enable the agent to plan a route. The ant colony approach simulates the foraging process used by ants (Bi
et al., 2009). Numerous trails are generated in the environment, each one taking into account where the previous ‘ants’
have travelled. The greater number of times a path has been chosen the more likely it is to be used again, strengthening
that trail as an optimal one. A final route is then generated from this network of ant trails. This method is similar to
generating the trail maps from user trails, but the agents will generate several thousand routes, rather than observing
the movements of other users. This method has also been explored by Yuan et al. (To Appear). The robot here observes
a human moving through an environment and uses this to generate a road map of the ‘safe’ spaces.

Anytime route planning (Zilberstein and Russell, 1993) proposes the idea that planning can be done at different levels
of detail. There is a trade off between the quality of the plan made and the time spent sensing the environment. The
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agent can then act on a partial plan, rather than waiting for every step to have been completed. The anytime planner
creates a series of plans over time, each one improving on the last and being able to take into account the world
changing as the agent moves. To follow incomplete plans then the agent will need obstacle avoidance procedures and
the planning process must be robust enough cope with these changes.

2.4 Summary

We have looked at current methods for map representation, map generation and route planning. We found that there
is no single map representation that takes into account all the aspects of a large scale, dynamic, unstructured world.
Thrun (2002) also states in his review of mapping that there is no current solution for this problem.

We looked at the differences between metric, topological and hybrid maps, summarised in the following table.

Table 1: Differences between map types
Metric Topological Hybrid

Built from Sensor Information Sensor Information or Met-
ric Map

Sensor Information and
other maps

Stores Geometric Information Abstraction of the metric
map

All information at different
levels

Advantages Simple Better representation for
planning than the metric

All the advantages of other
maps

Easy to construct Compact representation
Robust Only holds key information
Translates well to real world
Easy validation
Used to generate other maps

Disadvantages Very large size maps Loss of information More space required
Can be difficult to process Harder to validate than met-

ric representations
Need to link the maps to-
gether

Less efficient for route plan-
ning than topological maps

Harder to generate and keep
up to date

More overheads

We then looked at how to generate maps of unstructured, large scale, and dynamic worlds.

Since metric maps are generated directly from the sensor information with no additional requirements, metric maps
are the better option for open unstructured worlds. We compared two: the occupancy grid, a very common metric map,
and object maps, a less popular one. The occupancy grid is a simple and robust map with the ability to scale to any
size and dimension. The problem with this representation is the space and computational requirements to generate and
update the map. In contrast the object map still represents the free space and objects in the world; it is a more compact
representation and reflects the nature of the virtual world ideally. The main drawback of using object maps in robotics
is that it requires the real world to be reduced to geometric primitives, a trivial task in virtual worlds. Topological maps
were not considered useful for this type of environment due to the difficulty in generating the nodes and arcs without
any inherent structure to go from.

When mapping large scale worlds, the preferred style to use is a topological map. The main issue then becomes
how to generate topological maps. We looked at three methods for this. The first two, voronoi decomposition and
image skeletonisation required a metric map as input and they split the world in very similar ways. The third method,
TMN, took the sensor readings and generated topological nodes directly from this. While this third method required
less computational time and space, it does not fully describe the environment. It concerns itself only with certain
node types (dead ends, corners and intersections of paths). TMN was also stated to be unsuitable for unstructured
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environments due to the sensor range and inherent structural requirements. Image skeletonisation also requires that
the world has set boundaries and a structured approach to generate the skeleton used as the arcs. In an unstructured
environment this would fail as there are no boundaries to generate the lines from. Voronoi, as used by Thrun (1998),
also has this problem. Voronoi decomposition can also be performed using individual seed points rather than the
boundaries of free space. These seed points can be the key destination points recognised in the map. The advantages
and disadvantages of each method can be seen below.

Table 2: Comparison of decomposition methods
Voronoi Decomposition Image Skeletonisation TMN

Advantages Well known Does not generate superflu-
ous lines and nodes

No metric map

Simple Better computational effi-
ciency then Voronoi

No exact localisation needed

Options for different seed
points

Better computational effi-
ciency without the metric
map

Disadvantages If there is no structure in
the environment then a new
method for generating seed
points must be found

Very little evidence given in
the paper to back up claims

Metric map can still be use-
ful for localisation and find-
ing objects in the world

Superfluous nodes must be
pruned

Method appears to be
voronoi decomposition with
a different name

No ability to navigate from
one corner to another with-
out the exact localisation

The dynamic nature of the environment comes in two parts. Dynamic objects and structural changes will need to be
taken into account when generating and updating the map. As objects move they can be identified using a global
unique identifier with current and previous locations being linked to it. Structural changes will require changes in the
map at a metric level and occasionally the topological. If the method of decomposition chosen was an appropriate
one the changes should be within a single node, ensuring that only a small part of either map ever needs changing.
This plasticity of representation is important if the map is to be used, rather than eternally updated. The movement
of users around the world is also available. This can be used to generate cluster points and a trail map. The cluster
points can then be used as key destinations in the environment. Trails can be merged together to give a road map of
the environment, which can be used for navigation. When combined with probabilistic road maps generated from the
object map we will have a full set of potential routes throughout an environment which can be used for navigation.

Hybrid maps have been investigated, but not extensively outside small, structured, static environments. The table
below gives a comparison of the different types of maps described and which environments they are suitable for.

Table 3: Comparison of map representations
Occ Grid Object Map Topological Map TMN ROMA Prob. Road maps

Type Metric Metric Topological Topological Metric Topological
Large Scale No Yes Yes Unknown No Yes
Dynamic No No No Some Yes Some
Unstructured Yes Yes No No Yes No
3D Yes Yes Yes Unknown Yes Unknown
Incremental Update Yes Yes Yes Yes Yes No
Route Planning Slow Slow Yes Yes Yes Yes

As can be seen, there is no single map representation which will allow us to generate maps of large scale, dynamic and
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unstructured environments. All of them are able to map three dimensional environments and most update incremen-
tally, but route planning is a problem in wholly metric representations.

We also took a brief look at how to generate a map of this type of environment. Four methods of exploration were
described. Naive exploration picks a random point and navigates to there, generating the map as it moves. This method
is not very useful for ensuring the entire environment is explored in a timely manner. Exhaustive search will ensure
that the entire environment is explored, but can waste a lot of time in doing so. Greedy exploration plans routes to the
nearest unmapped point, on the least cost path. While a good solution, greedy exploration will still take a long time to
generate a full map of the environment. We looked at the potential for multiple agents to generate maps of different
parts of the world, which are merged at a central point. Each agent using greedy search based around a different point
in the world has the potential to generate maps much faster and any overlap will allow for validation of each individual
section.

Route planning was looked at in the context of evaluation. The simplest approach is to use A* to plan routes, evaluating
and updating that plan as the agent moves. This method will work, in an environment of any size, but it does not take
into account dynamic aspects. Of the dynamic methods the simplest appears to be anytime route planning. This can
be used to generate routes at different levels of detail. An overarching route can be planned before movement, and it
is gradually made more detailed as each part of the route is visited. Testing can then be done on routes planned and
undertaken to measure if the new map representation is an improvement over existing methods.

3 Proposed Solution

To reiterate, the environment that the agent is attempting to generate maps of are large scale, dynamic and unstruc-
tured. This poses problems to current mapping techniques described in the literature review, and while some attempts
have been made to solve individual parts, there is no solution to the entire problem. We propose to investigate new
methods of representing maps along with methods to allow a mobile intelligent agent to generate and use these. The
representation and generation methods will be tested through a series of experiments in which the agent is given a set
of tasks to achieve. These tasks will involve the agent being placed in a new environment and asked first to generate
a map of this space before navigating between two given points. We can measure the time taken and processing re-
quired, as well as the success of the agent when completing the task and then compare this to current methods used to
represent and generate the resulting map. If the agent is able to perform faster than standard methods and able to cope
well with the type of environment we are interested in this test will be successful.

To represent and generate the map we must first look at the different information that the Second Life servers provide.
Sensor information is provided as a list of geometric primitives, including the location and exact dimensions of each
object. Information is also always available about the agents current pose and the movement of all other users in this
region. From this other pieces of information can be derived, such as where free space exists and the structure of
the world. The paths that users take through the world can be observed using the coordinate information given for
each person. Both the observations and free space can be used to infer where potential routes and destinations may be
found. As the environment grows in size, more information is available and the agent must be capable of storing only
what is required.

3.1 Map Representation

The issue with current map representations is that no single style is able to represent every aspect of a large scale,
dynamic or unstructured environments. To map large scale places a topological map is often used. Unstructured
environments require the use of a metric representation. Dynamism in objects and people is often shown by comparing
the differences between pre-existing maps.

We propose to use a hybrid multi-level map to represent the world, combining the advantages of each individual map
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and negate some of the disadvantages. A hybrid multi-level map can hold both a metric and topological map of the
environment, with links between the two allowing the agent to use whichever representation is best for the task at
hand. The metric level map is best represented using an object map, rather than an occupancy grid, due to it being
compact while still retaining enough information about free space and objects present. In parallel to this is the road
map, the combination of observing user movements in the environment and Probabilistic Roadmaps (Kavraki et al.,
1998). This combination will contain the full list of routes the available to the agent. Cluster points are generated by
observing users and where groups of people gather together. These are our key destination points, which can also be
used as seed points for a voronoi graph, later used to generate a topological map.

The purpose of each type of map must also be made clear. The metric map defines where free space is in the envi-
ronment. It also holds exact information about the location and dimensions of objects of interest. These objects are
used by the agent to complete set tasks. The combination road map is used by the agent to plan routes at a higher level
of detail, whereas the topological map is used to link places and regions together and plan more general routes. The
agent plans routes at three different levels of detail. First the agent plans a route from one place to another using the
topological map, giving a list of nodes to visit in order. On reaching a node the agent will need to plan how to traverse
the space, this is done using the road maps generated. The final level of route planning is reactive, as the agent moves
from one point to another, avoiding objects and recording if any changes to the environment that may have occurred.

Figure 1 below shows how the map will be represented, what information is held in each type of map and how this
information is used.

Figure 1: Full Map Representation

3.2 Generating the map

Once the agent has a method of representing the space we must focus on methods of generating that map. The simplest
method is to use an exhaustive search, but in a large scale space this method will take up more time than is considered
reasonable. One method for speeding up this process is to use multiple agents exploring in parallel. Another method
is to use a different exploration strategy. We will use greedy exploration as it is still simple, therefore errors are less
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likely. The problem then moves away from exploration to combining maps, provided by independent agents, into a
full representation of the world.

4 Research Questions and Methods of Evaluation

The problem, as stated previously, is: “How can we enable an intelligent mobile virtual agent to represent and generate
maps of large scale, dynamic and unstructured environments?” This question can be broken down into two parts, “How
do we represent the map?” and once we have that, “How should the agent generate it?” Answering these questions
will provide the main contribution of this work, a new map representation for this type of environment and a method
for generating it in a timely fashion.

A good solution to the problem will allow an agent to use the map generated to navigate from one point to another
in increasingly large environments, without allowing the storage and processing requirements to grow too large. The
map should be generated autonomously and online, rather than requiring constant feedback from a supervisor, or
lengthy pre-processing of the environment. While achieving this, we aim to generate the map in the smallest amount
of time possible and to keep the storage compact. To take into account the dynamic nature of the environment, the
map must have a certain level of plasticity, and so be able to change small areas without requiring the entire map to be
regenerated.

We also need a method of evaluating whether or not the proposed solution is a good one. Methods for comparing and
evaluating map representations have been discussed and a set of standards have yet to be formalised (Amigoni et al.,
2007, 2009). A brief survey of evaluation methods indicate, unsurprisingly, that accuracy is important for any map
and the best way to evaluate one is by looking at how the map will be used. Accuracy is usually tested via visual
inspection, or compared to a ground truth map of the environment being looked at (Fox et al., 2005). Other methods
include the time taken to generate the map and percentage of the environment explored (Konolige et al., 2003).

As it will be difficult to achieve comparable results with current published papers, we will compare the proposed
system with a basic agent. The basic agent will generate, through exhaustive search, an occupancy grid map of the
environment. The size and time taken to generate this, as well as how successfully the agent can plan routes will be
compared. The proposed representation will be an improvement if the map produced allows the agent to navigate the
environment faster and more accurately than using the basic system, while still ensuring the size of the representation
and time taken for generation are as small as possible. A second basic system can also be tested against, this one
generating a topological map from the occupancy grid representation and using this to aid with navigation. The basic
agent and the proposed solution will be tested first in small, static, two dimensional environments before introducing
the added complexities of large scale, dynamic and unstructured worlds.

As well as the main question and contribution there are many smaller questions which must be answered along the path
to a final solution. The first of these is, “How should the agent group objects together?” There are three main types of
objects the agent will be interested in: landmarks, interactive and static objects. Landmarks should be recorded in the
map and used when navigating. Interactive and dynamic objects must be noted, including any interesting properties
that may be used (doors that are able to be opened, for example). Static objects make up the bulk of the world and these
are the type that can be grouped together for ease of storage. These objects make up the walls of buildings, the paths
which can be walked on, and platforms which exist as a single entity to a human observer. Grouping objects together
successfully will allow the agent to reduce the amount of space required in the object map, as well as being able
to reduce the free space available and cut route planning times. With the environment becoming increasingly large,
the amount of information possessed by the agent will also increase. We will need to investigate what is considered
‘useful’ information and separate this from trivial information that can be safely removed, without compromising the
accuracy of the map. Knowing how to merge objects together will go some way towards helping this problem, but
other solutions may be required.

We elected to use an object map for the metric level representation in the proposed solution due to its more compact
representation, and ease of application in virtual worlds. This, however, throws up many new challenges for us to solve.
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The first challenge is, “How do we generate probabilistic roadmaps from an object map?” The agent is relying on using
probabilistic roadmaps to discover unknown routes through the environment. The roadmaps have only been generated
using occupancy grids, and so we must find a method of applying the same technique to the object map. Another
challenge is, “How do we decompose the space into discrete segments for a topological map to be built?” Once again
decomposition of space has traditionally used occupancy grids to achieve this, or even direct sensor readings, rather
than an object map. Comparisons between occupancy grid maps have been used to identify dynamic objects. As
everything in the object map will have a unique identifier, supplied by the virtual world, discovering when objects
have moved should be far easier. The final challenge is, “How do we merge object maps together?” Much work has
been done on merging occupancy grids, but again, none on the object map. All of these challenges question whether
or not an object map really is an appropriate representation. If it turns out that the overheads created by using an object
map outstrip the benefits, then the proposed solution will need revising and a new metric representation selected.

A question which arose when looking at object maps is, “What is the best method for decomposing space?” We
looked at three methods for doing this and, without alteration, none of them were found to be suitable for our needs.
A good decomposition will segment the environment into just enough distinct parts that when a change happens in the
world, only a very small number of segments will need updating. We can test the various methods of decomposition
with the object map and compare the resulting topological map generated. Other factors to consider are whether the
key destination, or cluster points, should be in the centre of a node or on the edge. The topological map created
will change based on which of these is considered better as will the type of routes generated. Konolige et al. (2003)
evaluate topological maps based on its accuracy, size, whether all the points are reachable by the robots and number
of points generated. There needs to be sufficient points for a good solution, but not so many that searching becomes
computationally infeasible.

Another important area to investigate is “How can user movements be used to generate road maps?” Generating cluster
information and merging trails to give a coherent picture of where users travel will be important for our agents ability
to navigate the world. While there are some methods in intelligent data analysis which may be useful here, it is likely
that using a simpler method, such as a line of best fit over a small set of points, will be feasible for merging routes
together. We also want to merge this information with probabilistic roadmaps generated by the agent. As different
modes of transport are available for the agent and users of the virtual world it will become important to identify the
type used for each route. The road map will need to label each path with the mode of transport used to enable the
agent to successfully use these.

Finally, there is a question about whether multiple agents will be useful for generating maps of large scale environ-
ments. We proposed to limit the time required to generate the map by running several agents in parallel. This creates
extra overheads which need to be taken into account by the system. Each additional agent adds to the space and com-
putational power needed to generate the map, as well as additional overheads in merging the maps together. If these
extra overheads exceed the time required for a single agent to explore the world then it would appear that this method
is not useful for generating maps of large scale worlds. An alternative is that, by using the object map, the merging
process takes too long and so it would be better to use an occupancy grid for the metric level representation.

5 Timetable

The following is a approximate timetable of work to be done and the time required for each stage. The first priority is
to ensure that the framework between Second Life and Java is working, as everything relies on this framework. Before
the next RSMG meeting I hope to have this completed and much of the work regarding trails completed.

Testing and analysing the success of the system will be on going after every stage, with extra time taken at the end to
ensure that everything is done properly and comparable results are achieved.
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Table 4: Timetable for completion

July - October 2010 Interface between Second Life and Java
August - October 2011 Potentially write a paper on using trails for autonomous systems
August - September 2011 Add the trail map and generate cluster points
September 2010 Year 3, Prep for teaching
October 2010 RSMG 4
November - February 2010 Implement baseline system and generate test data
February - March 2011 Add the object map
March 2011 Include the trail and probabilistic roadmaps
April - May 2011 Add the topological map
June 2011 RSMG 5
June - July 2011 Test Map representation against current standards
August - November 2011 Add the multi-agent systems for map generation
September 2011 Year 4, Prep for teaching
November - December 2011 Testing everything and comparing the outputs
January - February 2012 Write a paper on the entire mapping system
February 2012 RSMG 6
January - October 2012 Writing up, (potentially until January 2014)
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