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ABSTRACT

Currently there do not exist general-purpose robots, and the procedures by which robots are
designed are often ad hoc. Additionally, designers must deal with considerations including budget,
energy requirements, and the availability of parts, all of which complicate the problem. Abstract
formal theories have, among other benefits, the potential to assist designers in developing and
understanding the capabilities of novel robotic systems. Of particular interest is the concept of
action-based sensors, which focus on the idea that a robot need only know enough to know what
action to perform next. As a mathematical abstraction, action-based sensors prescribe actions to
the agent; details of the sensor itself are irrelevant. From this information-oriented perspective, this
concept also links planning directly to the design problem: the definition of what action “should”
be taken depends upon the plan a robot is executing, serving to specify its desired behavior. While
the theoretical abstractions of sensors are technology-neutral, we present ways to connect action-
based sensors to the considerations and constraints faced by real robot designers.

Action-based sensors have been formalized in terms of specific plans (informally those that
take the fewest actions to achieve a goal), but there exist cases in which it is useful to consider
other plans. In extending this formalization to include all plans, we find that certain plans have ob-
structions that prevent their expression as action-based sensors. We have developed an algorithm to
remove these obstructions, which result from the interactions between a robot and its environment.
After this, we move from the question of what a robot must sense about the environment to the
question of how an environment should provide information. The use of infrastructure for spaces
shared by multiple agents is another way in which designers can simplify tasks for agents. The
complexity of this design problem arises from infrastructure’s ability to modify both what an agent
observes and the outcome of actions. We present a method for modeling the impact of infrastruc-
ture to determine its utility to a given agent, and also consider how the utility of the infrastructure
can vary depending on the differing needs of agents and how they make use of the environment.

The present work, in addition to extending Erdmann’s original theory, focuses on the way in
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which information that must be retained by the agent can be contained within a plan’s structure.
Use of a graph-based framework allows for us to identify if that structure is necessary for successful
execution of the plan. This dissertation then shifts to a complementary design problem, examining
the ability of infrastructure to externalize information and actuation requirements. It also presents
a model for predicting the impact of introducing new infrastructure. Finally, it will explore the
ways in which information can be used to estimate sensor failures in robots and bound the space
of possible configurations.

Transitioning from the design of robots and their environments to their operation, this disser-
tation also presents a method for estimating sensor failures. Through knowledge of the world
structure and expected observations, inconsistencies can be tracked to form hypotheses on poten-
tial sensor failures. We introduce a lattice-based method of expressing these failures, as well as an
algorithm for tracking inconsistencies. The algorithm allows for an often concise representation
of a potentially exponential set of hypotheses, enabling use during a robot’s execution. This ba-
sis also allows for the robot to determine if a failure interferes with its ability to complete a task.
We also present a method through which the sensors that are required for task completion can be
determined at any point.

The primary means to validate the theoretical results in this dissertation are a range of case stud-
ies. For action-based sensors, we consider several varieties of design problems including sensor
selection and navigation problems. Moving beyond the sets of action-based sensors considered in
these design problems, we also examine concise combinatorial representations for sets of sensors
more generally, and apply these to settings involving robot self-diagnosis. For infrastructure, we
provide a taxonomy as a guide by which to examine several different cases in which infrastructure
is introduced to an environment. These case studies focus both on changes in agent behavior after
being introduced, as well as ways in which the value of the introduced infrastructure can be deter-
mined. For the identification of sensor failures, an example is also presented that demonstrates the

concise nature of the model, particularly when compared to naive methods.
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1. INTRODUCTION

Robots are systems that merge both the physical and digital realms, and accordingly inherit
both the advantages and problems of each. In addition to the normal challenges of hardware and
software design, their union through robotics introduces a host of additional problems to consider.
Figure 1.1 shows that over the lifespan of the robot, different problems arise: during the design
phase, fundamental choices about the robot’s capabilities will be made based on its anticipated
use. Once a robot has been designed and built the changes that can be made to it are limited, and
we will turn instead to modifying the environment to achieve desired behavior. During the robot’s
operational lifespan, failures and degradation of parts raises questions about the robot’s ability to
adapt to these changes, and if they impede task completion.

This dissertation will focus particularly on sensing: both how robots obtain information, and
how information is relayed to robots. Robots must rely on noisy sensors and interpret the informa-
tion available to them to determine their position within an environment, what action is appropriate
to perform next, if an action was successful or not, and so on. The first step towards a robot’s suc-
cessful operation is ensuring that it is capable of obtaining the necessary information, for which
we rely on robot designers to make informed choices.

Current robot designers create systems in an ad hoc manner, with each robot meant to fulfill the
requirements of a given (and specific) problem. Designers are additionally constrained by budgets,
energy requirements, and part availability. Due to this ad hoc approach, there exists no unified
set of formal theories for robot design. However, the development of such an approach to robot
design could have numerous benefits, such as enabling us to precisely understand the capabilities
of robots, or to simplify the process of robot design. In this work, we attempt to take a step towards
that ideal through the presentation of a principled collection of design theories and tools.

The approach of any principled theory for robotics must be applicable to the wide variety of
forms robots can take, including the different sensing and actuation technologies in use. Accord-

ingly, many approaches (such as those of O’Kane and LaValle (2008) and Sakcak et al. (2023))
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Figure 1.1: Problems of interest to designers and users change at different points in a robot’s lifespan.

make use of an information-focused approach wherein comparison between robots is dependent
on the way in which they obtain and manipulate information. This also allows for the specific
implementation of a robot to be abstracted away into the way it interacts with an environment and
obtains information.

To directly tie desired behavior to robot design, we make use of action-based sensors (Erd-
mann, 1995). These theoretical sensors relate observations to actions, defining what a robot must
sense as what action needs to be taken next. We have extended this theory beyond the original
special subset of plans considered by Erdmann, achieving completeness through the treatment of
all plans (McFassel and Shell, 2020, 2022). In addition to generating large families of theoretic
sensors, these sensors can not only be related to the physical sensors that designers can implement,
but also reveal additional information about how the robot makes use of memory and state.

Properties of the environment are reflected in an agent’s need (or lack thereof) to use memory
and state. When the environment that a robot inhabits is structured, or is highly regular, this can

reduce the requirements on the robot. When designing agents, structure in the environment can



occasionally be exploited by agents to permit the use of simpler sensors or behaviors. It therefore
follows that the environment itself can be considered as part of the design problem, providing an-
other avenue to offload agent complexity through external information or control. The benefits of
environmental design are well understood: QR codes and magnetic strips guide robots in ware-
houses, while IR beacons prevent robot vacuums from falling down stairs. As the environment
offloads complexity from robots, it naturally encompasses additional functionality. At the extreme
end of this process, the environment transitions from merely having an exploitable structure to
becoming infrastructure, wherein the environment itself is a component of the functional system.

While the infrastructure within the environment a robot will work in is often considered by
designers, it is rarely considered as part of the design process itself. To discuss infrastructure
precisely, we will first present a collection of features common across most infrastructure, catego-
rizing the many ways in which infrastructure can influence agents and their environments to obtain
a deeper understanding of how interactions between agents and their world manifest. With this
as our basis, we use Markov Decision Processes (MDPs) as a method for comparing the effect
that the introduction of infrastructure has on agents operating within a space. This method “ap-
plies” infrastructure to an existing environment, allowing for the comparison of different proposed
infrastructure and their impacts on various types of agents.

Within this dissertation, we will require an implementation-agnostic base by which to compare
the abilities of agents (and infrastructure). To accomplish this, we make use of planning problems
and plans as our foundation. This choice has numerous benefits for the work to follow: first, it
allows for us to focus on agent behavior in terms of interaction and task achievement over the
representation of technologies; second, our use of planning problems provides a common object
through which changes to the environment and changes to the agent can be easily expressed without
having to reconsider the overall model. Plans are rarely treated as a first-class object of study, but
instead are often considered as something to be found by an algorithm targeting an existing robot.
However, we can consider a planning problem as a model of the task itself, with a structure that

contains information about the expected features of the robot’s design. Suitable plans are directly
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Figure 1.2: A summary of how the constructs to be presented in Chapter 3 relate to each other, showing that all plans
for a planning problem can be related to each other through a formal set structure. Black boxes represent plans, while
plans higher in the structure dominate those below them, indicating that the plan is able to perform the same behaviors
as those it dominates. The shaded sections enclose the subset of plans that solve the planning problem, while the
darker shading indicates the subset of these solutions that are action-based sensors.

impacted by the structure of the planning problem. Additionally, we treat plans as a way in which
the designer can specify the desired behavior of an agent.

When considered in this way, it becomes beneficial to consider multiple plans so that the robot
can exhibit a variety of behaviors, as opposed to any individual one. Figure 1.2 shows that all
plans for a planning problem can be related to each other through a formal set structure, termed a
lattice, making explicit the relations between how different plans behave. Up to this point, we have
assumed sensors to be reliable objects that deliver truth about the world, or at least an approxima-
tion of truth with some additional noise. However, sensors may degrade in performance over their
service life, and all hardware is capable of failing. When a robot is mid-task, the identification of
sensor failures is critical to recognizing if a task can still be successfully completed, as well as de-
termining how the robot must adjust its behavior to accommodate the failure. There may also exist
multiple explanations that are consistent with the agent’s prior observations up to the current point
in time. Using insights from our work into action-based sensors and infrastructure, we will move
from the design phase to the execution of tasks. We will present a method (and accompanying

algorithm) through which a robot may perform a kind of “introspection,” using known information



about the world and its structure to identify inconsistencies between the information received and
what is known to be possible.

Recognition of a fault is only one component of handling a failure that has occurred. Ideally,
an agent would also be able to determine if the fault that has occurred will prevent it from complet-
ing its task. Such a determination requires the agent to have a representation of what information
it will need to acquire in the future, as well as a way to determine if the current failure prevents
the acquisition of that information. We present an algorithm for performing planning under sen-
sor failure that determines if a task can still be completed; in addition to this, the algorithm can
also be used before execution has begun to determine what sensing information is critical to task
completion.

Figure 1.1 depicts how the three main contributions of this dissertation contribute to different
aspects of agent design and behavior. The concerns of those who design and use robots vary over
time between agent design, environment design, and agent runtime. We address these varying
concerns through tying robot behavior to robot design. The three contributions of this dissertation
can be summarized as follows: first, we extend the existing work of Erdmann (1995) to allow
the definition of action-based sensors for all plans, and show that action-based sensors can be
used to reason about design and state requirements. Second, we examine the problem from the
opposite direction by developing a framework through which planning problems are modified to
model potential impacts of infrastructure. Planning problems and plans also provide a common
area through which the impacts of different infrastructure may be compared to each other. Finally,
we demonstrate how a robot may use knowledge about the world encoded in a planning problem
or plan to perform self-diagnostics during execution. We will show how this information can be

concisely tracked, as well as how it can be used to determine if a task has become unachievable.



1.1 Contributions
1. Contribution: Generalization of Erdmann’s work to identify all action-based sensors.
1.1. Sub-contribution: Use of the connection between plans and action-based sensors to de-
vise algorithms for plans which isolate and resolve obstructions to prior generalization.

1.2. Sub-contribution: Exploration of the implications of this generalization on the handling

of partial observability and state.

1.3. Sub-contribution: Demonstration of the application of action-based sensors to design

problems through case studies.

2. Contribution: Treatment of the problem of designing infrastructure shared by multiple
robots, which is the dual problem to that of designing robots for their environment. Ex-

ploration of how infrastructure can be modeled as a transformation of planning problems.

2.1. Sub-contribution: Introduction of a framework for assessing infrastructure based on
the impact it has on agents.

2.2. Sub-contribution: Definition of a taxonomy of infrastructure, along with validation of
the framework on case studies which span this taxonomy.

3. Contribution: Development of efficient representations for combinatorial sets of sensors.

3.1. Sub-contribution: Introduction of a structure called the plan lattice, allowing for both

the generation of sets of action-based sensors and their expression as reactive plans.

3.2. Sub-contribution: Tracking and identifying sensor failure through the design a concise

representation of large sets of sensors.

3.3. Sub-contribution: Presentation of algorithms to track this concise representation, as
well as an algorithm for determining if a goal is still achievable after a failure is recog-

nized.



1.2 Outline

The rest of this dissertation is organized as follows: Chapter 2 presents related work in several
distinct areas: sensor design, infrastructure design, and identification of sensor failure. Chapter 3
presents an in-depth examination of one approach to understanding sensing information require-
ments (Erdmann, 1995), and identifies situations of interest to designers wherein existing theory
is insufficient. It then introduces both conceptual extensions and an algorithm to obtain “missing”
sensors. Chapter 4 first presents a definition of infrastructure based on features and behavior, and
then presents an MDP-based model for comparing the behavior of agents before and after the in-
troduction of a proposed infrastructure change. Chapter 5 presents an algorithm for identifying
malfunctioning sensors, as well as an algorithm for determining if a task can still be achieved
after a failure. Each chapter contains its own case studies to discuss the application and utility
of the models and algorithms previously described. Chapter 6 concludes the dissertation with a

discussion of known issues and future directions for research.



2. RELATED WORK

We find it useful to divide existing work into three broad categories: design of robots and
sensors, design of environments and infrastructure, and detection of sensor failures. For the first
category, we will focus on individual agents and present existing work that forms the theoretic
foundation of the contributions discussed in Chapter 3. For the second category, we will shift
focus to the design of environments, particularly when they contain multiple agents, and highlight
open areas of research within this field that are addressed within Chapter 4. For the final category
we will focus on the identification of sensor failures and existing recovery methods, providing

context for the work presented in Chapter 5.
2.1 Robot and Sensor Design

The problem of designing sensor systems for robots is a sub-problem within general robot de-
sign, where the choice of sensor can incur different processing and power requirements that affect
the overall system. Within this larger problem space, algorithmic approaches aim to reduce the
burden of complexity for designers. A co-design approach makes use of descriptions of com-
ponent capabilities and associated costs, which are balanced against other system considerations
(Censi, 2015, 2016, 2017; Zardini et al., 2022; Carlone and Pinciroli, 2019). Such work can also
extend to include non-physical components, such as overall system performance (quantified as the
probability of success) or control systems (Zardini et al., 2021; Lahijanian et al., 2016; Saberifar
et al., 2022). Joint human-computer approaches to design problems have also shown potential to
generate better designs than either human or computer alone (Law et al., 2019). However, these
approaches are constrained to libraries of existing components, and do not yield information on
what the “best” sensor for a task would be outside of that library. To work on the design of sensors
themselves, we require a deeper understanding of what sensing is.

The fundamental questions concerning sensing and information requirements first appeared

in classical control as the notions of controllability and observability, with variants for both lin-



ear (Kalman and Bertram, 1959) and nonlinear systems (Hermann and Krener, 1977). In providing
the context of their work, Hermann and Krener (1977) distinguish ways in which a space state may
be “deficient” for the problem at hand: it may be “too small,” and fail to capture the full relation
between inputs and outputs. Conversely, (as they point out) a state space may be “too large,” in
which case it contains information other than that needed to model and solve the problem. These
larger state spaces require more complex controls, or may be uncontrollable. Unlike that classic
theory, which makes a range of algebraic assumptions (variously about linearity, smoothness, or
merely regarding continuity), Chapter 3 takes an algorithmic approach to consider essentially dis-
crete variants. However, both Hermann and Krener (1977) and the work presented in Chapter 3
share a common focus on sufficiency of information for controlling the system without tracking
extraneous information.

Theoretical sensor design presents an avenue through which questions of information suffi-
ciency can be addressed. Unlike physical design problems wherein a designer chooses between
several existing sensors, theoretical sensor design is concerned with how information is obtained,
represented, and used by a robot.! This requires first a common way to describe sensors, a problem
complicated by the variety of technologies in use; accordingly, much foundational work in the area
is focused on technology-independent information representation (Donald, 1995, 2012; O’Kane
and LaValle, 2008). Donald (1995) approaches the idea through information invariants, a concept
which “quantifies the tradeoff between speed, communication, and storage.” Given a certain robot
and its strategy for accomplishing a task, information invariants allow for comparison to another
system that may have different technology and strategies. Sensors can then be compared on the
basis of these invariants.

LaValle (2012, 2011, 2019) provides another approach for comparing sensors to each other.
The sensor lattice described by LaValle (2019) presents sensors as partitions, defining a lattice

which contains the set of all possible partitions of a given state space. An individual sensor divides

'For instance, imagine a robot with a camera and neural network that identifies likely faces from that input. Concep-
tually, we can call such an object a “face sensor,” even though the camera is not a sensor that detects faces. Theoretical
sensors explore the way in which sensors are abstracted into the concept of the information that they provide.



the environment into a subset of partitions based on where different sensor readings are obtained;
this allows for a natural lattice structure to emerge such that sensors can be compared with each
other, and boundaries on this lattice can be used to represent limitations on information (Zhang
and Shell, 2021). A different method is modeling the processing of information through filters,
which allows for a graph-based approach to how agents understand and partition their environment.
This graph-based framework has been particularly useful for questions of minimization of plan
and sensor complexity (Saberifar et al., 2016; O’Kane and Shell, 2017; Saberifar et al., 2019;
Ghasemlou, 2020).

Of particular interest to us is the work of Erdmann (1995), which ignores the question of what
information a robot should obtain or how a sensor should be implemented, and instead directly
defines a sensor that outputs the next action the robot should perform. The definition of these
action-based sensors requires a function known as a progress measure. The progress measure
assigns a numeric value to each state in the world, such that actions that move from a higher-value
state to a lower-value state correspond to progress towards task completion. Erdmann defines these
progress measures in terms of backchained plans; Chapter 3 shows the impact of extending the
definition to all possible plans. Work similar to action-based sensors includes sequential controllers
(Wagner et al., 2016), in which different controllers cover parts of an environment and direct the
agent from one controller to another, as well as later work exploring fundamental limits on what
an agent must sense to guarantee task completion (McFassel and Shell, 2020, 2022; Majumdar and
Pacelli, 2022).

Both Donald (1995) and Erdmann (1995) make use of the robot’s strategy, or plan, as part
of their definitions for evaluating the robot’s performance and use of information. One reason
for this is that plans can serve as a method to specify desired behavior, particularly for purely
reactive robots where a plan captures a full description of the agent’s behaviors (Schoppers, 1987).
Additionally, the strategy of the robot has a direct effect on what information will be available for
sensing during its execution, and therefore questions about what a robot must sense are directly

related to the agent’s behavior. Chapter 3 makes use of this framework, conceptually extending the
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problem to consider non-reactive behaviors.

The task-focused approaches to sensor design above prioritize the close link between the
robot’s desired operation and the sensors needed to accomplish that operation, allowing for a focus
on designing robots which are well-suited to their tasks. Another approach to designing robots
that fit their tasks is to simultaneously optimize controller and body design. Biologically-inspired
work, such as that of Banarse et al. (2019) and Lipson and Pollack (2000), employ iterative evo-
lutionary methods in the search of optimality, in each case with change driven by a pre-defined
fitness metric. Pervan and Murphey (2021) take a different approach, beginning with either the
sensor or actuator space, and then minimizing the other, also taking into consideration the ques-
tion of design limitations, in which a designer may have a particular set of sensors or actuators to
choose from. Majumdar and Pacelli (2022) use the Kullback-Leibler divergence to define what
information a sensor can provide, which is then used to find a boundary on the reward obtainable
from a Partially Observable Markov Decision Process (POMDP). Their work is similar to our own
in that it examines the way in which choice of sensor affects task completion, however Majumdar
and Pacelli (2022) is focused on optimality given a choice in sensor, aiming to both obtain a policy
and determine the upper bound on the expected reward; this dissertation focuses on pre-defined
desired behavior of an agent and determining the minimal amount of information necessary for

task completion, without regard to a necessarily optimal policy.?
2.2 Environmental and Infrastructure Design

Robots can externalize information storage through modifying their environment, such as when
placing pebbles on the ground (Blum and Kozen, 1978). Infrastructure can serve a similar purpose,
as the modification of an environment can allow for multiple agents to externalize certain infor-
mation and capabilities (O’Hara, 2011). In cases such as roads, infrastructure imposes rules both
on how agents should act as well as how agents can expect others to act, providing a framework

for managing more complicated scenarios (Li et al., 2019). Infrastructure designed for humans

2 Chapter 3 considers several examples of non-optimal plans that are desirable for other features, such as allowing
an agent to achieve a task with “worse” sensors.
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such as roadways and signage systems have been successfully used by robots (Liang et al., 2020),
suggesting that infrastructure designed with robots in mind could yield even greater benefits.

Most work on robot design does not consider the robot as a part embedded in a much broader
system, itself amenable to design; a recent and notable exception is Zardini et al. (2020). However,
the difficulty of modeling an agent’s behavior directly depends on the influence of the environment
on the agent, as well as the influence of other agents who may share that environment. It is this
notion of embeddedness (Ferber and Miiller, 1996; Edmonds, 1999; Dautenhahn et al., 2002) that
makes infrastructure design a problem of interest. The more embedded an agent is within its
environment, the more difficult it is to model that agent without knowledge of the larger system
in which it exists. This concept is similar to those of situatedness and embodiment (Maes, 1993;
Matari¢, 2001; Matari¢, 2002), which separate the interaction of an agent and a larger system into
two categories. Situatedness is the idea that the agent is strongly affected by the environment
and other agents which exist within it, while embodiment captures the idea that the agent is also
capable of affecting change on the environment and other agents through its own actions. As a
result of this entanglement between an agent and its environment, even infrastructure that has the
capability to greatly simplify a robot’s task can complicate the modeling process by requiring the
inclusion of information about the infrastructure’s behavior as well.

The subdiscipline of multi-agent systems (MAS) focuses on the coordination of autonomous
individuals, as either physical or virtual systems (Dorri et al., 2018; Ferber, 1999; Resnick, 1994).
In systems with a large number of agents, fully understanding and modeling the behavior of other
agents may be unmanageable. A long line of robotics research has explored stigmergic multi-robot
teams, taking the extreme approach of externalizing all relevant information to produce coordi-
nation (Payton et al., 2001, 2003; Ricci et al., 2006), including for the achievement of specific
tasks (Beckers et al., 1994; Ijspeert et al., 2001; Fine and Shell, 2011, 2013; Matari¢, 1993). This
perspective, emphasizing the environment as something active or able to be exploited structurally
(hosting common markers, or persistent shared computation) rather than merely being passive cir-

cumambient space, leads to new ways to coordinate robots (Vaughan et al., 2002; Fine and Shell,
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2013; Bobadilla et al., 2012).

While infrastructure can be designed to support multi-agent systems, there also exist many
cases in which the agents that make use of infrastructure are non-collaborative and lack common
goals. Any coordination of agents that is achieved is imposed externally by the infrastructure
itself. In cases such as traffic, agents will overall have similar goals and behavior, but their specific
destinations vary, and the use of resources (such as road space) by an agent prevents another agent
from using the same resource. Some drivers may also be more competitive, or even antagonistic,
than others. The implication for this dissertation is that any framework to model infrastructure must
be capable of accommodating systems that are cooperative, competitive, or consist of independent
agents.

Unlike cars, which all share a similar set of abilities, other agents may have highly varied abil-
ities and have objectives that directly conflict with each other. The first of these concerns, in which
agents may have high variation in their capabilities, is the subject of ad hoc team research (Ravula
etal., 2019; Stone et al., 2010), which nonetheless often still falls into the realm of assuming agents
have shared or non-competing goals.

For the second of these concerns, we must consider models that allow for self-interested agents.
Economic models provide one such framework (Sandholm, 1993; Gerkey and Matari¢, 2002; Dias
et al., 2006), and have the benefit of an existing body of work that has been directly applied to ex-
isting human infrastructure. Particularly, the economic theory of “clubs” (Sandler and Tschirhart,
1980), in which a group of members derive benefit from shared goods while dividing costs, can be
used to model the shared nature of infrastructure. The framework of economic clubs also captures
the fact that transition from a good owned by a single agent to one shared with a group can result
in a drop in the utility for any single agent, and the resulting problem becomes one of finding a
Pareto optimum (Buchanan, 1965).

Another framework for self-interested agents that can be applied to infrastructure is general
game theory, wherein the rules of the game can be used to constrain and control agent behav-

ior (Owen, 1982; LaValle and Hutchinson, 1993). Algorithmic mechanism design (Roughgarden,
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2010) draws directly from game theory and economics to provide another way in which to model
self-interested agents within networks. Algorithmic mechanism design is based in routing games
as models of behavior, and uses incentives to guide self-interested agents to behave in a way ben-
eficial to the overall system. Both data and vehicular traffic networks are archetypal examples
for these kinds of problems. Traffic networks, of course, are a very visible example of infras-
tructure, with models going back to the 1950s (McNally, 2007) and increasing use of agent-based
techniques (Kagho et al., 2020; Resnick, 1994).

Reinforcement learning has also been applied as a method to influence the behavior of agents,
particularly in application to traffic networks using controller systems that can modify infrastruc-
ture over time. Such applications are capable of changing the pathing and behavior of individual
agents (Mirzaei et al., 2018) as well as analyzing and responding to general trends such as con-
gestion (Rasheed et al., 2020). Fundamentally, reinforcement learning examines how agents can
operate (and adapt to changes in) an unknown environment. Most approaches to reinforcement
learning make use of MDPs with a policy that evolves over time (Bertsekas, 2019). While such
work is notable for producing desired agent behavior through infrastructure and controllers, it does
not approach the problem of interest in Chapter 4; namely, it does not provide a unifying method
by which we may compare implementations of infrastructure. Furthermore, while the MDP model
and updated policies both feature in Chapter 4, our focus is on the impact of environment change

after policies have converged, and not the transient phase progressing toward convergence.
2.3 Detecting Sensor Failures

The literature concerned with fault detection in robots is sizable, with several surveys that
deal with multiple aspects of the topic (Khalastchi and Kalech, 2018; Steinbauer, 2013; Zhuo-
hua et al., 2005; Pettersson, 2005). In a recent review, Khalastchi and Kalech (2018) provide
a taxonomy of robotic failures, and organize the existing approaches along two axes: the first
dealing with different types of robotic systems, and the second with different approaches (data-
driven, model-based, knowledge-based). Another review by Abid et al. (2021) further sub-divides

these approaches through the details of their implementations.
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Dealing with the slightly broader topic of execution monitoring in robots, the earlier survey
of Pettersson (2005) distinguishes fault detection (has some fault occurred?), fault isolation (what
has gone wrong?), and fault identification (how serious is it?). While faults, generally, might in-
volve any subsystem and its interaction with the environment, some work specializes on perception
failures (e.g., tracking performance (Kalal et al., 2010)).

The approach we describe in Chapter 5 is model-based and concerns the three questions of Pet-
tersson (2005) but with regards specifically to failure of (possibly multiple) sensors. Compared
with the existing work, its primary novelty is the potential for compact representation of the full
space of consistent hypotheses; additionally, no strong inductive bias is employed in the represen-
tation. As a discrete filter, its follows from kindred work on combinatorial filters (Tovar et al.,
2014).

Early instances of effective fault detection and identification employed a bank of multiple mod-
els, for instance multiple concurrently executing Kalman filters (Roumeliotis et al., 1998; Goel
et al., 2000; Hashimoto et al., 2001), along with some means for declaring behavior anomalous
(e.g., such as thresholding error residuals). Multiple models allow the multi-hypotheses to be ex-
pressed (even if implicitly), and later, particle filters found effective use as they are a natural fit for
such circumstances (Verma et al., 2004; Plagemann et al., 2006; Zapolsky and Drumwright, 2016).
The work of Sadeghzadeh-Nokhodberiz and Poshtan (2017) considers multiple sensors (and sin-
gle or multiple faults) and proceeds by decomposing the system into subsystems, which are then
treated as distributed and interacting. In practice, robot systems have been shown to exhibit cir-
cumstances where there are multiple faults (e.g., Orrick et al. (1994)), and several techniques are
specifically designed to tackle multiple failures (Price and Taylor, 1998).

Data-driven methods have also shown success for fault detection. The work of Sorsa et al.
(1991) demonstrates an early application of neural networks to the diagnosis of mechanical faults.
This area is closely tied to the realm of signal analysis: Shiroishi et al. (1997) demonstrates that the
way in which a signal is processed has significant impact on identification of faults from vibrational

signals. Samanta (2004) presents another early example of the use of classifiers being applied
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for mechanical fault diagnosis, focusing in particular on feature selection from signals. Work
on detecting sensor faults through data-driven methods can be traced back to the work of Guo
and Nurre (1991), set apart from mechanical faults through “sensor accommodation,” wherein the
defective sensor’s readings are replaced with the output of a simulator for that sensor. Darvishi
et al. (2021) provide a recent example of data-driven methods for detection and accommodation.
Estimating (or simulating) the value of a non-functional sensor allows the system to continue
without the influence of erroneous sensor readings, leading us into the notion of fault recovery.

A line of work, going back to the inaugural work of Srinivas (1977), has also tackled repair or
recovery when a fault is detected. This has been a topic of recent interest, with work considering
such problems in a variety of contexts including service robots (Hammond et al., 2019) and human-
robot interaction (Chung and Cakmak, 2020; Reig et al., 2021). Lunze and Richter (2008) presents
a review of the literature in adapting the behavior of a controller after a fault to recover nominal
operation. Another review by Ciria et al. (2021) focuses on the emergent trend in the framework-
agnostic concept of adaptive inference-inspired models, where model refinement is based on free
energy minimization. The work of Pezzato et al. (2020a,b) applies this approach for controllers
capable of adapting to dynamic environments, sensor noise, and faults. However, much of the work
in fault recovery places the question of precise diagnosis second to the immediate recognition and
compensation for a fault. Additionally, we are unaware of any work that considers how agents

should behave when an unrecoverable fault occurs, nor how to identify these unrecoverable faults.
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3. REACTIVITY AND STATEFULNESS: ACTION-BASED SENSORS, PLANS, AND
NECESSARY STATE*

3.1 Introduction

In his venerable paper Understanding Action and Sensing by Designing Action-Based Sensors,
Michael Erdmann' defines a class of abstract sensor that describes the information a sensor ought to
provide a robot; his paper identifies a type of canonical choice for such ideal sensors. Summarizing

that classic contribution to the literature, Donald (1995) writes:

Erdmann (1995) demonstrates a method for synthesizing sensors from task speci-
fications. The sensors have the property of being “optimal” or “minimal” in the sense
that they convey exactly the information required for the control system to perform the

task.

Action-based sensors embody the philosophy that sensors should be designed not to recognize
states, only what actions must be taken to reach a goal. Utility in reaching goals is defined via
progress measures and associated progress cones. These notions of progress are themselves com-
puted from plans. Informally, the sequence goes like this: problems/tasks require plans to the solve
them, plans give progress measures, measures give cones, and cones lead to sensors.

Erdmann’s work focuses on a subclass of all plans, those created from backchaining, which
yield “special” sensors. The backchained plans in his work codify the fastest way to reach the
goal from any starting location. This naturally leads to the question of what would happen if one
applied this method to other types of plans, as it would seem that doing so would open up a much
larger family of action-based sensors. We shall show that this is indeed the case.

Part of our motivation for exploring new families of sensors is that generally, analyzing the

*This chapter is reprinted with permission and with material from: G. McFassel and D. A. Shell, Reactivity and
statefulness: Action-based sensors, plans, and necessary state, The International Journal of Robotics Research. Copy-
right © 2022 The Author(s). DOI: 10.1177/02783649221078874.

'For clarity when reading, we often refer to Erdmann by name when making reference to his theory of action-based
sensors. Unless otherwise indicated, this is a reference to Erdmann (1995).
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information requirements of robotic tasks has yielded fundamental scientific insights in the past
(cf. Blum and Kozen (1978); Donald (1995); O’Kane and LaValle (2008)). Construction of Erd-
mann’s “minimal” sensors assumes that all information needed for task completion can be sensed
in the environment. If the information available is insufficient, then the robot must make use of
state. Through extension of the problem to other plans, we see that the required memory of the
robot and the abilities of its sensors are linked in a way that different action-based sensors give a
new, unique way to explore.

Moreover, making choices about sensors that are informed by information requirements is also
important for practitioners, who need to balance considerations of cost, manufacturability, and
reliability (Censi, 2015; Zhang and Shell, 2020). Considering additional plans (beyond solely
backchained ones) helps make the theory of action-based sensors more applicable for roboticists
by, for instance, allowing one to model some limits imposed by physical or technological con-
straints.

The incompleteness in Erdmann’s existing theory, in not being able to obtain all action-based
sensors, is irksome. This is true whether one’s concern is primarily theoretical (previously over-
looked sensors that have an equal claim to being “minimal”) or is purely practical (sensors that can
respect design constraints). The first part of this chapter, thus, is concerned with identifying further
action-based sensors through considering the full set of plans for a given planning problem.

This analysis-oriented treatment differs from the typical (one might say synthesis-oriented)
approach to plans, which asks how to find plans that realize some ends. Instead, the concept of a
plan is used as the basis for the design of sensors. We present an algorithm, CLIP, that transforms
a plan for which we cannot define an action-based sensor into a set of plans for which we can. We
extend our earlier theoretical work (McFassel and Shell, 2020), and associated algorithmic methods
and our implementation, to allow consideration of partially observable planning problems. Such
cases lead to the identification of certain plans that are guaranteed to solve some given planning
problem, but for which no Erdmann-like progress measure can be produced.

Such plans are the aforementioned plans that require state. To discuss the relation between
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these “stateful” plans and action-based sensors, we first define a lattice structure with which to
organize the set of all plans. Action-based sensors are then placed within the lattice as a type of
reactive plan. The action-based sensors to which a plan is related then become a basis for defining
“stateful” sensors, further broadening the original concept of action-based sensors and allowing
for one to examine state requirements alongside information requirements.

The approach followed in this chapter is, after some broader context and preliminary formal-
ization of plans and planning problems generally (3.2 and 3.3), to reexamine Erdmann’s classic
theory of action-based sensors through that lens (3.4 and 3.5). Because the generalized treatment
we offer (especially with partial observability) helps make the theory more practical, we discuss
relationships to problems of sensor design (3.6) and also LaValle’s sensor lattice concept (3.7).
Having done that, the chapter pivots (3.8) so that action-based sensors, now in the guise of reactive
plans, become a way to improve our understanding the space of plans (3.9-3.10), culminating in

several examples (3.11), before concluding (3.12).
3.2 Context

This section provides some additional detail to relevant works presented in Chapter 2, as well
as additional context. Our motivation for revisiting action-based sensors stems from an interest in
what sensing, fundamentally, is. Often we take sensors for granted: as a distance sensor, or wall
sensor, and so on. But as Brooks and Matari¢ (1993) note: “The data delivered by sensors are not
direct descriptions of the world. They do not directly provide high level object descriptions and
their relationships.” How easily we say that a sensor can detect “walls”! These mental categories
are ingrained so deeply as to have a pernicious influence on our thinking.

In conceiving his theory, Erdmann (1995) asked the question of what sensors are for. The
action-based sensor, then, relates what a robot should do with what it needs to perceive. The
approach conceptualizes sensors as abstractions which entirely sidestep issues with the representa-

tion of information to provide what is required: what action to take next.> His definition appeared

“More than any other robotics work of which we are aware, Erdmann’s theory embodies the perspective of Prag-
matism, in the William James and John Dewey sense of the term.
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to give the utmost leeway in its requirements, being most relaxed or unconstrained so the set of
sensors seems to be maximally inclusive — forming a sort of “free object” for sensors. It is hardly
surprising, then, that little work has sought to expand directly upon Erdmann’s highly-original
paper, for it looks to be the final word on the subject.

Recalling the biologically-inspired works presented in Chapter 2 (such as the work of Banarse
etal. (2019), Lipson and Pollack (2000) and Pervan and Murphey (2021)), we see that these recent
works share overall goals similar to our own within this chapter: each demonstrates how to make
effective use of external constraints. In our case, we will show how Erdmann’s action-based sensor
approach might also incorporate constraints (by defining planning problems —and therefore ob-
taining plans— which exclude certain movement or sensing) so that these affect the corresponding
robot designs, limiting how they should behave or what can be sensed.

Section 3.7 presents a more in-depth look at LaValle’s sensor lattice (LaValle, 2019) first pre-
sented in Chapter 2, allowing for precise comparison of how sensors may be stronger or weaker
than another, or if one sensor can be used to solve a problem instead of another. We show that his
sensor lattice also contains the set of action-based sensors within it, and use it as an inspiration for
a lattice with which to compare plans by their executions.

Through the approach of designing action-based sensors we will re-cast several questions, such
as what information a robot must distinguish, as well as how to act at states that appear identical
when observed by the robot. Subsection 3.10.2 focuses on how a state space can be extended
through a triple relation that relates specific executions to states; this triple relation can then be
treated as an extended state space, containing information that would have been lost within the
original world’s state space. Action-based sensors, by construction, reduce the state space through
their conflation of different states in the world, with states grouped together by the lack of a need
to distinguish them, akin to the equivalence relations explained in Hermann and Krener (1977).

Orthogonal to the problem of robot design is the design of environments that include infor-
mation cues. Liang et al. (2020) presents a method for robot navigation using signage intended

for humans. The robot’s ability to navigate via signs, without any internal map, depends on cer-
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tain properties of the signage. Properties include consistency between the individual signs, as
well as whether there is a sufficiency of information to reach any destination from an arbitrary
starting point. If the signage fails to have these properties, then that information must be supple-
mented with “virtual signs”. Their ideas in the specialized context of navigational signs correspond
closely to properties we consider more generally—e.g., the idea of information being adequate to
make progress. In fact, the algorithms presented in this chapter can be applied to that practical
context. Specifically, 3.11.3 analyzes an example from Liang et al. (2020). This provides clear,
self-contained, practical use for the algorithms in an interesting robotics setting, and supplements
their perspective. By doing so, deficiencies in the environment’s signage that would interfere with
navigation (that is, locations that require “virtual signs”) translate into lower bounds on the com-
plexity of plans required to solve the planning problem, indicating that the robot must make use of
information beyond what it can observe.

Ultimately, the close link between what a robot must do and how it must be designed to do
it impacts a broad spectrum of problems within the robotics community. Extending Erdmann’s
work to a larger family of plans allows for the concept of action-based sensors to be applied where
previously it could not. This provides designers and theorists with another tool for analysis of
information requirements, particularly with the theory now being applicable to plans for which the

robot must keep state.
3.3 Preliminaries

In this chapter, the environment and robot inhabiting it are described in terms of two symmetric
structures: planning problems and plans. The former defines both the world and task, while the
latter defines the robot and its operation. Mutual interaction between the world and the robot
determines whether the plan solves the planning problem. Operating in discrete time, a robot
receives observations and chooses an action to take. This action is then performed upon the world,
which has its own structure that decides the action’s outcome. This outcome then determines what
observations are next received by the robot. Both can be conceived of, speaking intuitively about

casualty, as instances of “choice.” Thus, there is a back-and-forth between the choice the robot
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makes (the action selected to be executed), and the choice the world makes (the action’s outcome
and subsequent observation). A bipartite graph called a procrustean graph, or p-graph, will be
used to formalize these aspects next. Definitions 1-4 are slightly less general versions of those
from Saberifar et al. (2019); we refer the reader to that original reference for more comprehensive

discussion.

Definition 1 (p-graph (Saberifar et al., 2019)). A procrustean graph (p-graph) P = (V, Viu, Y, U, E)

is a finite edge-labeled bipartite directed graph in which:

1. a finite vertex set V' can be partitioned into two disjoint subsets, called the action vertices

V., and the observation vertices Vy, with V. =V, U Vy,
2. a non-empty set of vertices (Viniy C Vy) are designated as initial vertices,

3. each edge e € E originating at an observation vertex is labeled with a set of observations

Y(e) C Y and leads to an action vertex,

4. each edge e € FE originating at an action vertex is labeled with a set of actions U(e) C U

and leads to an observation vertex.

With a p-graph, we can model both planning problems and plans. A planning problem (or, as
we write interchangeably, world) models goal attainment tasks that require the robot to arrive in

some condition in the world.

Definition 2 (planning problem). A planning problem W = (V, Vi, Y, U, E, Vo) is a p-graph

W equipped with a goal region Vg C V.

A plan prescribes actions for particular circumstances in order to solve planning problems. As
itis a directed graph, it is potentially governed by internal state, encoded directly into its branching

structure.’

Definition 3 (plan). A plan P = (V, Viu, Y, U, E, Vierm) is a p-graph P equipped with a termina-

tion region Viey C V.
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Since both planning problems (i.e., worlds) and plans are p-graphs with similar structures, we
will use (W) and (P) respectively to help designate to which p-graph some thing belongs, e.g. the
vertices V' (W), or V(P). Although it is not strictly necessary given the scoping implicit in the
definitions above, we will persist with this convention.

The preceding two definitions have exactly identical form: a p-graph and a set of vertices.
The p-graph describes dynamics, while the set of vertices describe some notion of termination.
A termination semantics (made precise in Definition 4) ties these two objects together, and differs
slightly between plan and planning problem. It is expressed in terms of an execution, a sequence of
alternating observations and actions, and (for this chapter) always beginning with an observation,
or is the empty sequence. We trace execution s = yogu Yy Us - . . Y, OvVer a p-graph () by beginning
at some vertex in Vi, (@), and following an edge labeled with some set containing the observation
Yo in the execution, and proceeding by following an edge labeled with a set containing action u,
and so on for the whole sequence. If an execution is possible on both plan and world, it is a
Jjoint-execution. Joint executions describe the dynamic intermeshing of the plan and the world. We
desire that either such a sequence must lead to vertices that are in Vi, on the plan and in V., on

the world, or the execution must be a prefix of a longer execution which does.
Definition 4 (solves). A plan (P, Vierm) solves the planning problem (W, Vyou) if:

1. P is finite on W. The length of all joint-executions must be bounded.

2. Pissafe on W. In tracing executions, P must never have an action leaving a plan vertex if
there is no outgoing edge with that action at the vertex reached in the world. Additionally,
the plan must always be ready to receive observations as can arise from possible executions

on W, starting at Vi (W), with actions chosen via P.

3. P islive. Every joint-execution youy - - - Y OF Youq - - - Uy of P on W either reaches a vertex

in Vierm, OF is a prefix of some execution that reaches V.., and, moreover, all the joint-

3Within this chapter, the word ‘state’ has been used with extreme care thus far and only in precisely one form,
namely to mean something memorized, tracked, or remembered; within the p-graph we have called the elements
vertices; other words like “some condition” and “particular circumstances” have been deliberately used to avoid the
conceit of declaring something to be ‘state’ and taking its existence so seriously as to believe it an objective concept.
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executions reaching a vertex v € Vi (P), when traced on W must reach a vertex w €

‘/goal<W>-

Occasionally we will be interested in the vertices reached by some given execution. To find
these vertices, one traces the execution following the process outlined above, and those vertices
reached by tracing sequence s on @) will be designated V. When tracing any such sequence, if,
as one proceeds, at most one edge can be traversed, the p-graph is deterministic. Otherwise it is
nondeterministic. The language of a p-graph () (or plan and world), denoted £(Q)), is the set of all

executions.
3.3.1 Example

We give an extended example to make the preceding definitions more concrete. Figure 3.1
depicts part of the University of Freiburg campus via a map constructed using a robot equipped
with a laser rangefinder (Stachniss and Grisetti, 2010), and available as part of the Robotics Data
Set Repository (Howard and Roy, 2003). Shown superimposed is an (approximate) generalized
Voronoi graph (Choset and Burdick, 1995) that has been constructed to help reduce complexity
and aid with discussion of the space. We will assume for the purposes of this example that the
Voronoi graph vertices correspond to locations that our hypothetical robot can clearly and reliably
distinguish from each other, e.g., using unique range signatures. We will suppose that our robot
can start anywhere in the environment and we wish for it to reach the position represented by the
rightmost vertex.

The p-graph depicted in Figure 3.2 shows this scenario modeled as a planning problem. In this
example, each point on the original figure has become an observation vertex (shown as filled cir-
cles), which has an associated action vertex (shown as white squares). At each observation vertex,
the transition for the robot is determined by what observation is received from the world. Owing
to the ability to reliably distinguish locations, here edges departing any circular vertex will bear
a label directly corresponding to that vertex. At each action vertex, the robot can select an action
that labels any of the outgoing edges. For this example, they are the cardinal and intercardinal

directions, although sophisticated motion primitives might also be involved.
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Figure 3.1: Initial working example: A mobile robot navigates in a planar environment amongst obstacles. For
simplicity, a generalized Voronoi graph is superimposed over the top; the robot can start anywhere and we desire that
it navigate toward the region represented by the rightmost vertex. (This is part of the University of Freiburg campus,
with thanks to Cyrill Stachniss and Giorgio Grisetti for making the dataset available.)

Figure 3.3a and Figure 3.3b show different kinds of plans for reaching the rightmost vertex
(the goal). These plans specify a certain subset of actions available from the original planning
problem—each selects actions for the robot to take at different locations within the world. Fig-
ure 3.3a shows a plan derived through backchaining from the goal, while Figure 3.3b shows a

more arbitrary plan. Looking at these plans, the backchained plan’s routes are significantly shorter.
3.3.2 Generality, Scope, and Problem Variations

Quite apart from cluttering the diagram, the use of separate action and observation vertices
in the previous example seems unnecessary. So too, the fact that plan’s actions are not simply
shown as direct prescriptions on the planning problem itself; perhaps selecting and highlighting a
subgraph of Figure 3.2 could have sufficed to describe Figure 3.3a? But the preceding definitions

are rather more general, and that generality will be put to use. The definitions permit, for instance,
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Figure 3.2: The example world from Figure 3.1 as a p-graph with goal region. Here, we consider every observation
vertex (filled circle) to be a possible initial configuration. Observation vertices give distinct observations as output,
while the actions include movement in the cardinal and intercardinal directions. Labels showing these have been
omitted for clarity of the figure.
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(b) A different set of choices that also always reach the goal.

Figure 3.3: Two plans, as p-graphs with termination regions, that solve the planning problem in Figure 3.2. Progress
measures (Section 3.4) are labeled in red.
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the plan to track “beliefs” about potential world vertices that are consistent with the execution
sequence (for instance, consider a nondeterministic world p-graph with nondeterminism arising
from aliased sensor readings, unreliable action outcomes, or both). Later, important conditions
will be examined in detail when the resemblance between plan and planning problem is limited.
The example above emphasizes familiarity, but the added generality will come to the fore as we
examine more exotic plans which yield additional action-based sensors.

Without further forestalling, we add some detail here by touching particularly on considera-
tions of observability. In Figure 3.2, the p-graph has observation and action vertices which form
a direct correspondence with the original points on the graph in Figure 3.1. For this example,
each observation vertex yields a distinct observation, allowing the robot to localize itself directly
throughout its execution via the last observation received. Full observability, as here where obser-
vations uniquely map to vertices in the world, simplifies matters in searching for (and expressing)
a plan, because plans need only prescribe actions on the basis of vertices. This is the familiar un-
derstanding of full observability in regard to planning problems when considering plans as objects
that we (or our algorithms) seek.

As we shall see, action-based sensors partition the world into regions which can be conflated
without risk of task failure. Plans can yield action-based sensors and when the underlying plan-
ning problem is fully observable, this observability expresses a different aspect, though still in the
nature of a simplification. Instead, it places no a priori limits on what the robot could in principle
distinguish. When an action-based sensor conflates regions of the world as partitions, it represents
a degree of acceptable additional partial observability. To apply the theory when there are known
limitations owing to features of the environment, or because of other considerations (e.g., techno-
logical, practical resource limits, or design constraints), then partial observability can be used to
specify particular perceptual limits. Modeling the constraints of existing sensors results in a dif-
ferent interpretation: the existence of an action-based sensor then implies that the existing sensor
can enable the robot to complete the task without additional information.

We will further discuss impact of partial observability in defining progress measures and deriv-
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ing action-based sensors. Here we have emphasized that it is a mistake to believe that because the
preceding example is fully observable, the theory which follows does not consider partial observ-
ability. In fact, action-based sensors are directly concerned with giving a degree of non-destructive
partial observability. Starting in Section 3.8, a subclass of plans for which no action-based sensors
exist, and for which none can be derived, is considered. This non-existence can be directly tied to
the requirement of additional information which a sensor cannot provide, and hence to complete

the task, plans will require internal state.
3.4 The Progress Measure

In his work, Erdmann’s sensors are defined using progress measures, which are real-valued
functions on the state space of a planning problem that indicate how movement between states
leads toward a goal. Given such a function, for each action, one labels regions of state space where
that action makes progress, forming what are called progress cones. These regions must be dis-
tinguished sufficiently for the robot to determine which action to execute. This can be realized
via action-based sensors, sensors that output actions guaranteed to make progress, which describe
a subset of the progress cones containing the current state. As an abstraction of information at-
tainment, such sensors do not specify which environmental features or associated technologies
are actually used to compute (or evaluate) these functions. Erdmann formalizes the idea that the
information a robot needs is precisely and solely that which is needed to determine how to act now.

To determine how plans make progress toward a goal, we start with defining what it means to
make progress. Erdmann uses a framework of progress measures to develop progress cones. Given

a task, to get from planning problems via progress to sensors, Erdmann (1995) prescribes:

“la. Determine a sequence of actions that accomplishes the task.
1b. Define a progress measure on the state space that measures how far the task is
from completion, relative to the plan just developed.
Ic. For each action, compute the region in state space at which the action makes

progress.”
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The first step requires one to construct a sequence of actions, and subsequently in his paper
Erdmann uses a very specific kind of plan when discussing progress measures — those obtained
via backchaining from the goal. However, plans created using backchaining yield a unique progress
measure corresponding to the fastest strategy which Erdmann calls “very special”. Our agenda is
to broaden this set of plans, and doing so has implications for progress measures. In particular,
we now extend this definition to obtain a little more nuance, which manifests as two separate

definitions in what follows. (For any set A, we denote its powerset with 24.)

Definition 5 (execution progress measure). A progress measure over executions on a solution P

to a planning problem W is a function ¢ - 2VW) — R* such that:

a) ¢(V) =0 = VC V:goab'
b) atleast one V' C Vo satisfies (V') = 0;
¢) for any two joint-executions p and q, if p is a prefix of q, then ng(VIYV) > ng(V;V)

The execution progress measure applies to sets of vertices in the world. All sets that take the
value of 0 are required to have only goals within them, and there must also be at least one goal
with value 0. We restrict joint-executions, requiring that if one is a prefix of another, its value must
be strictly greater. In this way, the executions of the plan visit vertices in the world such that the

resulting progress measure is strictly decreasing.

Definition 6 (vertex progress measure). A progress measure over vertices on a solution P to a
planning problem W is a function g : V(W) — R such that ¢,(V) = max {g(w)} is an
we

execution progress measure.

The intuition here is to give a measure on singleton vertices and require that we get an execu-
tion progress measure when it is lifted, in a natural way, to sets. When discussing the existence
and properties of either kind of progress measure, we will simply use progress measure; when
necessary, we disambiguate between an execution progress measure Or vertex progress measure,

or provide context to resolve any ambiguity.
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Progress measures can be seen in the red numerals in Figures 3.3a and 3.3b. Progress measures
are defined in terms of the plan’s actions on the world, which can lead to a measure in which making
progress leads away from the goal (in terms of increasing physical straight line distance) before
reaching it. Such an example can be seen in Figure 3.3b, exemplifying the difference between a

progress measure and a metric of physical distance from the goal region.
3.4.1 Progress Measures and Crossovers: Lack of Uniqueness and Existence

For clarity in the following section, we will put aside the planning problem in Figure 3.2 to
consider a minimal example. Figure 3.4 shows a small, seven-vertex planning problem with a
single goal GG, as well as three plans which are able to solve it from any starting region in the world.
The three plans here give three different progress measures; the plan obtained by backchaining, as
in Erdmann’s work, is but one choice.

The pair of plans in Figures 3.4c and 3.4d are worth contrasting. These two plans have some
vertices where they take the same action, and some where they differ. There is little intrinsic reason
to prefer one over the other, and we could even have a plan that considers both of the routes such
as the plan in Figure 3.5, which chooses one of the two routes arbitrarily (via nondeterminism) and
commits to that route once it has been selected. Even within this small example, the plans will
construct contradictory progress measures, and so the plan which combines them has no progress
measure at all. This stems from the fact that, though the plan informs our definition of progress,
the progress measure is ultimately defined on vertices in the world.

Figure 3.5’s plan contains executions that go in opposite directions from each other; for ex-
ample, the ‘Z’ route (which represents the movement according to Figure 3.4c) visits the location
b before d; however the ‘N’ motion (akin to Figure 3.4d) visits d before b. For the p-graph to
represent a solution, the finiteness requirement means it must be structured such that the robot
could never actually cycle infinitely. Indeed, it meets this requirement. But the progress mea-
sure, considering only the corresponding world vertices, has the impossible task of satisfying
o({b}) < ¢({d}) < ¢({b}). The extension to a broader family of plans has introduced new com-

plications in defining progress measures.
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(a) A small world. (b) A solution derived via backchaining.
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(¢) A plan which solves the planning problem of reaching the goal, (d) Another solution.

G, from any vertex in the world.

Figure 3.4: A small world with goal vertex GG, along with three plans that solve it. As we will see, this is sufficient to
demonstrate the existence and handling of crossover conflicts. For each plan, the red integers are a progress measure.

Progress measures fail to exist when there are contradictory requirements on the values that the
execution progress measure must take. We refer to this issue as a crossover conflict, or simply as
the existence of crossovers, due to the fact that the lack of progress measure extends from the fact
that plan executions “cross over” each others’ paths when traced over the world. Crossovers can
be thought of as cyclic dependencies induced on the world by the plan. If a plan is a solution (like
Figure 3.5) then the set of joint executions (or, equivalently, the intersection of its language with
that of the world) must be finite. To re-visit a vertex in the world, such a plan can make use of
multiple vertices to distinguish executions. However, the progress measure’s definition considers

all potential paths to and from a world vertex. Therefore, executions that visit vertices in differing
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Figure 3.5: A single plan in p-graph form that solves the problem of reaching the goal in Figure 3.4a. The letters a—g
here serve to expose the correspondence to locations in the world. It includes both the ‘Z’ route of Figure 3.4c and
the ‘N’ one of Figure 3.4d. Every (circular) observation vertex is in Vi,;; and, at the start of its execution, the robot
receives an observation that can be traced to no more than two possible observation vertices. Once an action is chosen
(the choice is resolved arbitrarily), the robot is ether committed to the blue or the red subgraphs. This plan induces
numerous crossovers, arising from the lack of a global ordering on when vertices are visited.

orders create a cyclic dependency.

Definition 7 (crossover conflict). A plan P that solves a planning problem W has a crossover
conflict if there are two distinct joint-executions sy, So such that:

1) sy and sy both visit the world vertices v and V', and

2) sy requires an execution progress measure where ¢({v}) > ¢({v'}), while sy requires an

execution progress measure where ¢p({v'}) > ¢({v}).
Crossovers are the primary cause of failure in a plan that does not produce a progress measure.
Theorem 1. A progress measure exists if and only if there is no crossover within the plan.
Proof.

<= A Crossover Implies no Progress Measure Exists. By definition, a crossover involves

two joint-executions that induce the ordering ¢({v}) > ¢({v'}) > ¢({v}). There exist
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no two numbers a, b that satisfy this condition unless a = b. However, this violates the
definition of a progress measure. The definition of a crossover also requires that under
a certain execution, v is a prefix of v/, while under another execution v’ is a prefix of v.
Definition 5 requires that vertices reached by a prefix of an execution take values that are
strictly greater than those of the vertices which follow. Therefore, there exists no pair of

values which construct a progress measure for these two vertices.

—> The Lack of a Progress Measure Implies a Crossover Exists. Consider a plan P that
solves a planning problem W, and which lacks a progress measure. Then, by definition of

the execution progress measure, one of the following must be true:

(a) (b(V) = 07 V g ‘/goal’
(b) thereisno V' C V,,, where ¢(V') =0,

(c) there exist joint-executions s; and s, with s; a prefix of s,, and ¢(V8‘/Y ) < QS(VSV;/ ).

For a progress measure it is enough to conceive of an ordering on the vertices of the world.
At least one goal must come last in the ordering. For executions, the requirement of prefixes
having a higher measure than sequences which they precede imposes an ordering on those

vertices, as well.

To attempt to fix the progress measure, we first assign a goal (the final element in the or-
dering) value O and increment up as one goes earlier in the order. This resolves the issues

presented by (a) and (b), should they exist.

Assume we try to correct (c) in such a way. If we are able to do so, obeying the induced
ordering and assigning values to the vertices reached by s; and sy such that they no longer
fulfill the condition of (c), then a progress measure does in fact exist. Otherwise, however,
because we were assigning values to the ordering of vertices based on back-tracking from the
goal, we must have seen the vertex reached by s; in the ordering before the vertex reached by

5o and assigned it a value accordingly. If s; is a prefix, that means the vertex reached by s;
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is visited by an execution both before and after it visits the vertex reached by s,. Therefore,
there is an unsatisfiable requirement of ¢(V)"') < ¢(VY') < ¢(V)'), which is the definition

of a crossover.
O

The presence of crossovers is the necessary and sufficient condition for the non-existence of a
progress measure, and their existence impedes our ability to craft action-based sensors. To identify
crossovers, the relationship between plan vertices, plan executions, and world vertices must be
made explicit, ideally without directly enumerating the plan’s language. Next, we introduce an

algorithm, based on a graph product construction, that is useful in this regard.
3.5 Removing Crossovers and Enumerating Progress Measures

Given a plan that solves a planning problem and which has no progress measure, we now
discuss a method to produce the set of all plans which can be derived from this initial plan, which
have progress measures, and which are also solutions to the planning problem. To make precise
what we mean when we say one plan is derived from another, we define a set of actions from the

world called the operative action set.

Definition 8 (operative actions). For a plan P that solves planning problem W, an action uy, is an
operative action if there exists a function up : V(W) — 2VWV) such that up(v) includes an action
uy, if and only if P and W have a joint-execution e = y1u1Ys . . . Ux—_1Yy, for which:

e carrives atw € V(W) when traced on W;

e action uy, is a label on an outgoing edge from w;

e carrives at p € V(P) when traced on P;

® action uy, is a label on an outgoing edge from p.

For a given world, intuitively, the operative action set at any vertex in that world consists of only
those actions that the robot (using its plan) may actually end up taking during its execution. When

a plan doesn’t induce any progress measures, we will consider alternate plans with the property
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that they select the same actions in the same places in the world as that original plan. Operative

actions formalize this:

Definition 9 (derived plan). Given world W, a plan P’ is derived from another plan P if the
operative action set of P' is contained in the operative action set of P; that is for all v € V (W),

up/(v) - up(v).

Next, we generate all possible plans without crossovers from some other plan, but using only
actions from the operative action set. The algorithm we describe next, named CLIP, has two
parts: first, given a plan and a planning problem, it builds an intermediate data-structure (a graph)
through which all of the crossovers can be identified. Secondly, it enumerates resolutions to these
crossovers. For edges that are not involved in any crossover, we may take any subset of them so
long as we ensure it is a solution. Thus, as an object on which various combinatorial operations

act, this graph implicitly represents a large number of plans.
3.5.1 The Plan-World Interaction Graph

CLIP starts by constructing a type of product graph we call the Plan-World Interaction Graph,
or simply the I-Graph. It is formed by corresponding plan and world vertices, while also encoding
information about the operative action set in an organized fashion. In the original plan, different
executions, possibly separated and obscured by the plan’s structure, may interact so as to obstruct
the existence of progress measures (as in Figure 3.5). These various instances are collapsed within
the I-Graph, which records when multiple plan vertices map to the same world vertex, transforming
crossovers into explicit cycles.

The I-Graph is itself a p-graph, but its structure is defined by the joint-executions of the plan
and world. Algorithm 1 provides pseudo code for the incremental construction of the I-Graph. To
know which plan vertices correspond to certain world vertices at different points in execution, the I-
Graph starts as a single vertex that corresponds to the initial vertices of both the plan and the world.
Each vertex in the graph will have a pair (vp, vy ) — for this initial vertex, (Vinit(P), Vinis(W)) —

indicating what vertices within the plan and world it corresponds to. This single observation forms
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Algorithm 1: Constructing the Plan-World I-Graph

o o NN N AW

W W W W W W W W W W N NN NN NN = [ T e =
E X I S A IRV RS RREBUERESESRSe 3205200~

Data: World W = (Viv', Viwew, Yw, Uw, Ew, Vioal),

Plan P = (VPa ‘/;nitpv YPa UP» EP7 ‘/term)

Result: I-Graph I = (V, Viuir, Y7, Ur, E7, Vierm)
1 Procedure I-GRAPH CONSTRUCTION(W, P):

F

igraph <— New PGraph()
igraph_vtx <— New Observation_Vertex(I-Graph)
world_vtxs, plan_vtxs < V., Vinp
I-GRAPH SEARCH(world_vtxs, plan_vtxs, igraph, igraph_vtx)
unction [-GRAPH SEARCH(world_vtxs, plan_vtxs, igraph, igraph_vtx):
if no outgoing edges for world_vtxs, plan_vtxs then
return I-Graph
if vertices are type “observation” then
world_tgts = New Set()
plan_tgts = New Set()
foreach world vertex vy do
foreach outgoing edge from vy do
observation < outgoing edge label y
add edge.tgt to world_tgts
foreach out edge from plan_vtxs do
if plan edge has label y then
‘ add plan edge.tgt to plan_tgts

else
world_tgts = New Set()
plan_tgts = New Set()
foreach plan vertex vp do
foreach outgoing edge from vp do

action <— outgoing edge label u

add edge.tgt to plan_tgts

foreach out edge from world_vtxs do

if world edge has label u then
‘ add world edge.tgt to world_tgts

if world_tgts corresponds to existing vertex vy € V; then
if world_tgts C Va1 (W), plan_tgts C Vierm (P) then
| add vy to Vierm (1)
if vertices are type “observation” then
‘ label_set <— outgoing obv. from world_vtzs
else
label_set +— outgoing act. from plan_vtxs
for each label n in label_set do
backlabel < label
add edge (igraph_vtx — v, with label) to igraph
I-GRAPH SEARCH(world_tgts, plan_tgts, igraph, vr)
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40 else

a4 if vertices are type “observation” then

42 label_set <— outgoing obv. from world_vtxs;
43 new_vtx <— New Observation_Vertex(IGraph);
44 else

45 label_set <— outgoing act. from plan_vtxs;
46 new_vtx <— New Action_Vertex(IGraph);
47 if world_tgts C Vyoa1(W), plan_tgts C Vierm (P) then

48 ‘ add new_vtx to Vierm (L graph);

49 for each label n in label_set do

50 backlabel < y/u;

51 add edge (igraph_vtx — new_vtx, with label y/u) to igraph;
52 I-GRAPH SEARCH(world_tgts, plan_tgts, igraph, new_vtx)

53 return I-Graph

the initiating layer of the I-Graph, modeling the moment execution begins and the robot has yet to
receive any observations.

The rest of the graph is constructed by tracing the possible executions of the plan, alternatingly
giving priority to the plan and world when determining structure. For each observation vertex, the
current set of world vertices determines the outgoing edges. The plan is safe on the world, and
therefore for each observation that might occur from any of these outgoing edges, the plan has at
least one corresponding edge labeled with the same observation from each vertex within the set
under consideration. For each of these edges, an action vertex is added to the I-Graph, consistent
with the world and plan vertices reached by that observation.

In the examples discussed above, a single observation completely localized the robot to one
vertex in the world. However, one observation need not isolate the robot to a single vertex within
the plan as there may be multiple ways (e.g., the blue and red routes in Figure 3.5) from which our
robot may have chosen arbitrarily. For the plan in Figure 3.5, the initial observation is (for most
cases) consistent with up to two possible plan vertices.

As per the earlier discussion of partial observability, this can also be true within the world
itself: information in an observation may correspond to multiple places within the world. In such

cases, vy 18 a set of vertices, just as vp is in the example shown here.
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Figure 3.6: An I-Graph for the plan seen previously in Figure 3.5. Plans may have multiple vertices that correspond
to the same vertex in the world. The I-Graph merges these into a single vertex.

For each action vertex in the I-Graph, unless it is a terminating vertex, each corresponding plan
vertex in vp has outgoing edges with actions the robot can take. (It is also possible that vertices in
Vierm have their own outgoing actions, indicating the option to terminate.) These actions are added
as outgoing edges, leading to a new set of observation vertices for the plan and world. If a vertex
within vp does not have that action as an outgoing edge from itself, it is dropped from the current
plan sets, as our robot has committed to a certain part of the plan.

Again at an observation vertex, the process repeats until we have explored all possible execu-
tions of the plan. Should the execution return the robot to a set of world vertices already encoun-
tered, the edge connects back to the existing vertex. If new plan vertices are associated with this
set of world vertices, they are appended to the existing list of associated vertices.

The result is a graph with three layers: the initiating layer, the plan layer, and the world layer.
The I-Graph for the running example is shown in Figure 3.6. The initiating layer is our single
starting vertex that corresponds to all possible starting locations. (Although illustrated with a
diamond, this is simply to highlight that this observation vertex differs from the others.) The plan
layer consists of all action vertices, and derives its name from the fact that actions are the part of
execution dictated by the plan. Its departing edges go to the world layer. Though there may be
multiple observations a robot may receive, the various edges correspond to the world’s choice of
observation to provide. The edges from this layer return to the plan layer. The I-Graph mimics the

structure of the world and its connections, but is restricted by the operative action set of P.
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Lemma 1. The set of all actions for I-Graph I generated from plan P has the same operative

action set as P on the original planning problem W .

Proof. Beginning the construction, the algorithm starts with the set of initial world vertices Vi (W)
and the set of initial plan vertices Vi, (P). The set of all outgoing observations from the vertices in
Vinit (W) represent observations the robot can receive initially. As the plan is presumed to be safe
on the world, each vertex in Vi,;;(P) has an outgoing edge labeled with the possible observations.

Therefore, for each possible observation y, the algorithm obtains the result of tracing a joint-
execution consisting of that single observation as a new set of world and plan vertices: (V; , V;V ).

For u;, to be an operative action at vertex v,, € V (W), there must exist a joint execution e
arriving at v,, and also v, € V/(P), where both v,, and v, have an outgoing edge labeled with
ug. The two sets of vertices just reached by the algorithm, (Vf , V;V ), comprise action vertices.
As shown in lines 19-28 in Algorithm 1, the outgoing edges for each action vertex in V?f are
considered, and their targets collected into a set. As the plan is presumed to be safe on the world,
an outgoing action from a vertex v € V; indicates that each vertex in V;V has an outgoing edge
with the same label. These edges indicate the operative action set for each world vertex within our
current set under the joint-execution y, by definition.

Now, for each outgoing action u, following the edges labeled with w« leads to the set of vertices

obtained by tracing yu on the plan and world: (VI

s V;/Z ). As y is an element in the larger set

W(Y), and u is an element in the set P(U), each set (VZ,

s V;’Z ) is a subset of all vertices which

can be reached by joint-executions of length two. As the algorithm has considered all possible
observations that could be obtained from the world, as well as all possible actions the plan could
take, it has visited all vertices resulting from any joint-execution of length two.

For each y, u pair, the algorithm passes (V£

g V%) to a recursive call of itself, upon which the

same process is repeated. As the incoming actions do not impact which outgoing edges may be

obtained, (V%

s Vyvg) can be treated within the iteration in the same way as the initial set, without

regard to the prior actions or observations received.

The algorithm continues until the joint-executions end, which they must as they have bounded
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length, and further they end in termination (i.e., in Viey (P)). Thus, the algorithm obtains the
operative action set for all sets of world vertices visited. As each vertex within the constructed I-
Graph corresponds to a pair of sets (V, VV), and all actions found by the algorithm are appended
as outgoing edges from the vertex associated with that pair, the I-Graph captures the full operative
action set of the original plan P.

O

A subset of the I-Graph vertices are also designated as terminating vertices, just as for plans.
During construction, if the set of plan vertices for the current execution are all within Ve, (P), and
the corresponding world vertices are all within V., (17), then the vertex is included in Vieym (1).
Termination is not required for every set of plan vertices that reaches this vertex, as a robot may
pass through goal vertices before actually stopping. However, it must guarantee goal achievement
when it eventually does terminate.

This not only handles cases in which the robot is unsure if it has reached the goal or not, but also
permits cases in which the robot may bypass one goal to reach another. In such a case, the robot’s
plan has two trajectories: one which goes to the goal vertex and terminates, and another that passes
through that vertex to reach another goal further along. In the I-Graph, both will be terminating
vertices, but the first will have outgoing edges, providing the robot the ability to terminate the
execution or continue.

Though the I-Graph is a p-graph augmented with a set of terminating vertices, and is con-
structed from a plan, it is not necessarily a plan itself. It satisfies the same safety requirements
as a plan, but crossovers from the source plan manifest as cycles, which may mean that the set of
joint-executions with the world is not finite. Resolution of all these cycles within the I-Graph will
result in a plan that is derived from the original plan P and which both solves the planning problem
W and has a progress measure. (Later we will show that the resolution of the crossovers demands

goal vertices be reached, retaining the requirement that our plans have no dead ends.)
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3.5.2 The Comes-Before Relation

The essence of the proof of Theorem 1, in dealing with progress measures, only used an or-
dering property and then constructed a function from that ordering. (The definitions for progress
measures are written in terms of functions to closely retain Erdmann’s original form.) Next, we
describe a relation put on the action vertices of the I-Graph, which helps determine whether those
vertices can be ordered. We focus on the I-Graph’s action vertices because actions are the sole
means by which the robot exercises control and hence has the power to split apart crossovers.

We call this relation the comes-before relation, denoted K C V,,(I) x V,,(I). For action vertices
vy and vy within the I-Graph, we say v; comes-before vy (written (vy, v9) € K) if, after an action
taken from vy, the observation vertex reached by that action has v, as a target. Also, that K is
transitive: (vy,vs) € K and (ve,v3) € K means (vy,v3) € K.

The I-Graph itself is used in initial construction; once the transitive closure of K is computed,
this gives for each action vertex all vertices that it precedes. There are two points of note: firstly,
the nature of the I-Graph means that its vertex set is constantly changing during its construction.
Additionally, the I-Graph’s p-graph form means that it is similar to the plan and world from which
it derives; as mentioned previously, this means that the resolution of crossovers results in a new
plan that is already expressed using the same structure as the original plan.

Once the vertices and edges of the I-Graph are fully established, experience has shown that
an adjacency matrix representation provides simple, compact way of representing the relation be-
tween vertices. It also affords computationally attractive optimization (e.g., obtaining the transitive
closure via linear algebraic methods).

For the purposes of resolving crossovers, we consider each vertex within the I-Graph, and not
the sets of vertices they correspond to in the world. As a result, a vertex v; in the I-Graph ‘comes
before’ another vertex v, if there is a path in the I-Graph between two vertices which correspond
to v; and v9, respectively.

When dealing with fully observable planning problems, this matrix has a one-to-one corre-

spondence to world vertices, and resolving the crossovers present in the I-Graph yields a vertex
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progress measure. In some instances of partially observable problems, it is possible for the same
vertex in the world to correspond to multiple vertices in the I-Graph. In these cases, resolution of
the crossovers in the I-Graph may yield only an execution progress measure on sets of vertices,
as opposed to a vertex progress measure on individual vertices in the world. The impact of this is

discussed starting in 3.8, with important implications following.
3.5.3 Resolving Crossovers

When the I-Graph collapses down all executions, conflicting orderings on world vertices that
only existed conceptually now present as cycles within the I-Graph itself. Resolving crossovers
now becomes a matter of “clipping” away some of the edges that constitute these cycles, which is
the function of the second part of CLIP.

Each cycle within the I-Graph yields a set of edges, which can be further reduced. For each set,
we consider a subset called the candidate edges. Edges are disqualified from being a candidate for
removal if the algorithm can determine in advance that their removal will result in a non-solution.

If the planning problem is both fully observable and requires that the robot is capable of starting
from anywhere, then edges are excluded from candidacy if their removal would leave a non-goal
vertex with no outgoing edges, which would leave the robot stranded at the corresponding world
vertex.

In all other problem cases, removing edges and stranding certain vertices in the I-Graph may
only result in a change in executions. Therefore, the only edges which can be immediately dis-
qualified are those that are the sole outgoing edge from an action vertex at the start of execution, as
the robot must have choice in action from all starting locations. The algorithm also removes cycles
that are fully contained within larger cycles in the I-Graph, so that the same sets of vertices are not
considered multiple times.

In our implementation, the size of the search space is highly dependent on the structure of
the problem. Factors such as the proportion of edges that are shared between crossovers, or how
many edges can be removed from candidacy, depend on the specific plan and planning problem.

In the hypothetical worst case, every edge of the I-Graph is a candidate, and the size of the search
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tree is 21 As even moderately sized problems can give a search space that will be very large,
one feature of our implementation is that it includes a human-guided mode of operation wherein
the user can interactively prune parts of the search (inspired by tactic-based proof methods). The
user has the option of manually resolving some cycles before the main search. As the user often
has additional insight into the problem structure (for instance, understanding how choices taken
in one cycle may impact desired choices in future cycles), this knowledge can be used to help the
algorithm search a reduced space and to return resolutions that are relevant to conditions of interest
to them.

CLIP constructs a search tree starting from the original I-Graph, using the sets of candidate
edges for each crossover. The search tree considers the powerset of the candidate edge set for
removal. For each set of edges from the powerset, we add to a list of proposed edges to remove
from the original I-Graph.

In addition to limiting the set of edges considered, CLIP also prunes branches of the search
tree once it is known that they will have no solutions. CLIP only removes edges if the I-Graph’s
initial vertex cannot reach the goal, this is an irreversible disconnection and it will continue to fail
to be a plan given any additional removals. Therefore, the validity of each currently proposed set
of removed edges is checked to see if the current node in the tree still permits the initial vertex

within the I-Graph to reach the goal before CLIP generates its children.
3.5.4 The Output of CLIP

We call the output plans of CLIP the representatives collectively (or individually, a representa-
tive or representative plan). CLIP produces numerous subgraphs of the I-Graph, each of which has
a method of resolving all crossovers that is different from the other outputs. Each representative
plan in the output set is both a plan derived from the I-Graph by CLIP, and has an operative action
set that is a subset of that of the I-Graph used to generate it.

These output plans are representatives of the full set of all solutions in the sense that they
capture all possible ways of resolving the crossovers. Any plan in the full set of solutions that is

not directly generated by CLIP can be derived from a representative.
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Theorem 2. All plans generated by CLIP using a plan P are derived from P, have progress

measures, and solve the planning problem W .

Proof:

1. All plans generated by CLIP are derived from the plan P.

CLIP only removes edges from an input plan, and cannot add actions to output plans that are
not part of the input. CLIP creates an I-Graph, which via Lemma 1 has the same operative
action set as P, and then generates plans from subgraphs. Therefore, any plan CLIP generates
must have an operative action set that is equivalent to the operative action set of P, or a

subset.

2. All plans generated by CLIP have a progress measure.

By the comes-before relation, CLIP verifies that no cycles in the world exist before accep-
tance. As the lack of cycles is indicative of a lack of crossovers, by Theorem 1 all plans

generated by CLIP have a progress measure.

3. All plans generated by CLIP solve the planning problem.

By definition, before accepting any solution, CLIP calculates the comes-before relation. If,
for any world vertex, that vertex does not ‘come before’ at least one goal vertex, CLIP rejects
it. CLIP also rejects any plans with cycles still present. Therefore, any plan CLIP accepts is

a solution.

Theorem 3. All plans derived from CLIP’s representatives are in the solution set.

Proof. We define plans derived from CLIP’s results as any plans constructed from a subset of edges
from a result produced by CLIP. Unless removal of an edge results in the breaking of all paths from
an initial vertex to the goal, edge removal will not result in a plan no longer being a solution. In
addition, as removing action edges cannot induce a cycle on a plan that does not have one, the

resulting plan keeps a progress measure, ensuring that it is also part of the solution set. U

45



Theorem 4. Every plan in the solution set can be derived from a representative plan.

Proof. Assume that there is a plan P’ that is not generated by CLIP nor derived from CLIP’s
solutions. Then P’ must solve the original planning problem W, use actions found only in the
operative action set of P, have a progress measure, and not be a representative produced by CLIP
or derived from these results.

We define two sets: E'°°P and Estatic, F1ooP jg the set of edges in the world that are part of the
operative action set of all cycles in the I-Graph. By definition, CLIP considers £'°°P as candidates
for removal. E*4¢ is the set of all other action edges in the operative action set. As P’ uses the
operative action set that is also used to generate the solutions of CLIP, it must differ from any given
plan provided by CLIP in EStati¢ or E'°°P (or both).

If P’ differs in E5%%¢ it can be in one of two ways: either it contains an element not in
any representative produced by CLIP, or it is a subset of any given representative’s EStt¢  If
it is a subset, then P’ is actually derived from that representative. If it contains an element not
in a representative, then that element is not from the operative action set, and P’ is not truly in
the solution set, as CLIP does not remove any edges from E*%%¢  Therefore all representatives
generated by CLIP contain the entire set of 5% from the original plan P.

If P’ differs in £'°°P_ it can be in one of two ways: if it has an extra edge, then it either contains
an action not from the operative action set or it still contains a cycle that causes its language with
the world to not to be finite. If it is smaller than any representative, then it implies CLIP does not
enumerate all possible values of the cycle edges. As CLIP enumerates all cycle edge possibilities
(through generating the powerset), it must enumerate all possible values of the cycle edges, so this
is a contradiction.

Therefore, P’ must be derived from some representative in order to be a valid plan; any deriva-

tion other than from the representative set violates our requirements for plans to solve.

]

The input plan therefore yields numerous representatives, all of which have progress measures

and which can be used to generate the entire set of plans of interest. As the executions of the
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representatives are derived from the original plan, they may contain executions that are not included
within the original language of the input, but are a subset of its set of operative actions. Having
resolved the issue of plans without vertex progress measures, we will shortly turn to the question
of how to use progress measures to obtain sensors. However, a brief excursion first will help to
emphasize that the simplistic graphs considered in this section do not mean the discussion cannot

be brought to bear on problems that more naturally model robotics settings.
3.5.5 Continuous Sensors

The examples presented thus far have used sensors that return discrete observations. In prac-
tice, sensors are seldom so simple as to give distinct, individual readings. Noisy sensors may
return values within some range of readings. Also, even when the digital encoding of the sensor
data means there are finitely many possible readings, it may be useful for the model to assume
otherwise. (The formalism, tacitly, already allows for this: for instance, Definition 1 allows edges
to be labeled with sets.) As an elementary example, consider Figure 3.7a, which shows a planning
problem whose observation edges bear labels that are subsets of the non-negative reals, expressed
as ranges of values (think, for instance, of a distance sensor). Notice that when the ranges over-
lap with one another, a given reading in their intersection is essentially ambiguous and permits a
transition across either edge.

In this example, no two observation edges carry identical labels, but there exist subsets of
sensor readings which match multiple labels. Consider the pair of edges labeled with [0, 100)

and [50, c0); though distinct labels, they share a common sub-range, [50,100). This range can

]

G

(a) An example of a planning problem for which observations are real
numbers within the range [0, oo]‘ (b) An action-based sensor solution.

Figure 3.7: An example planning problem for which observations are real numbers.
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be extracted via a modification of the original labels, producing a new set of labels which can be
operated on directly by CLIP in the same way that the discrete observations are. (The result is
Figure 3.7b.)

As a pre-processing step, transforming edge labels (whether they describe finite or infinite, con-
tinuous or discrete sets) requires splitting the set such that the edge labels are separated into pieces
of sufficient fineness. This is achieved by taking intersections and differences — the description of
the set must be rich enough to support those two basic operations. Starting with the initial labels,
the computation grows the collection of labels by adding the intersections and differences of all
the sets described by the current labels, and repeating this until the labels reach a steady state. The
intersection allows for the identification of common observations within the labels, while taking
the differences includes in the labels what remains after extracting those common observations.
Algorithm 2 gives pseudocode for this process, where operations on the labels are given simply
as operations on the sets they describe. After this algorithm has completed, the original edges in
the world (and plan) are then updated, with the original labels being replaced with the all of the
new, finer labels that are a subset of said original label. In the case that an observation edge’s label
contains multiple sets, these are treated (and replaced) individually.

Once these labels are generated and CLIP has been run using the finer labels, different labels
that result in the same action can be re-combined into a larger label via post-processing. Figure 3.7b
shows a plan (which is also an action-based sensor) that has only three labels: [0, 30), under which
action c is safe and makes progress, [30, co), under which action b is safe and makes progress, and

goal, which identifies goal attainment.

Lemma 2. Via union, the finer labels (Y},) generated by Algorithm 2, recover the original set of

observations Y.

Proof. Given any two different labels A and B, we can regenerate both of the original sets. The
algorithm produces three new labels from A and B: AN B, A\ B, and B\ A. After execution
of the algorithm, the label A is then replaced with the two labels A N B and A \ B, while label

B is replaced with the labels A N B and B \ A. By definition, A N B contains all elements in
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Algorithm 2: Label Intersection on Observations

Data: Collection of edge labels Yz C 2V
Result: Collection of finer labels Y7,

1 Yé = YE

2 while Y7, Not In a Fixed State do

3 Labels = NewCollection()

4 foriinl---|Y}|do

5 A=Y[[i]

6 for jin (i +1)---|Y/| do

7 B =Yglj]

8 Labels.Add(AN B, A\ B, B\ A)

9 Y}, =Y}, U (Labels \ {@})
10 return Y,

common between A and B, while A\ B contains all elements of A that are not also within B (and
vice versa). The union of these two labels recreates the original set A. As no observations are
lost during the modification of labels, any original label can be obtained through the union of the

sub-labels that have been created by Algorithm 2. 0

The resultant set of labels (Y},) is a m-system as it is closed under finite intersections; however,
taking only intersections of all original elements of the set of labels is not sufficient to generate
the desired output set, as set differences must also be taken and included. (Note: For formal
completeness, the resultant set of labels is also not a A\-system; even though it is closed under the

relative complement, it need not be closed under all unions of the finite set.)
3.6 Translating Progress Measures into Sensors

Now that we have obtained a plan with a progress measure, we can use it to link actions with
how to make progress. This is achieved through the notion of a progress cone, as proposed by
Erdmann. Every action u € U has an associated progress cone, which is a set of observations.
At any vertex in the world labeled with an observation in this set, the action u makes progress
toward the goal (transitioning from a higher-valued vertex to a lower-valued vertex) according to

the progress measure.
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Definition 10 (progress cone). For a planning problem W and plan P with a progress measure ¢,
the progress cone of an action v € U (W) is the largest subset of Y (W), {v1,v2, ..., yr} where u

makes progress under ¢, from all vertices with an outgoing edge labeled with some ;.

Two views of the cones are possible. The first, which is natural from the preceding definition,
maps from actions to observations; the second asks which actions make progress given a certain
observation. Since both views are useful, we now define the progress cone as a new relation
between observations and actions so that each observation has an associated set of actions that

make progress.

Definition 11 (cone relation). For a planning problem W and plan P with a progress measure ¢,
the cone relation C C Y (W) x U(W) contains (y, u) if there exists a progress cone for the action

u containing y. We will also write y N U when (y,u) € C.

Given the set of observations Y (W) for a planning problem, any observation y that is used as
an edge label of a vertex in V(W) must have at least one action u where y il This forms a
covering over Y (W).

For an observation, there are potentially many progress-making actions. However, only one
action is needed for any given y to guarantee that the robot will eventually arrive at the goal.
Translating Erdmann’s concept of an abstract sensor into our framework, we can define a class of
functions that, for each observation y, return a single action u, transforming the covering into a

collection of partitions. We call these functions singleton action-based sensors.

Definition 12 (singleton action-based sensor). A function f : Y(W) — U(W) is a singleton

action-based sensor if y ~ f(y) for every y.

The connection between singleton action-based sensors and real sensors may not be immedi-
ately apparent. A “traditional” sensor can be represented as a function s : V(W) — Y (W), taking
world vertices as inputs and returning some observation.

To bridge the gap we define a new set of observations Y/’ = {y/, | v € U(W)} by making

a correspondence of each element to an action, as indicated by the subscript. For an element
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Figure 3.8: A world in which conflation between vertices precludes Erdmann’s sensors being functional. Vertices C'
and D both are in mid-range lighting and can see the landmark L, making them indistinguishable. For such a sensing
setup, the partition required by the backchained plan cannot be realized.

y € Y(W),yw— vy if f(y) = u according to a singleton action-based sensor. Each element in YV’
maps to a set of vertices in the world, and so we can think of the elements of Y as a stand-in for
the identifiable regions of W. W — Y — Y is therefore equivalent to W — Y”, and takes in
vertices in the world and maps them to this new set.

The process above transforms a covering into a partition through use of a function. However,
perhaps we would like multiple (or even all) possible progress-making actions for a single ob-
servation. To achieve this, we present an extension of action-based sensors, which we define as

permissive action-based sensors.

Definition 13 (permissive action-based sensor). A function f : Y (W) — 2YW)\ {&} is a permis-

sive action-based sensor if, for every u € f(y), y > U

The relationship of this object to more traditional sensors is less clear than for a singleton
action-based sensor. We can construct a Y’ as before, where now each element ¢y’ corresponds
to some subset of U, but the semantics of actions within multiple different sets becomes a matter
of interpretation. Some recent work has examined covers as models of sensors that have imper-
fections, such as noise or cross-talk (Zhang and Shell, 2020, 2021). It is curious that permissive
action-based sensors appear to be more powerful owing to the choices inherent in the cover, not

less powerful.
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(a) Partition consistent with the backchained plan in Figure 3.4b, (b) Partition consistent with the plan in Figure 3.4c and its result-
and its resulting progress measure. ing progress measure.

Figure 3.9: Two partitions consistent with a progress measure, implementing an action-based sensor. Figure 3.9a,
derived from the backchained plan in Figure 3.4b, cannot be used to solve the planning problem in Figure 3.8, while
3.9b, derived from the plan in Figure 3.4c, can.

3.6.1 A Concrete Example

We illustrate some of preceding definitions by adding to the example of Figure 3.4a. Figure 3.8
shows our example environment in a bit more detail. Windows (in aquamarine blue) allow light to
enter and result in varying light levels throughout the space (in shades of gray). A landmark (L)
can be seen from vertices C, D, and G, but not elsewhere.

Figure 3.9 shows two singleton action-based sensors, each of which maps the observable re-
gions of the world to single actions. Each of the two partitions is consistent with the progress
measure of the plan from which they were derived. The action-based sensor given in Figure 3.9a
is derived from backchaining, and is an action-based sensor that would be found with Erdmann’s
method of obtaining them. The second action-based sensor given in Figure 3.9b is derived from
the plan in Figure 3.4c. This plan is only considered when we expand the concept of progress
measures and action-based sensors to a wider set, as done in the preceding definitions.

Now, return to the detail in Figure 3.8 where, due to constraints on what sensors are available,
a robot can only recognize brightness levels and the presence of a nearby landmark. Such a robot
cannot distinguish vertices C' and D. This presents a problem for the action-based sensor obtained

from a backchained plan, which requires these vertices be distinguished. The action-based sen-
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sor realized in Figure 3.9b, however, takes the same actions in vertices C' and D, and therefore
describes a partition of the world that can be realized with this setup. The action-based sensors
defined by the extended family of plans we consider allow one to better respect the constraints that

designers may actually face.
3.7 The Sensor Lattice

A single plan may result in multiple action-based sensors, each of which may have multiple
partitions that are consistent with it. These partitions draw parallels to the virtual sensors discussed
in LaValle (2019). In his model, sensors are defined as a function from the world to sensor readings;
for a given sensor value, its preimage is a set of locations in the world that map to that sensor
reading. Each sensor then yields a partition over the entire world, based on which locations give
which sensor readings.

The sensors-as-partitions are then arranged in a lattice structure based on the fineness of their
partitions, with coarser partitions towards the bottom and the partition that can uniquely identify
every location in the world as the supremum. The previous example, in 3.6.1, showed two parti-
tions (Figs. 3.9a, 3.9b) from two plans. The partitions obtained from their action-based sensors are
naturally included within the full possible sensor lattice, which contains all such possible partitions
of the state space.

LaValle (2019) addresses the question of state requirements indirectly. Environments that
change over time are modeled through adding time as an additional component in their state space.
The sensor readings are then functions of both space and time. In the case of trajectory tracking,
the history of states and times in which they were visited becomes the state space upon which the
sensor acts.

His treatment of time as a separate variable is a substantial difference from any of the ideas we
have considered here. Still, the concept of modifying the state space to accommodate how different
observations are received over the course of the execution is reminiscent of I-Graphs with execu-
tion progress measures, where action depends on the current execution. However, implementing

execution progress measures requires more information than just the history of states in the world
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that the robot has visited. Rather than the state space reflecting only external changes to the world,
the sensor must also change based on what actions have been taken by the robot. The requirement
of task achievement means that the sensor must be a function both of the world and of the robot’s
internal state. Additionally, unlike trajectory tracking, the robot does not require its full history to
provide the required information, but a particular subset of it.

To convert these execution progress measures into sensors, Definition 12 is insufficient. We
must include the history of relevant actions as a sort of context that informs what actions are given

by the action-based sensor.

Definition 14 (contextual sensor). A function g : (Y (W) x F) — (U(W) x F) is a contextual

sensor if, forally € Y:

1. for a given context f, g(y x f) ywor

2. gly x f) 5 {2},

and the resulting execution language is safe on the planning problem W from which the relation C

is derived.

(We use f for a certain context as opposed to ¢ for two reasons: first, C is already used to
indicate the progress cone relation; second, we will later see that each of these contexts relates to
a kind of graph we call a flower graph.)

As the context varies over time, it may be that the function g is not defined for all possible
pairs of (y, f), but only those y which the robot may encounter under the given context f. The
consequence is multiple partially-defined action-based sensors. The resulting sensor requirements
for the group of sensors are the intersection of each action-based sensor’s individual requirements.

While the intersection of these partitions exists within LaValle’s lattice, the lattice has no way
to capture this notion of state. The following sections discuss precisely how execution progress
measures lead to the need for context, as well as a method with which to express these stateful

Sensors.
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3.8 Execution Progress Measures, and What They Mean for Sensors

A new example of a planning problem and plan can be seen in Figure 3.10. Although a robot
within this small world is capable of reaching the goal, even from an unknown initial state, it
must first take actions that are safe in multiple locations to disambiguate its position in the world.
Although we can create an execution progress measure on the sets of world vertices (shown in
red), no vertex progress measure exists. Therefore, we cannot define an action-based sensor for
this plan either, as there is no mapping between observations in the world and actions to take.

In this example there exists no one-to-one mapping between the plan and world vertices. Such

mappings are useful conceptually.

Definition 15 (homomorphic solution (Saberifar et al., 2019)). For a plan P that solves planning
problem W, consider the relation R C V(P) x V(W), in which (v,w) € R if and only if there
exists a joint-execution on P and W that can end at v in P and in w in W. A plan for which this

relation is a function is called a homomorphic solution.

We consider all plans for which this relation is not a function to be non-homomorphic. These
plans present unique challenges when designing action-based sensors, and we find that for many
of them no action-based sensor may exist at all.

We see in Figure 3.10 that though the robot may revisit the same world state, it occurs under
different contexts, which specify different actions. Therefore, we can define a contextual sensor,
but not an action-based sensor.

The idea that some robots require some kind of memory or internal state to function is not
new; we refer the reader once again to the plans in Figure 3.3. These plans can be converted into
action-based sensors, but in their original form are homomorphic, taking after the world’s structure.
Therefore, while certain structure within plans encodes information necessary to task completion,
other structure has no impact on the robot’s ability to complete the task. (We return to examine
non-homomorphism in more detail in Subsection 3.10.2.)

By changing our perspective on action-based sensors, we can begin to bring these plans into
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(a) An (approximately) hourglass-shaped world. If we can start at any observation vertex, then a starting observation
of y1 could indicate that the robot is either in B or E.
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(b) A plan which solves the planning problem. In the case the y; is the first observation received, the robot must take
actions to disambiguate its state before it can reach a goal.

Figure 3.10: An example planning problem, and a plan which is non-homomorphic.
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our existing framework. Rather than treating action-based sensors purely as a method with which
to define sensors, we focus on their ability to act as reactive plans. An example of an action-
based sensor presented as a reactive plan can be seen in Figure 3.11. This representation is the
aforementioned flower graph, so called due to its appearance.

While the contextual sensors are not guite action-based sensors, they have reactive components
that must be connected through transitions. These transitions permit switching between virtual
sensors, creating a kind of “stateful sensor”. We call these structured plans vine graphs, as they
consist of small flower graphs connected to each other by chains of observations and actions.

Before exploring vines in more detail, we must first make a detour to explore how the diversity
of plans affects both the diversity of sensors and the requirements of stored state. This demands a
systematic way to compare plans. With that in place, we can then identify the structure within plans
that indicates when the robot switches from one flower to another —the previously mentioned
context— as well as how we can use the concept of action-based sensors as a basis from which to

construct these plans that incorporate state.
3.9 Expanding the Languages: The Plan Lattice

Depending on the structure of the world, there may potentially be an infinite number of plans.
In order to talk precisely about the role of structure and what is meant by our use of the word
“state,” we must first develop a way in which we can talk about plans in a comparative sense. The
plan lattice is a structure that, for a given planning problem, affords comparsion of plans to one
another.

Though form influences function of plans, we discard their graph structure and examine the
language of each plan’s joint-executions. If it is possible to generate the same language of joint-
executions with different plan structures (for example, a plan and its action-based sensor), these
plans should be treated as equivalent.

However, the list of joint-executions alone is insufficient to compare plans with each other.
Although they may have the same language, a plan that reaches a world state and terminates has

different behavior from another that reaches that world state and does not. We complement the
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Figure 3.11: A permissive action-based sensor which solves the planning problem given in Figure 3.2, presented in
flower graph form.

language with an additional symbol, , to indicate that a given execution ends with the plan termi-

nating.

Definition 16 (cessation language). The cessation language of a plan P supplements L(P) by
duplicating executions arriving at Vie,, (P), but marking those as such by appending a ‘4’ symbol.

Formally,
L4(P)=L(P)U{sH| s€L(P), V] Viem}-

Recall that the symbol V!’ denotes the non-empty set of vertices that one arrives at after tracing
an execution s on P. This allows for us to determine if a plan contains the full language of another,

including all of the executions for which it terminates. We call this the plan subsumption relation.

Definition 17 (plan subsumption relation). For two plans P, and P, we say that P, is subsumed

by B, denoted P, <4 P, lfﬁ_|(P1) - AC_|(P2)
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3.9.1 The Plan Lattice

A plan lattice will be constructed modulo a particular planning problem (117), but since we
generally keep a fixed planning problem in mind, we won’t hesitate to call it the plan lattice. The
language of a plan considered as a standalone graph may differ from the language that results from
interaction on /. Thus, we rationalize the set of all possible plan languages with respect to a given
planning problem W, reducing each language to its joint-executions.

This resulting subset of languages should consist of those which are safe on W. While they
must be valid plans for the planning problem they are not required to be solutions as defined in
Definition 4, and as a result the subset includes languages with executions of infinite length and
those that terminate outside of Vi1

Given that the termination symbol - is not included in 1¥’s language, we extend 11’s language

for the sake of definition, permitting any string in IV to end with the termination symbol -, that is:

L4(P) N ({z-|z € LOW)} U LW)).

A bounded lattice is then constructed based on plan subsumption.

The C relation on languages implies reflexivity and antisymmetry, as languages contain their
full selves as a subset, and two languages cannot subsume each other unless they have the same
language. The join of any two languages L£4(P), L4(P') is their union, £4(P) U L4(P’). The
requirement of transitivity follows, as all P <4 P’ <4 P” implies that £(P) C L4(P') C
L4(P"). The meet of any two languages is their intersection, £L4(P) N L4(P").

Figure 3.12 shows an example plan lattice. At the bottom of the lattice is the plan that does
nothing: the g-language plan. Above that is the family of plans that all possess a vertex progress
measure, as well as the language of their action-based sensors. Eventually we reach a boundary,
beyond which action-based sensors cannot be derived directly from a plan. Above this boundary
lie plans with crossovers. All of these plans can be expressed as vine graphs, however only some

of them can be reduced by CLIP into families of action-based sensors. At the top of the lattice are
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non-solutions. We call the maximal element of the plan lattice the plan closure, borrowed from

Zhang et al. (2018).

Definition 18 (plan closure (Zhang et al., 2018)). Given a world (W, Vyea) and a (potentially
infinite) set of solutions for W {Py, P, , Ps, ...}, there exists a p-graph P*, which we term the

plan closure, such that

L(P*) = L(P)ULMP)ULPPy). ...

Using the plan lattice, we can bring action-based sensors, as well as their upcoming stateful
counterparts, into a single construction. At the level of their languages, this allows for us to ex-
amine how the combinations of certain executions induce requirements of state, as well as in what
instances memorization is actually required. In terms of plans, the set of action-based sensors
that are subsumed by a plan are the representatives that would be provided by CLIP; these are the
subsets of the original plan language for which no crossovers occur. Through the structure of the
lattice, we can see not only that some plans require state while others do not, but also how those
requirements come about as well as what kind of behaviors can be modified or discarded to cross

between that boundary of reactivity and statefulness.
3.10 What Lies Beyond Flower Graphs

Figure 3.11 presents a flower graph form of a plan that solves the problem presented in Fig-
ure 3.2; the current location of the robot in the world has no bearing on what action should be
taken next. If we consider a plan such as that in as in Figure 3.5, the robot’s current observation
is insufficient for us to determine what actions will make progress. Only through also knowing
where the robot is within the plan, which is specific to the route the robot previously committed to
(blue or red, in that example), can we determine the robot’s future actions.

This observation is the basis for what we consider state.
3.10.1 Defining State, Defining Vines

If state can arise implicitly from plan structure, then it can also be expressly used to encode

execution history for our own needs. This raises the question of how to capture only the information
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needed to execute the full language of the plan. For example, a plan’s graph could branch off two
different ways depending on if a door is open or closed. While keeping some history is vital for the
robot to determine what actions to take in the future, other information can be discarded without
impact.

Plans which can be transformed into a reactive plan with an action-based sensor were keeping
information about their execution that was unnecessary, while plans with only execution progress

measures rely on their structure to encode information so that they can achieve the goal.
3.10.2 The Impact of Non-homomorphism

Non-homomorphism generally arises from uncertainty in the robot’s model of the world. This
may be due to uncertainty in the robot’s physical components, such as sensors and actuators, but
may also arise due to the structure of the plan itself. Even if we can determine a robot’s precise
location within the world given its joint-execution history, a single vertex within the plan may
correspond to different world vertices each time it is visited.

This changing relation between plan vertices and world vertices is captured by the I-Graph. It
is also possible for the I-Graph itself to create a non-homomorphic plan, even if the input was ho-
momorphic to the world. By definition, the initial vertex of the I-Graph corresponds to all starting
vertices in the world. The empty string ¢ would then potentially end in any starting location in
the world, making the plan non-homomorphic. This trivial case aside, this transformation can also
occur when obtaining an action-based sensor. After CLIP operates on the I-Graph, the algorithm
attempts to reduce the I-Graph down into a reactive plan (as an action-based sensor). Accordingly,
the existence of the vertex progress measure means that world vertices that have the same incoming

observations will be conflated within the final graph, resulting in a non-homomorphic plan.
3.10.2.1 Ambiguity and Dynamism in Plans

To discuss the various ways in which plans can be non-homomorphic, we extend the relation
presented in Definition 15. This extension augments the association to encompass not only the

correspondence between how a plan vertex and world vertex can be reached with a joint-execution,
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but also which joint-executions reach those pairs of vertices in P and W. If we disregard s in this

definition, we see that this relation again becomes the one defined in Definition 15.

Definition 19 (triple relation). For a plan P and planning problem W, we can define a relation
T CV(P)x V(W) x (LW)N L(P)), where a tuple (v,w,s) € T if and only if there exists a

Jjoint-execution s on P and W that can be traced to a vertex v in P and a vertex w in W.

To explain how different types of non-homomorphism arise and are handled, we present two
new definitions. The first captures that in nondeterministic plans, the same joint-execution may
result in the robot reaching different vertices in the world. We say that plan vertices with this

relation are ambiguous.

Definition 20 (ambiguity in plans). A vertex v in plan P is ambiguous if there exists a joint-
execution s and vertices w,w' in planning problem W, where w # w', such that both (v, w, s) and

(v,w',s) areinT.

Ambiguity is a statement about our ability to determine the outcome of a single joint-execution,
all else being equal. Such nondeterminism may arise from sensor noise, or from lack of precision
in the robot’s actuation. Imprecision in location can also lead to the possible world vertices of the
robot moving from set to set. In addition to ambiguity, it is also possible that the same vertex in

the plan will map to different vertices in the world depending on the current joint-execution:

Definition 21 (dynamism in plans). A vertex v in plan P is dynamic if there exist joint-executions
s, s and world vertices w,w' in planning problem W, where s # s and w # w', and both

(v,w,s) € Tand (v,w',s") € T.

Plan vertices with a changing relation to which vertices in the world they correspond to are
dynamic. The plan in Figure 3.10b models a version of dynamism. If the robot receives the
observation o at the start of execution and immediately terminates, the vertex within Vi, could
correspond either to the goal A or the goal G. However, if the robot receives any other observation

at the start of its execution, it will (eventually) localize to a single location within the world. At that
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point, when it reaches the goal, the execution could tell us for certain whether the goal reached was
A or GG. (Although the definition of dynamism uses single vertices such as w, w’, the principle also
applies over sets, as seen here.) Although these definitions are properties of individual vertices, we
can broadly refer to plans as ambiguous or dynamic. Additionally, plans can be both ambiguous
and dynamic, just ambiguous or just dynamic, or neither.

The impact of ambiguity in plans can be seen when creating an I-Graph, where ambiguity
results in some vertices in the I-Graph mapping to sets of world vertices as opposed to single
vertices. This is the partially observable case discussed throughout Section 3.5, which can easily
lead to requirements of state. By contrast, dynamism disappears during the I-Graph creation. The
I-Graph’s purpose is to remove the constraints of the plan structure through relating plan vertices
to world vertices. As dynamism results purely from plan structure, we see that while the same plan
vertex may correspond to multiple vertices in the I-Graph, this has no impact on the final I-Graph
itself.

Progress measures and action-based sensors can be defined for some non-homomorphic plans,
and Section 3.8 describes the requirements for action-based sensors to exist. For those plans for
which action-based sensors cannot be defined, we now further extend CLIP to recognize what

information must be retained, and use this knowledge to reconstruct those plans as vine graphs.
3.10.3 From Execution Progress Measures into Vines

The final part of our algorithm defines a new vine graph based on an execution progress mea-
sure. For each instance of a given observation, the algorithm obtains a list of actions from the
I-Graph. If the set of actions differs depending on the instance, then the observation is one which
the robot must keep track of.

This graph is constructed similarly to the method used to create the I-Graph. Starting with
an initial vertex for the vine and the initial vertex for the I-Graph, the algorithm will trace the
I-Graph’s possible executions in order to construct the new vine graph.

Given a set of outgoing edges from an observation vertex within the I-Graph, one of two cases

may occur. Either the set of outgoing observations includes one that the robot must remember, or it
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does not. In cases such as the plan in Figure 3.10b, the robot may receive the observation o; at the
start of execution, which requires it to take a different action than when o, is encountered at any
other point in the plan. Considering the definition of a contextual sensor in Definition 14, the plan
starts in a context f;, where o; corresponds to action a,. Upon receipt of 0;, a new flower graph is
created, reached by the execution 0,a,. This flower has its own context, fo. However, if 0; is not
encountered as the first observation at the start of execution, then for subsequent o; encounters the
robot should take the action a,. Therefore, the other observations (collectively) transfer to a new
flower of their own, a context f3, representing that the robot needs to remember that an observation
was not encountered.

In the case that none of the outgoing observations in a set are ones that need to be memorized,
they can be added to the vine in the same way a normal action-based sensor is constructed, with
the observation going to an action vertex that loops back to the observation.

In addition to this branching, it is also possible for the robot to stop tracking information once
it is no longer valuable. For example, for both contexts f5 and f3, 0, will always correspond to
the same action throughout the rest of execution. Therefore, the list of observations to be tracked
is updated after branching. If the action vertex reached by an instance of the observation does not
have conflicting actions with any other instances that may follow it, that observation is removed
from the list.

Regardless of whether the path branches or not, or if a new action vertex is created or not,
the search continues on the I-Graph vertices reached by these observations and actions until all
executions have finished. After this, the various goal vertices are then merged into a single vertex.
The end result is a graph consisting of several individual flowers, each connected to others by a
transitional observation and action. An example of the vine graph for the plan in Figure 3.10b can
be seen in Figure 3.13a.

Keen readers may notice that the p-graph in Figure 3.13a is not the smallest possible represen-
tation of this plan. This plan can be represented with only two observation vertices, as show in

Figure 3.13b. One of these flowers corresponds to the start of execution, while the other represents
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(a) The resulting vine given by the CLIP algorithm.

(b) A small vine that makes use of only two observation vertices.

Figure 3.13: Two vine graphs for the plan in Figure 3.10b.
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that after that initial observation, no additional information needs to be kept. After the initial o,,
all other instances of 0; have an action in common, and therefore do not need to be distinguished.

While in this instance the two-flower graph could be obtained by checking that all further
instances of the observation agreed on actions before the branch, instead of after, it should be
noted that in general the question of obtaining a concise plan for a general planning problem W
is NP-complete. O’Kane and Shell (2017) explain this further in their discussion of how filter

reduction differs from minimization of a deterministic finite automaton:*

‘... we do not require the reduced filter to produce identical results for every ob-
servation string in Y, but only on those observation strings in L(F). In practice, this
means that the reduced filter may generate colors for observations strings [sic] that are
not in the language induced by the original graph, which allows I-states to be “merged”

even when their outgoing edges differ.’

To translate that terminology: the filter is represented with £, the set Y remains the set of all
observations, and I-states can be thought of as individual observation vertices. Although p-graphs
and filters are slightly different structures, they share the complexity that arises from the difference
between their structure and their interaction language. An example of this concept applied to p-
graphs is the action-based sensors themselves, which have an infinite language when considered
alone, but which have a finite language when reduced to their joint-executions with the world.
(Though beyond the scope of this work, interested readers are referred to O’Kane and Shell (2017)
for further detail and presentation of heuristic algorithms for concise planning.)

Despite not necessarily being the minimal graph, the resulting vines yield useful information
about the plan execution. Each branch out from a flower into two more indicates an additional
bit of memory required by the robot to track the decision. The resulting vine structure can be
examined for various features, such as if certain choices lead to future requirements for memory

when compared to other executions, in which case elimination of certain actions can reduce overall

“4A filter (O’Kane and Shell, 2017) is a directed graph that is somewhat similar to a p-graph, but which consists
only of observations on its edge transitions and yields an output “color” dependent on the given state. The complexity
of p-graph plan reduction follows from similar structure.
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memory requirements. The changes in sensor requirements that result from previous choices also

become more apparent within the vine’s structure, which may be used to inform design choices.
3.10.3.1 Turning Flowers into Vines

In addition to our ability to create vines for objects that only possess execution progress mea-
sures, we can also use vines to combine sets of action-based sensors. In the case of a crossover,
CL1P will produce two (or more) action-based sensors, each of which captures part of the orig-
inal language of the plan from which they were derived. In certain cases, this behavior may be
undesirable; as such, recovering the full set of executions requires construction of a vine.

By definition, each action-based sensor disagrees with all other children on at least one action.
Separation is therefore required if one does not want to re-introduce crossovers.

There are a variety of ways to implement this; an action-based sensor could be selected non-
deterministically from the set at the start of execution, or a vine graph could be constructed based
on a concept of “least commitment,” maintaining the largest possible set of action-based sensors
until the robot must eliminate ones inconsistent with its current history of actions. The desired

behavior and resulting structure is up to the designer.
3.11 Applications

This section presents several examples of applications and extensions of action-based sensors
and vine graphs to various domains. First, Subsection 3.11.1 demonstrates how action-based sen-
sors and vines can be used for robot design, as well as for modeling operation under sensor failure.
Next, Subsection 3.11.2 provides an example in which the vertices of the world correspond to
information states as opposed to a physical configuration. Finally, Subsection 3.11.3 explores an
example from Liang et al. (2020) of how a robot can navigate using signage systems for humans.
We show that the algorithms presented in the current chapter can be used to determine if the robot

can obtain sufficient information in the environment for navigation.
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3.11.1 From Action-based Sensors to Vines

Throughout this chapter, we have claimed that the structure of the action-based sensor and vine
graphs can be of value in answering questions of design. The example in Subsection 3.6.1 shows
an instance in which broadening the family of action-based sensors allows for accommodation of
unusual constraints on the environment. As we will now show, the fact that vines and action-based
sensors can both be found by CLIP means that designers can also model how small changes to the
world and available sensing information impact the operability and requirements of a robot over
time.

As an example, imagine that the robot we have been designing is a rover being launched to
another planet. For obvious reasons, once the robot is in service it will not be able to be repaired
or upgraded. In addition to ensuring that our robot is capable of sensing all information needed to
remain operational and perform science, as designers we would also like for it to have as long an
working life as possible — for example, by retaining some functionality even in the face of partial
component failure.

As this system will naturally have a large number of components, we will focus on a single
(simplified) subsystem: power management. Our hypothetical robot has several sensors that mon-
itor its power consumption and current battery levels, and can temporarily shut down systems that
are drawing too much power. Additionally, our robot has solar panels that it uses to charge these
batteries. To assist the positioning of these panels, the robot has several other tools: sensors for
light direction and current, which detect the position of the Sun and how quickly the batteries are
charging. It also has a set of motors, which it can use to fine-tune the position of its solar panels,
to maximize light exposure.

As numerous other systems will be vying for power and chip space, we would like the controller
for managing the robot’s charging to be as simple as possible. While continually pointing the solar
panels towards the Sun may gather the most possible current, it restricts the bearing of our robot
and requires constant adjustment of the panels. Instead, the power system examines the energy

demands and the current battery level. If power demands are high, or if the battery is low, the
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robot can prioritize adjusting the solar panels to maximize the incoming current, and throttle other
systems to keep the battery from dying. If the battery is at a high level, or power demands are low,
the robot can divert power from systems for adjusting the panels and their charging circuitry to
other systems for exploration of the planet.

While this power management must be performed for as long as the robot functions, we can
still describe this problem as a task with a goal. Each time our robot checks on the state of its
power systems, we can define its goal state based on the power load. If the load is balanced with
the incoming current, or if the battery is high and the load is small, the system can terminate. If the
system is unbalanced, the robot should make adjustments until the power consumption is stable.

Figure 3.14 shows an example action-based sensor for this behavior. We consider that our
observation set consists of two readings; first, the current load of the system may be high, low,
or balanced when compared to the charge current, designated lyigH, lLow, [BaL- We also know the
general level of the battery: high, low, or critically low, designated byigu, bLow, OcriT- A single
observation y € Y is a pair from these two sets, indicating the current state of the system. (We
also assume that the observation set includes the ability to sense the input current, currentygy and
current ow, which are also included in any given observation, but for clarity in the figures they
are omitted until relevant.)

For actions, our robot may move the solar panels to face the Sun, lay the solar panels in a
neutral (flat) position, or turn non-vital systems off. (We assume that, if not being held in an
off state by the power system, the robot may turn non-vital systems on as needed.) This set is
designated U : {tmove to_suns Ulay flat, Unonvital OFF }- (As part of moving the panels, we assume the
robot can tilt its panels left and right, and so these actions are also included in U. These individual
actions will become relevant later in the example.)

Our robot faces many potential failures in space. In particular, the above example uses an action
to move the panels towards the Sun— which presumes that our robot can always identify that
direction, and that this sensor is working. Although not part of the explicitly defined observation

set, this observation is used to drive whatever routine moves the panels towards light. If this ability
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Figure 3.14: An action-based sensor for a system with the goal of balancing power consumption for a robot. This
plan is finite on the world; even if the load is not balanced, as systems are turned on and off, eventually the battery
level will be high and the load will be low. If an I-Graph was created for this, our world states would correspond to
input currents, battery levels, and loads. The progress measure would therefore be defined as the choices in action that
prioritizes either a balanced load, or a high battery level with minimal load.
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Figure 3.15: A vine graph demonstrating behavior that adapts to a broken light sensor. We exclude the panel current,
currentyigy and currentyow, from edges where they are not relevant to the action taken, and the same is done with
the load and battery observations when they are not relevant to the resulting choice in action.
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fails, then the robot must develop new behaviors for when it has high loads on the system. In such a
case, although the Sun cannot be directly sensed, its direction can be generally inferred from what
angle yields the highest input current. Therefore, our robot now must use a multi-step process to
maximize this input. Beginning with a maximum tilt in one direction, it can then adjust the tilt
of the panel in the other direction. The output current should rise as it faces a light source, and
decrease as it moves away.

Figure 3.15 shows an example vine graph for this behavior. Observations which would have
triggered the robot to adjust its panels towards the Sun now transition to a new observation vertex.
Slightly abusing our observation labeling, we ignore the current load and battery level and focus
only on the input current. Assuming the robot is not keeping past information, the robot should
return to normal behavior once the current reaches a certain level. This behavior also makes use of
actions for adjusting the panels, wi_panels_right AN Usitc_panels_lefi-

Another way in which the system might fail is that the motors for adjusting the angle of the
solar panels may fail. If they fail at an angle, the robot will have to physically turn to face the Sun.
This will result in a similar vine as the one before, although the robot will turn towards a light
instead of adjusting panels to hit a desired current, but will also impact other systems on the robot.
The requirement of facing in a certain direction to charge the batteries means that other actions,
such as exploration and movement, are restricted by the battery level and the direction in which it
must face.

Although we cannot service our robot once it leaves Earth, we can predict ahead of time what
kind of problems may occur, and how this changes the sensor readings and desired responses of
the robot. As a result, we can construct vine graphs that suggest new behaviors to compensate, and

identify how those behavioral changes may result in impacts on other parts of the system.
3.11.2 Representing Information Spaces: Part Manipulation via Squeezing

In the examples presented in Figures 3.2 and 3.5, both p-graphs have vertices which directly
correspond to locations within the world. However, recall that 3.10.2 shows that the relation be-

tween a plan’s vertices and world vertices is not always one-to-one. Furthermore, an individual
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Figure 3.16: A diameter function obtained by rotating a five-sided polygon that describes our part.

vertex in the world need not correspond to a single configuration. This section presents an exam-
ple of a p-graph in which the vertices represent information (or belief, or knowledge) states. The
properties of solutions to this planning problem are discussed, and an action-based sensor is given
for a problem variant.

In an influential early paper, Taylor et al. (1988) present a near sensorless approach to the
problem of part orientation using a parallel-jaw gripper. One feature of this problem is that the
robot can very quickly reduce a potentially infinite number of starting configurations into a finite
set. Figure 3.16 shows a function of a five-sided part’s diameter as it is rotated. The crosses on the
line of the function indicate stable configurations and are labeled with a letter; as the part is rotated
and squeezed, it will fall into one of these configurations depending on its current orientation.

Given that the measurement of the diameter of the part is not directional, the function is mir-
rored across the line where orientation = 180°; as a consequence, no matter what information is
obtained, every configuration (e.g., A) remains fundamentally ambiguous with respect to its mir-
ror (which we designate A’). Therefore, although the robot may apply a series of rotation and

squeezing actions to orient the part, the problem is only solvable up to symmetry.
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Figure 3.17 shows a p-graph model of a robot equipped with a sensorless jaw gripper. (We
use the process described in O’Kane and Shell (2017) to construct this model.) The robot is
capable of squeezing the part, as well as rotating either 30° or 45° before applying a squeeze.
These rotations need not be exact, and we assume that the true rotation may be in a range of a
few degrees (approximately 4-2°) from the intended movement. Due to the squeezing operation
that follows a rotation putting the part into a set of fixed states, the error caused by this imprecise
movement does not accumulate over time. The initial vertex of the p-graph corresponds to any of
the infinite starting configurations of the part. Application of the gripper at the start of execution
reduces this set to eight states: the three shown in Figure 3.16, the configuration indicated by D,
as well as the mirror of these four configurations. The goal vertex is the first state distinguishable,
C (and C").

Solving of this problem requires that the robot shift between turning the part 30° and 45°
before squeezing. However, this shifting has no pattern, and so the sequence of rotations must be
memorized and executed in a specific order. Additionally, because the robot cannot recognize the
goal state through observation, this memorized sequence is the only way in which the robot can be
certain that the part has been properly aligned.

We now augment the robot with a sensor which allows for it to sense when the grippers have
closed at a diameter less than 7 cm, which corresponds to a single pair of configurations: C,
C’. Given this modified world and the ability to recognize goal attainment, it is then possible
to construct an action-based sensor for the robot. Instead of tracking the number of steps it has
taken to determine what action to take next, the robot can rotate the part repeatedly by 45° to move

between stable configurations until the sensor signals the goal has been reached.
3.11.3 Recent Applications: Large-scale Navigation in the Built Environment

The recent work of Liang et al. (2020) in robot navigation has explored the idea of how robots
may make use of signage designed for humans for their own wayfinding. As part of this work,
they identified several properties of signage within spaces. They analyze signs (e.g., directional

markers, arrows, etc.) by constructing navigation graphs. For signage to lead to well-formed
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Figure 3.18: An action-based sensor for aligning the five-sided part to a known configuration, given the ability to
sense if the diameter of the jaws are open beyond a threshold of 7 cm.

navigational graphs, signs should be consistent, fully specified, and complete.

To briefly summarize the definitions given in their work, consistency indicates that arbitrary
pairs of signs are in agreement with their directions and do not have conflicting instructions on
any edge. Fully-specified graphs are those for which all edges in the graph are directed. Complete
signage assumes that for some chosen goal, there exists a path from all other points to that goal
along the directed edges given.

Such properties are similar to those discussed in this chapter for action-based sensors. Fully-
specified navigation graphs are similar to the planning problems considered in this work where
agents may begin from any possible vertex in the world; just as those problems are designed
with the goal of defining general action-based sensors that operate anywhere in the world, full
specification of a signage system allows for navigation regardless of starting location.

The requirement for consistency, where signs do not conflict on which way along an edge the
robot should move, prevents the robot from moving back and forth on the same edge endlessly.
This cycling behavior forms a very small crossover between the two vertices to which the edge
connects. Consistency is a property of multiple signs labeling a single edge. A different failure,
and one that is captured by CLIP, is the existence of larger crossovers that span multiple edges.

The resolution of these crossovers and the existence of an action-based sensor may also seem
similar to a complete signage system. A complete signage system provides enough information
for a robot to navigate without knowledge of its history or location in the world; similarly, action-

based sensors are an indication that what can be sensed about the environment is sufficient for goal
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attainment. However, unlike the existence of a progress measure, complete signage systems have
no guarantee of all paths to the goal being finite; the generation of signage systems in Liang et al.
(2020) makes use of a planner, which results in the implicit enforcement of finiteness.

Far from being a flaw in either approach, these differences highlight the ways in which CLIP’s
formulation results in additional generality. The ability to specify arbitrary plans to CLIP means
that additional care must be taken to ensure that the resultant action-based sensors are actual solu-
tions. However, this also allows for CLIP to handle problems of different varieties, such as those
that are partially observable or which have nondeterministic outcomes. As a tool for analysis of
plans and sensors, CLIP combines the potential robot’s capabilities with a model of the world that
can itself be constrained by the robot’s limits. All of these things together allow for it to be applied
to a wide range of problems.

The following problem shows an application of CLIP to a particular example. For this specific
example, much faster procedures exist to generate a plan from any arbitrary point to a goal (and
therefore to determine what directions must be on a sign). This example, like the ones before it,
highlights the ways in which the generality of CLIP allows its analysis to be useful in a variety
of circumstances, and to accommodate differing settings. The question of how a robot should
navigate can be framed as a variant of the sensing problem that motivates this work, where the
relation between what is sensed and what action is taken is externalized into information on the
sign itself.

Figure 3.19 shows a graph derived from an airport within the dataset analyzed by Liang et al.
(2020). Given a chosen goal, there exists from each point in the graph a single correct direction to
move to make progress towards that goal. Using CLIP, it is possible to determine what direction
the agent must travel from a current point— indicating what information should be provided on a
sign.

Originally, the 34 edges in Figure 3.19 are defined as bi-directional. As each bi-directional
edge is itself a crossover between its two endpoints, there exist 2% ways in which to resolve all

crossovers, depending on what direction is chosen for each edge. However, only one of these
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Figure 3.19: A connectivity graph derived from the layout of Palma de Mallorca (PMI) Airport. An arbitrary node of
the graph has been chosen as the goal, and is indicated with a square border.
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potential solutions is correct in the sense that it will allow all starting points to have a path to
the goal. The graph in Figure 3.19 shows the solution for an example where an arbitrary vertex,
indicated with a box, is the goal. Given these directed edges, the signs at each vertex can be labeled
to ensure that the robot makes continual progress toward the goal.

As previously mentioned in 3.5.3, it is possible for a human to provide input that can assist CLIP
in focusing the search by resolving certain crossovers manually, which reduces the search space. In
such navigational examples, there are several possible sources for such input. One can incorporate
the information from existing signs into the graph, eliminating some of the bi-directional edges
altogether. One might also use existing knowledge of the airport layout to resolve some crossovers,
such as the fact that there exist multiple offshoot regions connected by a central area, and that this
central area must be visited to move from one of these regions to another. The manual resolution
of some crossovers can also be used to impose constraints or reflect other higher-level preferences,

such as to direct robots through different areas than humans.
3.12 Conclusion

Having extended the work done by Erdmann we can now obtain not only the sensors that cor-
respond to the backchained solution, but the complete set of all action-based sensors. Given a
library of components, this set of sensors can guide practitioners in determining what is simultane-
ously realizable, respectful of environmental constraints, and sufficiently powerful to accomplish
the task. Design and selection of sensors then becomes just a question of intersecting constraints.

However, we have seen that sensing alone may be inadequate, leaving our robots to explore,
to learn, and to memorize the information they need. Through modeling plans as directed graphs,
the required internal state is encoded directly into their structure. Identifying what precisely this
state is, how it manifests in stateful plans, and what properties these stateful plans have, is valuable
in understanding how limitations in one aspect of the design (sensing) can be compensated for by
other components of the system.

By identifying only the information that must be retained, we gain additional insight into the

plan’s requirements, and can express these requirements through vine graphs, which extend action-
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based sensors.

From the perspective of the theorist, vine graphs and action-based sensors provide a useful tool
for analyzing information and state requirements of systems. By comparing closely related plans
within the plan lattice, the effect of minor changes in behavior on the system can be easily explored.
Additionally, the structure of the plan lattice allows for understanding of where requirements for
internal state begin, and where sensing alone becomes insufficient to solve the task.

From a designer’s perspective, the action-based sensors and vine graphs allow for direct com-
parison of designs. Given a planning problem, the sensing limits imposed by different sensors that
are available to the designer can be applied to the planning problem and its resulting solutions.
The resulting action-based sensors can be compared to see if the different sensors require differ-
ent behaviors, or if the required change in behavior to implement them is suitable for the desired
task. If a vine graph is required, then the variation in sensors can be used to compare the resulting
complexity of the plans in terms of their state.

We have also seen that the ability to compare the application of different sensors allows for
exploration of additional questions, such as if changes to the same sensor over time result in a
planning problem that can no longer be solved, or if the changes can be planned around through
the use of more complicated behaviors from the robot.

It is our belief that the tools presented in this work provide a new way for roboticists to explore
the tricky connections between desired behavior and required sensing, as well as how choices in

either of those areas can have significant impact on the options for the other.
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4. INFRASTRUCTURE DESIGN

4.1 Introduction

A growing body of work proposes computational approaches to robot design, including re-
search on the selection/optimization of actuators and sensors that meet some desired level of per-
formance while balancing cost and efficiency (Censi, 2017; Carlone and Pinciroli, 2019; Desai
etal., 2018; Shell et al., 2021). Such work considers elements that are part of, and physically inter-
nal to, the robot itself. While it is generally understood that structured environments ease many of
the challenges involved in developing and deploying useful robots, this paper approaches the idea
with a fresh twist by treating this within a design problem.

Consider a group of autonomous tug vehicles deployed in a specially instrumented fulfillment
center. It is not entirely obvious for such a system where the boundary of the “robot” ought to
be:— aside from the mobile tug shunting things around, the instruments and the facility itself
are key to the vehicle’s efficacy. This paper introduces a method for making informed design
choices involving infrastructure for robots; the focus is on environmental elements possessing
infrastructure-like attributes, which is not solely a question of physical placement (external vs
internal). To begin with then, the nebulous concept of infrastructure will be clarified, including the

distillation of a collection of common traits that lead to certain design questions and considerations.
4.1.1 Informal Definitions and Chapter Contributions

Infrastructure is commonly used to describe a variety of services and projects that are made
available to large numbers of users. Here, we aim to informally identify the traits that are often
common across different kinds of infrastructure, which will provide this paper’s working definition.
Infrastructure that we examine has these features:

» Group Utilization. Multiple agents are able to access the infrastructure to benefit from it; e.g.
roadways, satellites, etc. While it may not be available to all agents, it should service some group

of individuals.

81



» Elastic Scaling. It should be capable of supporting the intended number of users and of being
extended in the future.

» Reusable. Infrastructure should endure multiple uses before being consumed, repaired, etc. and
not be perishable.

» Cost Distribution. Recuperation of the upfront construction and maintenance costs are dis-
tributed over the users in some way; e.g. taxes, tolls, monthly bills.

» Fairness. It should not harm any one group unduly.

» Impacts Agent Behavior. Finally, we expect that the infrastructure should alter the operation of
agents in the environment, having some measurable impact.

Given this working definition, we aim to answer the following questions:

* How can infrastructure be formally defined, given the many forms it can take?

* Can we examine how infrastructure will impact large populations of agents without exhaus-
tively simulating them all? Assessment should include some subset of robots altering their

behavior to suit new infrastructure.

* How can different proposed implementations of infrastructure be compared?

* What is the impact on agents with differing abilities and goals, and how can that impact be

translated into a concept of “fairness”?

* How can the cost of infrastructure be compared to benefits in performance?

In order to formalize the above description, we propose a model that treats robots via Markov
Decision Processes (MDPs); the approach prioritizes practicality by being simple and flexible. The
infrastructure perspective offers a subtly different approach to improving robot performance from
standard methods. Later sections in the paper will discuss specific instances of infrastructure and

demonstrate its promise.
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4.2 Problem Formalization

Our treatment is intended as a tool to be applied to a variety of questions and across a range of
settings: accordingly, this generality demands that the presentation be quite abstract. The basis of
this treatment is an underlying set of MDPs that are transformed by infrastructure choices. These
elements will then be instantiated to fit particular scenarios (e.g., where domain knowledge is used
to form the appropriate MDPs, decide on specific concrete ‘changes’, etc.). Among the variations
considered are scenarios in which agents are oblivious to the introduction of infrastructure, adapt

to it, or some combination thereof.
4.2.1 Preliminaries

We model each agent’s interactions with its environment, indicated as M, as a Goal MDP,

which we recall next (Bertsekas, 2019):
Definition 22 (Goal Markov Decision Process). A Goal Markov Decision Process, or MDP, con-
sists of:

— a finite nonempty set of states S, with an initial state sy € S;

— a finite nonempty set of actions A;

— a transition model T' : S x S x A — [0,1] such that T(s', s,a) = Pr(s'|s,a) denotes the

probability of arriving in state s’ having issued action a from state s;

— afunctionC : S x A xS — RU{+oo} where C(s,a,s’) is the expected cost expended for

the agent occupying state s taking action a and arriving at state s';
— a nonempty selection of goal states G C S.
An agent’s behavior will be described via a policy:

Definition 23 (Policy). A policy 7 : S — A assigns, for each state s € S, an action 7(s) € A for

an agent to take.

While we will discuss optimal policies in Section 4.3 for comparative purposes, the ensuing

definitions apply to all potential policies for an MDP.
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Definition 24 (Expected Cumulative Cost). For an MDP M = (S, so, A,T,C, G), the expected

cumulative cost of policy m : S — Ais

ElrjM] = E (Z C(sﬂ) 7

80,515-++35m

where the expectation is over finite sequences Sq, S1, . . . , Sy, arriving at some goal state s, € G,
with probabilities T'(s;, s;_1,7(s;—1)), forall i € {1,...,m}. If there are no such sequences with

positive probability, then we declare E[n|W] = +o0.
4.2.2 Defining and Applying Infrastructure
In the following, we will distinguish K € N different classes (or types) of agent.

Definition 25 (Environment). For K classes of agent, an environment &£ is a collection of MDPs,

one for each class:

£ = {Ml,Mg,Mg,, ce ,MK}

In order to determine the value of a proposed piece of infrastructure, each MDP must be mod-
ified to “apply” the effects of the new infrastructure. Accordingly, we formalize infrastructure as a

transformation on environments that results in altered transitions and changed costs:

Definition 26 (Infrastructure). A collection 1 of K triples is termed infrastructure if we have
I:= {(hT,h{,c1), ..., (hE, b, ck)}, with each triple (b}, h, c;) comprising two maps and a

scalar:

e function h] mapping from the original transition function of MDP M to a new transition

function T :
IXa
TMZ'('7 *y ) > T/ ZI(J ) )7

e function hS mapping from the original cost function C' of MDP M; to a new cost function C':

C
CMi('v '7'> 'h_z> C] .’('7 '7')§ and
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o ¢; € R2% an associated construction cost.

For each i € {1,..., K}, the pair hf and h{ modify MDP M,, altering its transition and cost
functions, to give the new MDP M. Then, infrastructure 1 is an operator that modifies some

environment € v (&) = { M, Ms, M, ... Mj}.

In the above definition, each triple (h},hS, c;) contains an associated construction cost c;,
which represents the one-time cost of constructing the infrastructure, not to be confused with the
cost functions of the MDPs within £.!

While here we consider only the initial price of construction, much infrastructure requires con-
tinual upkeep and consideration of maintenance costs incurred over time is the topic of Section 4.4.
The benefit provided by this infrastructure’s construction relies on several factors: the number and
types of agents within &, if (and how) agents change their behavior in the presence of infrastruc-
ture, and how this affects the expected cumulative costs of all agents. To formalize these aspects,

we start with the fact that environments are inhabited by (typically multiple) agents:

Definition 27 (Agent population). An agent population P for environment € = { My, My, ..., Mk}
is a collection of sub-populations, each representing a collection of a (fixed) number of agents of

a particular class, along with a policy describing their behavior:
P = {321,322,. cey tgz‘l:v|},

where each sub-population &; = (n;, c¢;,m;) has n; € N agents of class ¢; € {1,..., K}, whose

behavior is modeled as following policy m; : S(M,,) — A(M.,).

7

(In the preceding, we have wrtten S(M) for the states of MDP M also, A(M) for actions,
analogously.) The connection between environments —including those modified by forms of

infrastructure— and populations is captured in the next definition.

"We require that each MDP’s costs and infrastructure cost ¢; be in the same units—in our examples, the MDP’s
cost is converted to dollars so we may look at recouped costs. Determining the equivalent “worth” of a cost function
is not always straightforward, but picking other units may help.
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Definition 28 (Infrastructure response). For environment £, an infrastructure response is some rule

that takes 1 and a given agent population

P = {(nl,cl,m), (712,62,7?2), ey (H|P|, C‘p|,7T‘P|)}

and produces

P’ = {(n},d},m), (nh, ¢y, ), ..., (n{pr)s Clpr)s 7T|/P/‘)}

such that, for each k € {1,..., K}:

(ni,ci,m)EP, (nf,
67;:]4? C

The intuition is that an infrastructure response reflects a change in a population where there
may be a different apportioning of sub-populations, but where the total agents of each class is
preserved. Clearly, also, the total number of agents in the population is conserved.

Next, to make this more tangible, we provide some concrete examples of infrastructure re-

sponses:
> An oblivious utilization is the identity infrastructure response P — P regardless of infrastructure

L.

> Given any operator S(-) that produces a policy from an MDP,? an S-based fully adaptive utiliza-
tion is the infrastructure response P — P’ where each (n;, ¢;, 7;) € P becomes (n;, ¢;, 7}) € P’

where 7} is a policy obtained via S(M/), assuming [(€) = { M|, M4, Mj, ... M. }.

> Again using S(-), for adoption rate « € [0, 1], the adoption-based utilization is the infrastructure

response P +— P’ with every (n;, ¢;, m;) € P contributing two elements to P’:

D) (n; — |a-n;|, ¢, m) € P/, and

2) (|- ni), ¢, m) € P, where 7, is obtained via S(M]), assuming [(€) = { M7, M}, ..., M} }.
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For the final case, when the adoption rate o« = 0 or @ = 1, one recovers the two previous instances.

As the term “infrastructure response” connotes, these are representations of how populations
of agents react to changes made to the world. Even if a change has taken place in the environment,
agents may not be aware of this, resulting in oblivious utilization. (We will see in Section 4.3.1
that even oblivious agents may see benefits from infrastructure.) Conversely, S-based fully adap-
tive utilization is where all agents within the population update their policies according to the
infrastructure transformation.

The ability of an agent to operate obliviously on a transformed MDP M’ is due to the way in
which infrastructure was defined. The transformation function A cannot eliminate any actions
available to the agent at that state, although it may change outcomes. (This follows naturally from
the fact that infrastructure is only an operation on the world, not on the agent’s capabilities.) Thus,
while there is no guarantee that an oblivious agent will succeed, the original policy 7 can be used
on M.

The notion of an adoption rate « is used in our analysis of adoption-based utilization to indicate
what proportion of a class of agents create an updated policy 7’. It models situations in which either
some agents remain unaware of the modified environment, or, if aware, choose not to alter their
behavior. The realization splits a single sub-population into two groups, one with the identity

infrastructure response while the other generates a new policy.

With these elements rigorously defined, we next formalize aspects relating to measurement and

evaluation.

Definition 29 (Infrastructure Returns). Given environment &£, population P, and infrastructure 1
which produces P’ after some infrastructure response, the infrastructure returns over all classes K

is:

Sonp- (B - (BmiM]) + Y e

n; -
(”:J}ﬂ) epP (ni,ci,m) e P (}Lg,hg.ck) el

Change in Agent Costs

2Specific instances of S(-) might be Value- or Policy-Iteration solvers, or some Reinforcement Learning method.
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The first summation in this expression is the expected cumulative cost of all agents within
the population P’, while the second summation is the expected cumulative cost of the original
population P. Together, these give the change in expected cumulative costs under the infrastructure
response, and the final term includes the upfront construction expense for the infrastructure. The
total is the final cost incurred by all agents under the response to infrastructure I on &.

Infrastructure returns allow one to determine the “break-even” point of a proposed piece of
infrastructure. By changing the original population sizes ny, for each (ny, ¢, mx) € P or by modi-
fying adoption rate o, the change in agent costs may be adjusted until the returns are equal to zero,
at which point the original construction costs have been recouped. Section 4.4 discusses the use of
break-even points.

While the break-even point of a proposed piece of infrastructure depends on the population of
each agent class, these populations may also be thought of as a usage rate where each agent of
class k£ must make use of the infrastructure n; times before saved execution costs equal expended
construction costs. Interpretation of the model in such a way disregards potential outside inter-
ference from other agents—this was deliberate, as we are interested in the average behavior of
agents over time and assume the base MDP to be reflective of the agent’s normal interactions in
the environment, already including any regular interference. The case studies in Section 4.3 also

omit inter-agent interference.
4.2.3 Formal Definitions of Informal Concepts of Infrastructure

We may now precisely discuss some features of infrastructure treated informally before. The

following defines impactfulness:

Definition 30 (Impactful Infrastructure). Given environment £ derived from € and infrastructure

I, I is considered impactful if:

1. For at least one adaptive agent class k, S(M},) # S(My) or, alternately, 7, # m, (under

operator S(-)) and
2. Elm,|M;] # Elme| My].
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The definition reflects the two aspects of impactfulness discussed in Section 4.1.1: I should
both alter the operation of agents (through adaptive agents generating a policy different to their
original) and have a measurable impact (through the new policy having a different expected cumu-
lative cost).

Impactful infrastructure may further be classified by the manner in which it affects agents, and
changes in the expected cost of policies can be used to determine if infrastructure is beneficial to
an agent or not. Generally, if the expected cost once an agent has adapted is higher than the cost of
the original policy on the original MDP, E[7’|M'] > E[n|M], the infrastructure is harmful to the
agent. Conversely, if E[n'|M’'] < E[r|M], the infrastructure has reduced overall expected costs
and is considered beneficial.

Some infrastructure may also have the goal of inducing behavior change, oftentimes for some
social engineering aim (Thaler and Sunstein, 2009). Instances that seek to “encourage” behavior 7/
over m may introduce infrastructure that changes E[n'|M| > E[r|M]to E[r’'|M'] < E[r|M']. As
this entails neither E[n'|M'] < E[x|M] nor E[x'|M'] > E[r|M], it is neither directly beneficial
nor harmful. Possible modifications could be via a penalty/punishment system, where E[r|M'] >
E[r|M] becomes E[r|M'] > E[x'|M’], or via rewards, where E[n'|M] > E[r|M] ~ E[r|M'] >
E[r'|M'].

Each class of agent has an individual infrastructure response to some I. The resulting individual
changes in expected costs may be lost when we look at infrastructure returns across all classes. By
examining classes individually, we can determine if any one group is harmed unduly by changes
in costs, satisfying the definition of fairness as given in Section 4.1.1.To do so, we introduce the
idea of a fairness boundary e, which allows us to compare the original expected cost against the
new expected cost for individual classes. (Choosing the numerical value of “fairness” is naturally
a problem-dependent and somewhat abstract decision. We show in Section 4.3.3 an example that

makes use of such a boundary as part of the decision-making process.)

Definition 31 (Fairness). Given a population P, infrastructure 1, and resulting population P’, as
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well as a fairness boundary € € R=°, 1 is e-fair if, for all classes k € P:

This captures one aspect of fairness: changes in average costs. While this captures the defi-
nition given in Section 4.1.1, there exist many notions of fairness, particularly when it concerns
multiple disparate groups. Another (Rawls, 1999) definition of fairness is that the biggest benefits
should be experienced by the class that had the highest costs in the original world, which we define

as follows:

Definition 32 (Fairness, Again). Given a population P, infrastructure 1, and resulting population

P’, 1 is fair if there exists a class k € P where the following both hold.:

( ma)§ PE[Wz’|Mz’] = Elmp|My], and 4.2)
N;i,Ci,T;)E
max E[m|M;] — E[r}|M]] = E[my|My] — E[m}.| M;] 4.3)

(n},c},ml)eP’

Yet another concept of fairness is the idea that the fairest option is the one that results in benefits

for the largest number of agents:

Definition 33 (Fairness, Yet Again). Given a population P, infrastructure 1, and resulting popu-

lation P’, 1 is fair if, for all classes k € P:

> nl¥(n}, &, m)s.L[E[m | M) < Elme|My]] > ni¥(n}, &, m})s.t.[E[my | M] > Elm|My]).

(nl,cixl)eP’ (nl,c;wl)eP’

2771 177

4.4)

We see that these differing definitions of fairness are focused on different aspects of how agents
will be affected by the introduction of a piece of infrastructure I. The first definition, Definition 31,
seeks to limit how much any one class can gain or lose from the introduction of infrastructure. The
second definition seeks to provide the greatest improvements to the class with the highest costs

relative to the other classes. The third seeks to provide the greatest benefit to the largest number
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of agents. Despite these differences in definition, the model is capable of handling all of these
conceptions of fairness, as well as others.

Although we do not formally define it here, another way to consider fairness is through how
cost of the infrastructure itself is distributed between agent classes. Each triple (h], hY, c;) assigns
to a class £ a given cost which is paid by members of that class, and it is possible to impose bounds
on how much the cost can differ between agent classes in a manner similar to that of the boundary

given in Definition 31.
4.2.4 Agent Interaction

Readers may notice that the above definitions do not involve any direct notion of interaction
between agents. The change of an agent’s policy within the framework is a result solely of the
application of infrastructure, and not from the influence of other agents in the space. This may
seem contradictory to our intentions: infrastructure, by definition, is intended to manage large
number of agents. This is not an oversight, but instead an intentional choice based on the types of
questions this chapter seeks to answer.

While we can think of the expected value of a policy as relating to a single robot executing
a policy one time, it is also reflective of what value we would expect the costs of many agents
over time to trend towards. Section 4.3.3 uses the expected cost as averages for different types of
agents, which are then used as the basis for determining how construction costs are recouped over
time. In cases where interference is rare, one can expect that the impact of any interference that
is encountered would be lost when considering the average costs. This viewpoint allows for us to
use the results of a single MDP to extrapolate to the behavior of arbitrarily large groups of agents
without simulation of each individual.

The following section, Section 4.3, presents several examples where we consider the assump-
tion of non-interference to be reasonable. For example, Section 4.3.3 considers travel times over
footpaths in a park. A park’s sidewalks are rarely congested with individuals to the point that
people cannot move; it is far more likely that agents are able to avoid interference during most

trips through the park. Similarly, one can expect that the delivery robots that are presented in Sec-
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tion 4.3.4 will have different rooms as their destinations, meaning that it will be rare for the robots
to seek to occupy the same space and interfere with each other. These case studies suggest that
there is a large body of problems of interest that can be treated with a non-interference approach.
However, there do exist other cases where interference is key to the problem. Vehicular traf-
fic, for example, frequently suffers from congestion, and much road infrastructure is dedicated to
reducing this congestion as much as possible. To ignore the way in which vehicles interfere with
each other would be to lose the core features of the problem itself. Furthermore, some of the effects
of infrastructure are indirect, where the induced behavioral change of an agent may have an effect
on others that does not become apparent until much later. We acknowledge in Section 4.5 that this

is a primary direction for future work.
4.3 Case Studies
Classification of Induced Changes

Definition 26 builds upon two functions: one modifying transitions (A} ) and another modifying
costs (h). However, the way in which infrastructure can alter agent behavior can vary widely.
Broadly, we consider the effects on two dimensions perception vs actuation, and precision vs
efficiency. The case studies to follow exemplify different ways in which agents can be affected

(see Table 4.1).

Table 4.1: A guide to the examples presented in Section 4.3.

Precision Efficiency
Improved sensing Improved efﬁ.cu?ncy
. . through modifying
Perception through changes in the -
environment. Ex: 4.3.2 what is sensed.
ST T | Ex: 434
Improved actuation Improved efficiency
Actuation outcomes through ‘ through modifying
changes in the environ- | actuation outcomes.
ment. Ex: 4.3.1 Ex: 4.3.3

The first way in which we categorize infrastructure’s effect is to determine if it impacts an

agent’s ability to perceive the world, the outcome of agent actions on a world, or both. Transition
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functions may change the targets of actions or make desirable outcomes more probable, which
is an obvious effect on an agent’s actuation. However, infrastructure can also modify what an
agent senses, and this change also manifests in the transition function. For instance, newly sensed
information may allow the agent to transfer to a state that was previously unreachable. We further
categorize infrastructure as affecting precision or efficiency. When sub-divided in this way, this
taxonomy provides guidance on the types of transformations that an infrastructure tuple (kT €, ¢)
should perform. Generally speaking, efficiency improvements will lead to changes in transition
targets, while improvements to precision will change the probabilities of transitions themselves.
The concept follows similarly for impacts on perception. Through the presentation of four quite
different case studies, we now demonstrate how the formalism of Section 4.2 can be instantiated

concretely, and how it is capable of spanning the classifications in Table 4.1.
4.3.1 Carpeted Care Facility: Actuation that Improves Precision

Within the consumer and healthcare domain, one area of increasing automation is the introduc-
tion of robots into long-term care facilities to help handle tasks like medication delivery, laundry,
and night patrols (Jacobs and Graf, 2012). Also, “social” robots to encourage interaction and en-
tertain residents are becoming common. The commercialization of robots for caring tasks needs
careful consideration of how these robots will interact with residents, staff, and the building it-
self (Niemelid and Melkas, 2019).

Figure 4.1 shows a communal living space based on existing care facilities in Benbow (2011).
The layout includes private living spaces for residents, communal areas (e.g., dining and common
areas), and staff-only spaces (the reception, kitchen, housekeeping, and utilities). Robots are being
considered for tasks like delivering medication to residents, retrieving laundry, and escorting resi-
dents and visitors around the facility. The robot could start at many points and its navigation goal
could be almost any interior point.

Low-pile carpet such as berber carpet is common within residential facilities to reduce dust
and noise. Though not a major impediment, compared to tile, these carpets increase the energy

needed per unit distance. Friction from the carpet can also reduce the accuracy of rotation and
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Figure 4.1: An example long-term care facility. Purple stars are potential goals. The robot takes 5 to travel 1 m on
carpet, and 3 s to travel 1 m on tile. Transition probabilities for the floors are shown.

other movements. Also, robots travelling the same routes many times in a day will accelerate
carpet wear. Adhesive carpet runners are protective plastic strips that can be applied on top of
carpets. In addition to protecting carpets, they provide a smooth surface that is ideal for a robot to
traverse; placed at a hallway edge, they provide an efficient “lane” for robots to use.

Human residents and facility staff result in additional considerations. Transitions between
different types of flooring can present a trip hazard, and therefore the laying of paths should seek
to balance safety considerations with efficiency requirements of the robots. To attempt to provide
increased efficiency while managing these concerns, the runners (shown in yellow) in Figure 4.1
do not cross across hallways or in front of doorways that lead to carpeted rooms. In keeping these
areas clear, the tripping danger is reduced while still spanning much of the facility.

In this problem, the MDP’s transition costs reflect the time required to move on different types
of flooring. Figure 4.1 shows the difference in transition probabilities for carpet vs the carpet
runners.® Aside from improving the precision of the robot’s motion, the cost for the action is also
reduced. A time penalty is incurred for collisions with obstacles or walls. The robot’s initial and

goal locations are selected uniformly at random from the locations marked with stars in Figure 4.1,
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leading to the expected cost of a robot’s trip to be 157.86 s. Keeping the same policy on the updated
facility, i.e., oblivious use, resulted in a slight reduction (16 % improvement) to an expected trip
time of 132.26 s, while adaptive robots had their times improved by 36 % to 100.68 s.

In the initial configuration, the robot has no preference for any part of the hallway it travels in,
and the resulting policy is just the shortest route in terms of distance. The benefits seen in oblivious
use are a result of travelling over runners incidentally. With an updated model, the runners become
natural travel routes for the robot. Improved motion dynamics yield policies where robots approach
the nearest runner en route their destination—the robots staying near walls has the unintended

benefit of reducing interference with residents/staff in the hallways.
4.3.1.1 Conceptual Extensions

The placing of specific paths for robots has the benefit that these paths can have custom designs
applied during construction, such as distance markers or QR codes. While the current robots in
the facility cannot sense this information, future robots might use such patterns for more accurate

navigation. Our next case study considers the idea of infrastructure modifying sensing.

4.3.2 Material Handling: Perception that Improves Precision

Figure 4.2 depicts a fulfillment warehouse in which robots assist with loading trucks. Each
collects goods from one of three pickup locations (A, B, or C) and transports them to one of three
drop-off zones, where other agents perform sorting and finally loading. Where goods appear, and
where their drop-off location will be, is assumed to be random (i.i.d.). When not active, the robots
occupy one of two maintenance bays; when tasked, the robot could be in either bay with equal
likelihood.

The robots use low-resolution cameras to determine if an area is open space or contains an
obstacle. Being old technology, these low-resolution cameras are imprecise and the detected ob-
stacles may be differ in size from reality. Consequently, despite there being navigable gaps between

the trucks, the robots do not have sufficient certainty to that they will avoid trucks when passing

3 All examples in Section 4.3 were implemented in Python and based upon the code of Russell and Norvig (2021).
Policies were found through Value Iteration.
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Figure 4.2: Various policies for different drop-off locations in a warehouse, indicated with a star. Top: Uncertainty in
sensing causes agents to take a longer path to avoid obstacles. Bottom: High-visibility markings allow agents to pass
between trucks safely.

between them, which would incur a substantial penalty. The top row of Figure 4.2 shows policies
under these conditions: robots favor the middle path to avoid uncertainty-induced risk. The ware-
house manager wants robots to take the shortest possible path to improve operational efficiency
and avoid congestion. However, any environmental modifications must respect her limited budget.
She decides to mark the trucks’ parking spots with a high-visibility tape, enhancing contrast be-
tween trucks and the floor. This improves identification of obstacles, allowing the robots to move
between trucks with less risk.

This problem is modeled as multiple MDPs, sequenced together: Starting in a random main-
tenance bay, the robot is assigned to pick up goods at one of three locations. After achieving
this initial goal, that location becomes its new initial state and it is assigned one of three drop-off
locations. Finally, the agent begins at a drop-off spot and is assigned one of two maintenance
bays to return to. Perception improvements are modeled through the controller: the initial move-
ment model for agents near obstacles has a chance that the agent will drift when moving forward

representing the probability of the low-level control loop driving the system forward when the
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space ahead is misidentified as free when it is not. More accurate sensing reduces the chance of
drift, decreasing the chance of being penalized and making movement through narrow areas more
attractive.

The top and bottom rows of Figure 4.2 show examples of policies for a robot proceeding
from any of the pickup zones to several different drop-off points. As the optimal policy depends
on which of the several goals the robot is assigned, it maintains different policies for its various
starting locations, pick-up zones, and drop-off locations. The bottom row shows policies after the
introduction of high-visibility tape, and this introduction results in agents taking deliberate paths
between trucks that they previously would have avoided.

The application of high-visibility tape allows for the current agents to remain in use with min-
imal environmental changes or cost. This change has the largest impact on the cost for agents to
transport loads from pickup to drop-off. Given that the regions between trucks are unlikely to be
visited during the other parts of the process, the sequencing of MDPs also enables us to uncover

precisely where infrastructure offers the greatest benefit (i.e, the transport step).
4.3.3 Bridges in the Park: Actuation that Improves Efficiency

Two businesses in nearby buildings —separated by a park and river, but with a roadway con-
necting them— wish to transport goods back and forth (Figure 4.3). Both sides maintain a fleet of
robots for transporting goods. The park is popular with employees and visitors, who take walks
during their breaks. Both robots and people can access the road, though absence of sidewalks
means there is some risk of an accident, incurring a high cost. People prefer shorter routes to
maximize the area they can visit in the park during their breaks. Robots also prefer a shorter route
to reduce travel time as maintenance is performed after a certain number of hours of service.

The businesses consider two possibilities: (¢) speed bumps to slow road traffic and reduce
accidents; (7¢) a bridge in the park that provides a safer and faster path. While the businesses may
favor a bridge positioned to enable fast routes for their robots, employees petition for a bridge
facilitating easy travel between landmarks of interest. But what is the benefit of a bridge—for the

robot fleet and employees? Will safety and speed justify the expense of bridge construction? If so,
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Figure 4.3: A park layout highlighting the complexity of choices involved when modifying environments through
infrastructure. The pair of large yellow stars indicate the locations of the two businesses, while smaller stars indicate
additional entry and exit points for pedestrians. The two locations labeled A and B are potential sites for a bridge.

at which location should it be built?

To obtain answers, robots will naturally be treated as if solving an MDP. While humans cannot
be controlled per se, a policy is still a serviceable modeled: we employ a basic MDP constructed
via some simple assumptions—a more sophisticated one, based on observations of how they move
through the park (say using inverse reinforcement learning (Adams et al., 2022)) could be used if
desired. We indicate the MDP which describes the robots as M., and the MDP based on human
observation M. The robots may begin at one of the two buildings and have the other as their goal,
while the human policy generally has employees returning to the entrance they started at. For this
example, we find the optimal policy for the robots, denoted 7. Similarly, we designate the MDPs
that have undergone a transformation from infrastructure as M, and M.

The two proposed bridge locations are shown as A and B in Figure 4.3. The original MDPs
(M, and M) reflect a world without bridges. Three different infrastructure transformations were
performed: one that places a bridge at A, one putting a bridge at B, and one with bridges at both A
and B. Speed bumps are constructed in all cases. Table 4.2 shows expected travel time for various

routes, created from the randomly chosen of sub-goals.
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Table 4.2: Expected travel times in seconds given the two different bridge locations. The bumps column marks the
introduction of speed bumps, but no use of bridges. Top: The robot fleet moves at a speed of 5km/h. Bottom: The
humans move at 3km/h.

Robot ‘ No Bridge ‘ Bumps ‘ Bridge A ‘ Bridge B ‘ A&B

Route 1 201.7 | 213.0 115.3 101.9 | 101.9
Route 2 199.4 | 210.6 115.3 101.9 | 101.9
Route 3 236.0 | 243.7 148.9 119.3 | 119.3
Route 4 223.5 | 2348 2114 198.0 | 198.0
Route 5 353.2 | 361.0 192.0 220.5 | 192.0
Average 242.8 | 252.6 156.6 148.3 | 142.6

Human ‘ No Bridge | Bumps ‘ Bridge A ‘ Bridge B ‘ A&B

Route 1 914.9 | 9149 455.1 549.5 | 455.1
Route 2 672.6 | 672.6 446.9 348.2 | 348.2
Route 3 303.3 | 303.3 303.3 303.3 | 303.3
Route 4 744.3 | 7443 536.2 463.7 | 463.7
Route 5 1437.9 | 14379 514.1 587.4 | 451.9
Average 814.6 | 814.6 451.1 450.4 | 404.4

Neither robots nor humans take advantage of the infrastructure obliviously; routes are planned
to cross bridges only when they’re known, while the speed bumps will impact the agents regardless.
Humans are unaffected by speed bumps, but the robots have difficulty traversing them and now
incur a small additional time cost on the roads. Using Table 4.2, we can define 10 classes, where
each class is either a human or robot as well as a given route. Under Definition 31, the lack of
change in the humans’ routes means that it is perfectly fair to them. However, satisfying this
inequality for all robot routes requires e > .06. While this may seem like a small change, its
impact is magnified over the entire fleet. Therefore, while the speed bumps alone may result in a
reduction of accidents, this choice is neither desirable nor fair.

The adaptation of agents results in a new policy 7/, with an associated expected reward F[m,|M]].
As M,’s cost function represents the total travel time, the difference between the updated expected
cost E[n!|M]] and the original expected cost F|m,|M,| directly reflects the resulting time-saving.
For comparison to the implementation cost, the travel time is converted into a dollar amount by
pro-rating the cost of maintenance over the amount of time the robot can run between services.

If robots do not adapt to the new environment, the additional time incurred by the speed bumps

results in an increase in overall travel time. The introduced infrastructure therefore is detrimental
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Figure 4.4: Impact of adoption rate and the number of infrastructure uses on recouped costs. These graphs show, for
robots (top) and humans (bottom), the number of uses needed at different adoption rates in order for saved costs to
equal construction costs. Red lines correspond to Bridge A, blue lines to Bridge B, and black lines to both bridges
simultaneously. Each line is a different route.
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to oblivious robot agents. However, once either bridge is introduced and the robots adapt and
change their policies, the robot agents’ costs are reduced.

Figure 4.4 shows, for both types of agents, the number of trips the agents must take to recoup
the infrastructure’s construction costs. Using the equation in Section 4.2, there exists a non-linear
relation between the adoption rate « and the number of trips necessary. For the robots, who incur
additional costs on their original routes, higher adoption rates are necessary to offset costs of the
oblivious part of the fleet.

We now consider the impact of infrastructure on the people. The assignment of a monetary
cost to their trips through the park is more difficult than for the robots. Although the humans
are not looking to enter and leave the park as fast as possible (unlike the robots), there are other
factors (such as the duration of their break) that mean they still benefit from bridges that reduce
their route and prevent them from having to use the roadways. For clarity in this example (and,
perhaps, somewhat bleakly), we will consider the time spent on paths to correspond to time spent
not working, and therefore shorter paths result in increased profits for the business. Additionally,
the introduction of bridges results in humans avoiding the road. This results in far fewer accidents,
which is a strong indication that a bridge is worth its construction cost.

The final selection of where to place the bridge gives rise to a consideration of “fairness,”
wherein the businesses must compare the impact of the bridges on both robots and humans. Sup-
pose that Bridge A costs $1600, and Bridge B costs $1200. The cost of the infrastructure is re-
couped directly through reduced traffic accidents and maintenance costs, and indirectly recouped
through employees. As employees are not negatively impacted by the introduction of speed bumps
on the road, their graph does not show much variation between bridge options; Bridge B results in
slightly shorter paths on average for employees than Bridge A, but both show that costs are quickly
recouped even when adoption rates are low. For the robot fleet, the introduction of speed bumps
and resulting additional costs requires agents to adapt before any benefit is seen. The trending
of the graphs towards a limit as adoption rate decreases also suggests that for a given expected

amount of usage there is a minimum number of agents who must adapt for the bridge to be practi-
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cal. Overall, Bridge B recoups costs more quickly than Bridge A. Given this, and the lack of strong

employee preference, Bridge B would be the best option.
4.3.4 The Hotel: Perception that Improves Efficiency

Figure 4.5 shows an example of a hotel with an indoor atrium. Bordering the atrium are 18
rooms for guests, as well as a kitchen for room service. The kitchen uses robots to deliver room
service orders (this is one task the service robots may soon play in the hospitality industry, see Lin
and Mattila (2021) and references therein). The robot makes use of a fluxgate-like compass to help
determine its position and heading in the hotel, and occasionally pauses at certain waypoints to let
its sensor settle and obtain an updated reading.

Each room can be set up for four different occupants: a family, an individual on vacation,
a couple, or a business traveler. Different occupants have different values for the daily average
number of orders they make to room service. Rooms can also be unoccupied, in which case no
orders are generated from them. The hotel has two questions: first, given several different potential
room layouts, which results in the least travel time for the robots (and thus greater efficiency)?
Second, the hotel is considering upgrading the sensors on the robots to a beacon system (such as
Gutmann et al. (2013)); what is the benefit of this upgrade, considering the new layouts?

For this example, the cost function includes both the time it takes for the robot to complete its
movement as well as the time taken for the robot to obtain and verify a sensor reading. When the
robot ends up in a state other than the one intended, there is an additional delay as it confirms this
with another sensor reading. The atrium itself is divided into three concentric rings, each of which
is divided into 5° slices. These represent the way the robot periodically checks its sensors to ensure
that it is staying on course. We use a Poisson distribution (A = 10) to model the number of orders
received by the kitchen each hour. For each order, the robot’s goal is selected with a weighting
based on the allocation of guest rooms.

Both types of sensor (compass and beacon) have areas in which they receive interference. The
compass receives interference from underground pipes, while there exist certain blind spots from

where the robot cannot see the beacon, and must estimate its position through dead reckoning (see
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Figure 4.5: An indoor atrium surrounded by guest rooms, with multiple regions where different types of sensor
interference can occur. It is divided up into states based on 5° segments of three concentric rings. Sources of sensing
interference include trees and underground pipes (see inset). Legend: White: with a beacon located at the kitchen,
trees within the atrium cause interference when line-of-sight is broken. Black: with a fluxgate compass, underground
pipes cause interference. Striped: interference for both sensors.

Figure 4.5). In both cases, these cause the robot to take slightly longer to obtain a reading for its
position.

Table 4.3 shows three potential room layouts where all rooms are in use: (1) one where rooms
are assigned at random, (2) one where groups are housed closer to the kitchen to concentrate noise,
and (3) one where rooms are allocated in a repeating pattern. We can compare the average travel
times under no interference, interference imposed upon a compass, and interference imposed upon
a beacon.

Over all three layouts, the robot with a beacon performs better than the robot with a compass.
This result is easily explained by looking at Figure 4.5, where we see that the compass has 27
regions where underground pipes cause interference, as opposed to the 8 regions where the beacon
receives interference. However, Table 4.3 also shows that despite this large difference, the actual
impact of this interference is quite small: the robot equipped with the fluxgate compass spends on

average just over 26 s longer delivering meals each hour. Considering that this difference would be
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Table 4.3: Comparison of average time spent travelling each hour given an average of 10 meal orders per hour, three
different guest layouts and robot speed of 5 km/h. Values given are for the model under three interference models: no
interference, interference to a beacon, and interference to a compass (Fig. 4.5).

Average Travel Time (s)

No Interference | Compass | Beacon
Layout 1 | 2934 2970 2942
Layout 2 | 2997 3033 3006
Layout 3 | 2964 2999 2975

distributed over multiple orders in an hour, it becomes almost negligible when considered against
other factors, such as the time it takes for hotel guests to take their food from the robot when it
arrives.

4.4 Maintenance

Infrastructure can be costly to maintain. Worn-out carpet runners must be replaced, bridges
repaired, footpaths repaved, and so on. Including maintenance costs into the equations given in
Section 4.2 requires first that the reduced costs seen by the agents be matched to a timescale. We
will revisit the example from Section 4.3.1 to demonstrate the general steps needed. The cost of
carpet runners of the type described is dependent on thickness and width, but for this example
we will assume they cost $10/m. Runners are replaced once a year to remove any that have

become discolored or cracked. The facility requires just over 150 m?

of runners, leading to a
yearly maintenance cost of $1500.

Any savings the robots induce must also be estimated over a year, a highly problem-dependent
calculation. We assume that the facility has three robots and, at a minimum, these robots make 48
trips per day, delivering medication three times a day to each resident. They likely carry laundry
back and forth, and guide residents around but, for a pessimistic estimate of break-even point, we
will ignore these uses.

Without the runners, the expected time of a delivery trip was 157.86 s. With the runners, this
decreased to 100.68 s. This results in a daily average of 7577.28 s and 4832.64 s, respectively. With

the runners and this minimum amount of trips, the robots reduce their time spent traveling daily by

just under 46 min. To assign a monetary value to this, assume each robot’s performance of these
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tasks frees up a nursing assistant to perform other duties. Therefore, valuing the work of the robots
at the cost of employing a human for the same amount of time at $16/h the “cost” of the robots
becomes $33.68 per day and $21.49 per day. Given that care facilities operate every day, if the
facility transitions from carpeted hallways to hallways with runners, the yearly maintenance cost
will be recouped after 123 days.

4.5 Conclusion and Future Work

This work has aimed to bring environmental design, via infrastructure, into the realm of robot
design problems. Because infrastructure takes a wide variety of forms, the model introduced here
enables analysis of different types of infrastructure. The model treats infrastructure as an operator
that transforms existing MDP models to reflect changes to behavior induced by altering the envi-
ronment. Within the framework, we interpret the MDP’s expected value not as a representative
statistic for a single agent making decisions about an uncertain future, but as the cost over many
independent repetitions. This allows us to understand the average behavior of a class of agent
without direct large-scale simulation of all agents involved.

The model has room for refinement, which future work could explore. As noted, the model
disregards interference between agents—this was a deliberate choice to allow tractable analysis of
aggregate effects across many repetitions. In certain settings, contrary to the case studies examined
herein, interference may be critical and models of how interactions manifest would be a useful
addition.

Infrastructure itself can also be more complex, containing internal state or introducing new
states into the world. The need to capture complex behavior and the impact of infrastructure as
something that interferes with agents (via its transformation functions) suggests that infrastructure
itself may be modeled as a type of agent.

Finally, while MDPs allow for us to easily examine the benefit from infrastructure in ideal
cases, the use of Partially Observable Markov Decision Processes (POMDP) would allow for direct

treatment of imperfect perception.
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5. CONCISE TRACKING AND REPRESENTATION OF COMBINATORIAL SETS OF
SENSORS

5.1 Introduction

Failure of equipment, devices, and technological contrivances is inevitable. Even if a robot
is equipped with the most rugged sensors available at the time of its creation, the wear imposed
by operating in the real world will eventually cause a deterioration in its performance, or even
complete malfunction. Choosing to design robots with an emphasis on sturdy components has
implications for mass, energy/fuel efficiency, and so forth—it represents but one way to achieve
reliability. An alternative option, which is the superior option in certain settings, is to design with
some notion of graceful degradation in mind so that the robot might continue to operate despite
individual component failures. A useful step toward that would be to endow the system with an
ability to estimate its own integrity, and to detect and self-diagnose faults (Khalastchi and Kalech,
2018).

This chapter considers the specific subproblem of sensor failure. Identifying these failures as
they happen is useful in many cases: it could allow the robot to work around the failed sensors, or
to make judgments on whether it can continue its current task with the current state of the system.
Even if not used for decision-making in real time, summarizing sensor statuses can aid ex post
facto incident investigation (e.g., the mandatory “black-box” flight-recorders in aviation (Federal
Aviation Administration, 2007)).

The question becomes how to use the limited (and hard-to-predict) data to pinpoint the failed
sensor when, of course, the information available may never uniquely determine a single defective
sensor. And this need not be due to the inadequacy of information, but because multiple sensors
may have simultaneously failed. This points to what we consider the key underlying challenge: the
space of explanations is combinatorial, so trackers must consider multiple hypotheses, and manage

them efficiently. Several prior approaches have tackled this problem in the probabilistic setting
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with Bayesian estimators, either as banks comprising multiple univariate models (e.g., Roumeliotis
et al. (1998)) or other multi-hypothesis methods (e.g., particle filters as in Plagemann et al. (2006)).
Such methods emphasize practicability. But handling distributional/likelihood information does
not always succeed in clarifying the inherent representation of ambiguity, and may obscure rather
than illuminate the underlying problem structure.

The present chapter tackles the combinatorial aspect of the hypothesis space directly, and shows
where savings can be had without introducing other approximations or simplifications. To do this,
and to make claims of exactness, we study the problem in a formal setting employing nondeter-
minism as a model of uncertainty rather than stochasticity. This formalism gives, for the smallest
initial structures, enough complexity to express the underlying problem, and does so particularly
crisply and, we feel, with elegance. We consider an example to examine the effectiveness of the
modeling method presented here, and show a significant reduction in the size of the model when
compared to naive methods. The example also includes the impact of additional information on
the size of the model, such as explicit knowledge that a sensor is failed or functioning.

We also consider how an agent can determine the severity of a failure’s impact on its abil-
ity to complete a task. In many cases it may be possible for the agent to adapt its plan around
the failure and still bring the task to a satisfactory close (e.g., the works presented in Lunze and
Richter (2008)). However, the ability of an agent to recover is highly situation-dependent, involv-
ing not only determining if the use of other sensors is capable of compensating for those which
have failed, but also: the usage of previously obtained information,' the potential for the agent to
disambiguate states that may become conflated, and the ability to manage situations in which there
may be multiple possible hypotheses for which sensor has failed. To accomplish this, we present
an algorithm which analyzes a given p-graph to determine what sensing information is critical at
different points for task achievement. We present as an example a situation in which the precise
failure is ambiguous, a case which is handled with ease by the given algorithm. Additionally, we
discuss the ability of this algorithm to provide additional information such as determining if the

choice of a given plan results in an agent becoming particularly dependent on a sensor or set of
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Sensors.
5.2 Problem Formulation

We consider time as progressing discretely, which permits us to define a graph structure labeled

with events, and then to incorporate sensors within such a model.
5.2.1 Preliminaries

The model of the world that our robot inhabits (i.e., its environment), as well as the combi-
natorial filter that we will construct, will both be designed as p-graphs as defined in Definition 1
from Chapter 3. Although the definition of a p-graph does not require that £ be finite, we will
assume that it is throughout this chapter. Additionally, unlike in Chapter 3, we do not require all
initial vertices to be observations, although they must be all of the same type (either Vi,;; € V), or
Vinit € V4,). We use p-graphs as discrete transition systems, and make explicit here several ideas

that have only been implicitly defined thus far:

Definition 34 (transitions to (Saberifar et al., 2019)). For a given p-graph G and two states v, w €
V(Q), a finite event sequence e; - - - e, transitions in G from v to w if there exists a sequence of
states vy, ..., U,y1, Such that vy = v, v = w, and for each i = 1...k, there exists an edge

E .
Uy — Vi1 for which ey, € E.

The preceding is similar to the notion of tracing an execution as described in Chapter 3, with
the difference being a focus on the event sequence itself over the vertices reached. We remind the
reader that these event sequences incorporate a form of nondeterminism, as some may transition

from a single vertex to potentially many vertices.

Definition 35 (validity and executions (Saberifar et al., 2019)). Given p-graph G and state v €
V(Q), an event sequence e - - - ey, is valid from v if there exists some w € V(G) for which ey - - - ¢y,
transitions from v to w. An execution on a p-graph G is an event sequence valid from some start

state in Vi (G).

! The use of prior information in this way is somewhat reminiscent of the vine graphs presented in Chapter 3,
wherein success of a plan depended upon an agent’s ability to recall specific prior events.
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When no sequence of transitions can be found such that the sequence is valid, we will say that
such a sequence crashes. As before, a p-graph W describes the environment. A robot operates in
this environment so that, as it interacts, an event sequence ey - - - e is generated.

A final definition to be presented from previous work concerns sensor modifications, such as the
behaviors that arise under failure. These modifications can be seen as a mapping from the current
instance of IV to a new one. Changes or defects then can be modeled by applying a function to

observation labels. This approach for sensor mutation has also been employed by Saberifar et al.

(2019) and Ghasemlou and O’Kane (2019).

Definition 36 (observation map (Saberifar et al., 2019)). An observation map is a functiony : ¥ —
2Y'\{® } mapping from an observation space Y to a non-empty set of observations in a different
observation space Y'. For observation map b, its extension to sets is a function that applies the

map to a set of labels:

h(E) = | ble).

eeE

The extension to p-graphs is a function that mutates p-graphs by replacing each edge label E with

H(E). We will write 4|W| for application of b to p-graph W.
5.2.2 Sensors and Information that Indicates Failure
We assume that a robot possesses a collection of sensors.

Definition 37 (sensor outputs). A robot equipped with n sensors operates in a world W, a p-graph
which has observation setY =Y, x Y X --- x Y,. Foreachi € [n| .= {1,...,n}, the setY; is

called the valid sensor outputs for sensor 1.

Shortly, we will formalize operation when sensors may fail. In our model, the n individual
sensors are atomic in the sense that they represent the level of granularity at which malfunction
will be considered: zero, one, or more may fail, but we consider “sensor” to be the unit at which
these phenomena are analyzed.

As some sensors degrade, they may still provide signals that could conceivably arise under

some customary conditions of operation. The robot must then detect the error condition owing to
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inconsistencies, either in what is known from structure in the world, evidence from other sensors,
or both. Such inconsistencies form one piece of information.

There can be further sources of information. When faulty, some sensors may provide explicit
error messages or specific codes, or just fail to generate any data when they would produce some
readings under standard operation. This provides a clear, unequivocal indication of a failure condi-
tion. We will use the symbol L, assumed to be distinct from all elements in Y;, for all 7, to describe
the receipt of such an indication.

Symmetrically, in some cases there exist calibration steps, sequences for issue diagnosis, and/or
elements in the environment (specially designed fixtures, rigs, health monitor systems) that can
provide evidence of correct operation of a sensor. We use the symbol T, also distinct from all
elements in Y;, to indicate interaction with some element that provides positive information for
soundness of the sensor. (Thereafter, we will assume that the sensor remains operative for the re-
mainder of the robot’s execution, though modification of this treatment is straightforward.) Should
the diagnosis uncover evidence of an anomaly, it can be modeled simply as providing a L, as
described above. Thus, if such a diagnosis facility is possible (i.e., exists in the world), and it is
definitive for sensor i, all edges departing it will be labeled either T or _L only. If the facility may
be inconclusive, it would include other labels on outgoing edges.

It is worth emphasizing that these last two forms of additional information (encoded as L and
T) are not required and may be safely omitted from the model that follows. If those forms of
information are unavailable, they simply need not be present on any edges in the world. But when
available, including these symbols enables use of this extra data to improve the performance of the
tracker we will introduce. But the tracker we introduce is well-defined and correct without L, or T,
or with neither. For notational brevity and convenience, we will use the set Y, to represent sensor
i’s signal Y; = Y, U {T} with Y; = ¥; U {_L}, recognizing that the two additional certificate
symbols may never arise.

Suppose some specific subset of the available sensors may give erroneous sensor readings. For

any particular subset B (mnemonic: “broken”), the failure map §p is a specific type of observation
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map:
Definition 38 (failure map). For the observation setY =Y X --+ X Y, and some set B C [n),

the failure map for B is the function:

SB: Y_>2?1><?2><“~><7n\{®}’

/\Uie?i /\/\ UjG{yj,T}}.

i€B Jjen\B

(Y1, -5 Yn) — {(Ul,...,vn)

Intuitively, for those sensors in B, the function maps any output the sensor could produce to
all possible outputs, including the explicit failure symbol, L, while those sensors not included in
B may return either their original value y; or the certificate of correct operation symbol, T. (Itis a

simple exercise to see that, technically, the co-domain could be tighter.)

Property 1. Briefly, we note two extreme cases:

ot (W2, un) = LW, 02, Un) |

S[n]: (y17y27"'7yn)'_>?1X?2X"'Xyn.

If certificates are included in the model, the failure map § is also capable of returning T for
any observation y;. Given a hypothesis B of a set of sensors suspected to be faulty, we can test
the hypothesis through the application of the failure map for B to a p-graph. If all malfunctioning
sensors are included within B, then a sequence that would have crashed on the original p-graph

should no longer do so:

Definition 39 (consistent). For p-graph W and sensor set B C [n], the set B is consistent with

sequence ey - - - ey, if the sequence is a valid execution on Fg[W|.

Note how an execution valid on the original W will not crash on any p-graph after the appli-
cation of a failure map. Sequences from W itself never provide evidence for any sensor failures;

it is only those that deviate which do. It can also be that no subset of [n] is consistent: if 1/ has
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a finite set of executions, it is possible for the sequence to be longer than any of them — this is an
inconsistency that cannot be explained by any sensor failure, so even §p, W] will crash.
Furthermore, by its construction Definition 39 (built on Definitions 38 and 36) treats the L
and T symbols appropriately. For L, receiving such a symbol at slot i causes a crash if i ¢
B. Conversely, receiving a T at slot ¢ if © € B causes a crash, which is appropriate because
it contradicts the claim that 7 is faulty. The types of information afforded by L and T are not
symmetric: a | indicates immediately that there is a fault, whereas T attests to the fact that there
is no fault now nor will there be for the remainder of the execution (these are our assumed semantics
for a certificate of operability). This stronger assertion about future operation may be used in the
interests of efficiency (as will will demonstrate in a later example), but for now it is sufficient to

note that Definition 27 treats the information correctly.
5.2.3 Failure Collections, Posets, and Consistency

We are interested in sets of multiple B’s to represent collections of consistent hypotheses.
Given a sequence, we will process a collection of models en masse to eliminate precisely those
which yield p-graphs that crash, such that those hypotheses which remain are the consistent sub-
set. To help improve efficiency, we wish to exploit any structure that the collection affords. One
example of this structure is that the relationship between the sets yields information about the

relationships between their associated failure maps.

Property 2. Suppose By C B, C [n]. If sequence e - - - ¢, is a valid execution on § g, [IV] then it

is a valid execution on § g, [IV] too.

Proof. Under §p,, all indices k € By \ By cause the yy in (y1,. .., Yk, - - -, Yn) to map to y (i.e., it
has no effect on observations in these indices), while under § 5, all the elements in Y}, are included
in the £*® position. In the sequence, e; - - - e,,, consider any e; to be an event that crosses an edge
labeled by a set of observations. Since {yx} C Y}, whenever e; crosses an edge under § s, , it can

cross the same edge under §p,. O

Thus, the more elements there are in 3, the more accommodating the associated p-graph will
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be because the observation map are more permissive.

Suppose that we are given a particular collection of sets B = {B, By, ..., B,,} C 2. We
will call such a collection the hypothesis space. The hypothesis space forms a partially ordered set
(poset) when ordered by set inclusion (i.e., C). Each element in such a collection will be termed
a “model”. Thus, the whole collection describes a set of models, and the task of filtering is to
eliminate invalid models from such a collection.

When designating possible hypotheses, it is natural to use the powerset. However, permitting
other collections turns out to be useful: for example, if we have knowledge indicating that at most
¢ sensors are potentially faulty, we might define a collection that contains all sets with ¢ or fewer
elements, perhaps denoted By 4. Thus, the degree to which the collection is smaller than the full

powerset is indicative of prior information.?
5.2.4 Implicit Collections of Sets

Clearly collections like B can be large (exponential in n) if represented by mere enumeration.
The filter we introduce shall avoid this, instead giving an implicit representation of consistent

hypotheses. By this we mean:

Definition 40 (implicitly representing collections). A collection C of subsets of C' is implicitly
represented if we are provided with a characteristic function 1¢: 2 — {0, 1} as a computational

predicate that takes ©(|C|) time.

As an example, to represent the collection By 4 containing all sets with only £ or fewer elements
implicitly, an implementation of the function 1 By, Would determine the cardinality of its input and

return 0 immediately if it exceeded /.
5.2.5 The Diagnosis Problem

We are now ready to formally state this chapter’s central problem:

DIAGNOSIS PROBLEM:  Given a p-graph W, some collection B = {Bj, B, ..., B,,}, and a

ZWhile the powerset is a lattice, this example shows that there are practical cases where the collection has weaker
structure than a lattice. In the case of sets with between k and ¢ faults, B[k, > the hypothesis space does not form even
a semilattice.

113



finite event sequence e - - - e, return the consistent subcollection:

= {DB, € B|e; e is an execution on Fp, [W]}.

‘61"'€k;

DESIDERATA:

Cumulativeness: Compute the subcollection incrementally, that is use B ‘ ere,_, LOCOMpUte B |61~~~ek'

Concision: Express the resulting collection implicitly.

We will now present an algorithm for this problem.
5.3 The Tracker

For any given model, the set of sensors within it can be applied as a failure map to the original
world. Each observation that a robot receives has the potential to change the list of failure map
models which are consistent with the execution history. One might follow the definition directly
and simulate all possible models at once; those that are inconsistent will crash during the execution,
while consistent models will not. However, if one can track only the models which are currently
relevant and generate the full set later, the time spent checking models for consistency can be
greatly reduced over the direct, or naive, implementation. This section presents an incremental
algorithm that gives a concise method of tracking these relevant models.

Our initial model is generated from the following:?
e the p-graph W describing the environment,
e a vertex v,
e aworking set .S,
e a hypothesis B, and
e a failure map §p.

For this vertex, we must determine if the incoming observation is consistent under the current

model. After application of the failure map §5 to the outgoing edges, the incoming observation is

3In the case where B has multiple minimal elements due to restrictions on the collection, we must generate an
initial set containing a model for each minimal element to ensure full coverage of 5.
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compared to the modified labels. If none of the edges are consistent (i.e., the incoming observation
matches none of the updated edges under the current hypothesis), a crash will occur. When a crash
occurs, the model is updated by adding additional sensors to B until the incoming observation
is consistent for at least one outgoing edge. The updated set B’ becomes the current hypothesis,
and the target vertices of any outgoing edges that are consistent under B’ each become a new
model under consideration, corresponding to the possible states of the robot after this observation.
Additionally, there may be multiple sets B’ that result in consistent models; we desire the set of
hypotheses that are not subsets of (or equal to) each other. In this case of multiple consistent
hypotheses, new models are created for each combination of target vertex and hypothesis. If the
incoming value is an action instead of an observation, then models which are inconsistent are
removed from consideration. This is because the labels with actions are unaffected by § 5, and so
inconsistency indicates that the model is overall impossible.

Each vertex is treated independently from the others, and is contained within an individual
model. Each model can be interpreted as a different “reality” that is consistent with what has been
observed thus far; this forms the basis for our algorithm, which maintains these different potential
models to determine which are consistent overall with the given execution.

We also introduce a new concept within the model, which we call the working set (denoted
S).* The working set is used to develop updated models after a crash. S contains the set of sensors
that are still under consideration to be included within the model, and excludes sensors that are
already within the model as well as those that have been confirmed as failed or functional (with
1 or T). If a model crashes, the algorithm checks if any single element from the working set
can be added to correct the model. If that fails, it tries progressively larger subsets until it finds
one that corrects the model to be consistent. If we consider the original lattice of all hypotheses
B, (such as that in Figure 5.1), this is equivalent to moving “up” a level within the lattice to find
new hypotheses, and then verifying them. Such a move also “raises” the lower bound for what
additional models can be derived going forward. This move up results in the disqualification of the

previous model. Algorithm 3 presents our method for tracking and implementing these models, as
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Figure 5.1: An illustrative cartoon of the model update process. Indices for observations included in the failure map
have been replaced with black squares. We see that the robot, given an inconsistent observation, “moves up” the lattice
to produce two consistent hypotheses.

well as a method for “raising” each model’s boundary to enforce consistency.

We will now describe the use of Algorithm 3 on an execution e, which may be a full string or
only a single event. By using the initial vertices of the world Vi,;; and an initial empty hypothesis
set BB to generate a starting family of models, we may represent the situation in which the robot has
just begun execution in any of its possible starting states, and in which it knows nothing about the
current status of its sensors. (If S contains information that disqualifies the empty set, the initial
hypotheses for these models are the minimal elements of I3 permitted by S.)

If the next event in e is an action, the outgoing edges of v are examined to see if that action
is valid on any of them. If so, the model is updated with the target of that edge. In the case of
multiple edges with the same action label, new models are created with the same hypothesis B
for each additional vertex target. If the action is not valid on any outgoing edge, this model is

inconsistent and removed from consideration.

“We use S to indicate that this information may be given in multiple ways, and is not necessarily equivalent to the
hypothesis space B. While S could directly give B, it could also be individual sensors or sets. We also note that in
cases where B does not contain the full powerset of sensors, additional overhead is required during the generation of
new bounds to ensure that the algorithm does not generate new hypotheses that are not members of 5.
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Algorithm 3: Verifying and Updating a Model

Data: a model M = (W, v, S, B,§g), event e
Result: a set of models M
1 Function CHECK_CONSISTENCY (vertex v, event e, failure map §p):

2 e’ = APPLY_FAILMAP(e, §RB)

3 target_set = {}

4 for each outgoing edge o_edge of v do

5 updated_edge = APPLY_FAILMAP(o_edge, §B)

6 if ¢/ = updated_edge.label then

7 v’ = updated_edge.target

8 add v’ to target_set;

9 if target_set is not empty then
10 ‘ return True, target_set
11 else
12 ‘ return False, {}
B M={}
14 if e is an observation then
15 is_consistent, target_vertices = CHECK_CONSISTENCY (v, e, §B)
16 if is_consistent then
17 for target v’ in target_vertices do

18 | add new model M’ = (W, v/, S, B,§g) to M
19 else

/I current model is not consistent

20 for s = [1...size(S)] do
21 test_sets = all subsets of size s € S
22 for proposed set B’ € test_sets do
23 is_consistent, target_vertices = CHECK_CONSISTENCY (v, e, §p/)
24 if is_consistent then

25 for target v’ in target_vertices do

26 ‘ add new model M’ = (W, v/, S, B,§p) to M
27 if M is no longer empty then

// we have found all of the smallest possible changes to B to achieve consistency
28 return M
29 else
30 continue
31 else
/] e 1s an action

32 for each outgoing edge of v with label e do
33 v’ = edge.target
34 add new model M' = (W,v', S, B, §5) to M
35 return M
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If the next event in e is an incoming observation ¥, each model currently under consideration
compares y against itself according to the process described previously. Instead of producing all
possible labels that could result under a given failure map (as specified by Definition 38), imple-
mentation equivalently permits the algorithm to disregard values from sensors deemed “failed” by
the current hypothesis. If this map is insufficient, the hypothesis is updated, and the resulting list
of consistent hypotheses and vertices is returned.

Although each model keeps only a single vertex, the algorithm’s extension over all outgoing
edges from that vertex means that any nondeterminism within the world’s structure is preserved
through the creation of multiple new models. At the end of the execution’s processing, the set
of models, along with the working set for each, can be used to generate the full set of models
consistent with the execution without having tracked them all simultaneously. We first make this

notion of “generation” precise:

Definition 41 (generated). Given two models t,, t,, we can say that t, is generated from i, if:

1) B, C By : ty’s hypothesis By includes all sensors in B, plus at least one additional sensor;

2) B,US, C B,US, : ty’s hypothesis By, and working set Sy, do not include any sensors that are

not either already included in B, or are in S,,.

Lemma 3. The set of consistent models generated from the union of multiple models’ lower bounds

is equivalent to the set of models obtained through simulation of all possible failure maps B.

Proof. Given a set of sensors {?1, ?2, - ,?n} consider the full lattice and resulting hypothesis
space B generated by its powerset. Some of these models are consistent under a given execution,
for which there exists at least one execution that is valid on the world after application of the failure
map. Given an execution e, we can obtain the full set of consistent models by generating the failure
map for each element within B, and then applying each failure map individually to W. If the
execution e is valid on the modified world, that particular failure map corresponds to a consistent
model, and repeating this for all elements of B yields the full set of consistent models. We will

indicate the full set of consistent models with 7" = {t1, 1o, ..., #;}. We claim that Algorithm 3 is
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capable of generating the same set.

Property 1 of Definition 41 ensures that the generated model’s hypothesis B is higher in the
lattice B than B,, whereas Property 2 ensures that B, can be constructed from B, through the
addition of elements from S,,.

We will refer to the set of models returned by Algorithm 3 and those that may be generated
from them as the set 7”. In order for there to exist a valid model ¢; € T that is not also included in
T’, one of the following conditions must hold:

1) t;’s hypothesis B; contains a sensor that is not included by any model ¢’ € T", either in its

hypothesis B; or working set .S, or

2) B, is a smaller consistent hypothesis than any in 7", where B; C B; forany t; € T".

We will address these in turn. For the first condition, we examine the function of Algorithm 3.
When a model B; crashes on an execution e, the working set is used to find new candidate models.
This begins with taking all subsets of the working set S; with cardinality 1. Each of these subsets
is individually examined to see if adding it to the model B; produces a consistent model. Sensors
are only removed from the working set if they become part of the model or if they are confirmed
functional with T. If the initial model (or set of models) includes all sensors within its working set
and begins with the minimal element of 3, the only way in which a sensor could not be included
within the hypothesis B; or working set .S; is if it was verified with T, contradicting the claim that
t;’s hypothesis B; is consistent with the current execution e.

Similarly, for the second condition we examine the way in which the algorithm builds each
model’s hypothesis. Given an initial model (or set of models), sensors are added to a hypothesis
only when the execution e crashes on it; new models are found by adding elements from S to the
hypothesis set individually. Therefore, any subset of a hypothesis B; would have been previously
considered as a model, and discarded only due to e crashing on it, contradicting the claim that it is

a consistent model.
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To make the intuition behind this algorithm precise, we will present a simple example with
three sensors. (This is not the lattice for the case study described below.) Figure 5.2 illustrates
the difference between the direct approach and that of the tracker we have presented. Within the
hypothesis space B3, there is a subset consisting of hypotheses that generate consistent models. As
a robot executes a plan, hypotheses are eliminated and the lower bound of this subset rises in the
lattice.

We track the lattice through various stages of an execution: at the beginning when no observa-
tions have been received, there exist no inconsistencies. The direct approach therefore simulates
all members of the lattice as models. Our method simulates the minimal member of the lattice,
which is the empty set.

At the next step of execution, the robot receives an observation that is inconsistent with the
assumption that all sensors are operable. For this observation, the models wherein either sensor
1 or sensor 2 have malfunctioned make the observation consistent. The direct approach removes
from consideration the inconsistent models. Our approach results in the generation of two new
models, and the discarding of the initial hypothesis. At the third step, another observation results
in an inconsistency that is resolved if sensor 3 has malfunctioned, further reducing the set and
again raising the lower bound of the lattice.

At the final step, we assume that our robot receives a certificate that verifies sensor 1 is operable.
This allows for all elements containing sensor 1 to be removed from consideration. This not only
modifies the lower bound, but the maximal element is also removed from consideration, creating
a new upper bound on the subset. (The effect of receiving T during execution is discussed in
Subsection 5.5.2.1.) The remaining subset of B that produce consistent models are our possible
explanations—in this case, the single explanation {2, 3}.

Shortly, we will present several examples. Section 5.4 contains two introductory examples that
demonstrate how the lattice allows for us to capture the existence of multiple consistent explana-
tions. Section 5.5 provides a more complicated example demonstrating the use of this algorithm

with an execution history to track multiple hypotheses. Before doing so, however, we briefly di-
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Figure 5.2: Comparison of two methods for sensor failure identification. Top Row: A direct approach that begins by
simulating all possible failure maps, and which eliminates them as inconsistencies arise. Bottom Row: The algorithm
presented in Alg. 3, which maintains individual models for each string. Dark green circles are models currently
maintained by each method, while lighter colored circles are models that can be generated from the set.

gress to discuss the important matter of how large the set of models to track can become.
5.3.1 A Note on the Number of Models

There are two factors that influence the number of models maintained by Algorithm 3 at any
point during execution. The first of these is the number of children that can be reached from any
given vertex. When an observation is received, a single model will become a set of models, the size
of which is equal to the outdegree of the vertex under consideration, as outgoing edges can always
be made consistent by increasing the hypothesis set.> When considering actions, the number of
children is dependent on the number of outgoing edges with the correct label.

This value can vary widely based on the problem being considered. One way in which this can
be managed is through the design of additional overhead such that each model contains multiple

vertices (and associated working sets), as opposed to containing a single vertex and working set.

5The exception to this is when certain sensors have been verified with the certificate T, in which case the number
of models created will be equal to the number of outgoing edges that have consistent labels for all certified sensors.
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Vertices would then be passed between models, and models would be disqualified and removed
when they had no more vertices. This then reduces the number of models to maintain at the cost
of additional information to store within each model.

The second factor that influences the number of models is the size of the largest antichain for
the lattice. An antichain for a poset is a collection of subsets for which no member within the
collection is comparable to another (or, in the case of this dissertation, no subset in the collection
is a subset or superset of another member of the collection). Assuming that we have a single
model for each hypothesis through the method discussed above, maximum number of models that
Algorithm 3 could have to maintain at any given point would be equivalent to the size of the largest
possible antichain in the lattice. A long-standing result of Sperner (1928) (as quoted in the proof
by Lubell (1966)) shows that this value is <Lg J) for the poset created by a set of size n.

This could potentially be a very large set of models. However, assume a case in which our
robot has no prior information and the full lattice B is under consideration. The tracker will start
with an initial model for the empty set, and generate additional models higher up the lattice as
necessary. This means that the growing number of models can be tracked over time, and action
taken if the size of consistent models begins to exceed a desired size. Additionally, for each T
or L the robot receives, the number of possible consistent models is reduced by half. Therefore,
while it is possible for Algorithm 3 to be required to maintain (@ J) models during execution, the
growth of the lower bound during execution can be used to candidates for testing or calibration to

manage the size of the antichain.
5.4 Example: The Two Hallways

We present Figure 5.3 as an introductory example of the failure identification problem. A robot
is in a hallway that splits into two, and will nondeterministically choose one of the hallways to
travel down. This robot is equipped with two types of sensors: one that is capable of detecting
three different shapes, and one that detects one of three colors. The shapes may be a square ((J),
triangle ( /), or circle (O). The colors can be red, yellow, or blue. Whenever the robot makes an

observation, it receives both a shape and a color.
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Figure 5.3: An example in which a robot nondeterministically moves to one of two hallways. Given a sequence of
observations that are inconsistent with either hallway, we cannot determine which sensor has malfunctioned unless we
know which hallway the robot is in.

Assume that the robot receives the sequence of a blue circle, yellow circle, blue triangle, and
yellow square @.0, A ,|:|). This sequence is not consistent with either of the hallways; for
the top path, we would expect a triangle instead of a circle for the first observation, and for the
bottom path we would expect the first observation to be red instead of blue. If the robot knew
which of the hallways it had ended up in, identifying which sensor was malfunctioning would be
simple. However, due to the fact that we are unaware which of the two hallways the robot has
nondeterministically chosen, we cannot determine which of the sensors has malfunctioned.

Figure 5.4 introduces a slightly more complex version of the same situation. In this version
the robot now has a third sensor, which we will call a line sensor, which can identify if a shape’s
outline is a solid line or a dashed line. Figure 5.4 also features a slightly different sequence of
shapes and colors than Figure 5.3. In this example, the robot receives a sequence of a blue triangle
with a dashed line, a yellow circle with a dashed line, a blue circle with a solid line, and a yellow
square with a solid line ( & , {3, @, [J).

As the robot in this example has three sensors, the hypothesis space I3 contains nine sets, which
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Figure 5.4: An example in which a robot randomly moves to one of two hallways, now with an additional sensor.
With this sequence of observations, we can determine that the line sensor has malfunctioned, but still cannot determine
which of the other sensors have malfunctioned.

we can arrange in a lattice as in Figure 5.5. For this lattice, we abbreviate the names of the sensors:
S for Shape, C for Color, and L for Line. Figure 5.5a shows the lattice at the start of execution,
before any observations have been received. As no observations have yet been received, there is
nothing to cause inconsistency, and all elements of the lattice are a possible consistent hypothesis.
The lower bound of the lattice is the empty set, { }, which is marked in dark green in the figure.

Upon receipt of the first observation (the blue dashed triangle, 4 ), it can be immediately
determined that the line sensor has malfunctioned. No matter what hallway the robot is in we
expect the robot to sense a solid line, and thus this is inconsistent. Figure 5.5b shows the lattice after
it has been updated to reflect this information. As the line sensor is known to have malfunctioned,
all consistent models must now contain it within their set. This results in the lower bound of the
lattice becoming {L} and the elimination of all models that do not contain the line sensor.

Later, when the third observation is received, we experience the same issue as in the example

124



provided in Figure 5.3. Without knowledge of which hallway the robot is in, there is no way to
determine whether the shape sensor or color sensor has malfunctioned. Figure 5.5c¢ reflects this; as
it can be determined that another sensor has malfunctioned in addition to the line sensor, {L} is no
longer consistent. Instead, the lower bound of the lattice becomes the two sets {S,L} and {L,C},
as either hypothesis is consistent.

These two examples are meant to highlight several ideas. First, it is clear even for these small
examples that the size of the hypothesis set B can quickly grow unmanageable. Second, Figure 5.5
demonstrates how Algorithm 3 uses received information to gradually raise the lower bound of the
lattice, allowing for the disqualification of hypotheses without directly testing them. Finally, the
lattice at the end of the observation sequence has a lower bound that consists of sets of multiple
sensors. This demonstrates an idea first stated in Section 5.1, which is that using probabilistic
models to identify the failure of individual sensors does not capture information that is useful to
us (in this case, that all consistent explanations involve multiple malfunctioning sensors). Even
in the case of an estimator tracking probabilities over sets of sensors, we argue that the lattice-
based approach described here provides a concise way of tracking information in a way that can

be directly applied to questions of task completion and planning (Section 5.6).
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(a) The lattice before any observations. (b) The lattice after the first observation. (¢) The lattice after the third observation.

Figure 5.5: An example of how the sequence of observations in Figure 5.4 affects the lower bound of the hypothesis
space B. S is the Shape sensor, C is the Color sensor, and L is the Line sensor. Circles that are dark green indicates the
lower bound of the lattice, which are the models that would be kept by Algorithm 3. Light green indicates consistent
models that could be generated, and white indicates hypotheses that have been removed from consideration.

5.5 Example: Digging for Gold

A robot is searching for buried gold within a confined space. The robot operates withina 5 x 5
grid world. The robot’s goal is to locate and dig up the buried gold, which could be in any of the 25
locations in the world. The agent is capable of moving in the four cardinal directions and digging
in the square it currently occupies. The agent has been equipped with a small selection of sensors

to help it navigate this space. These sensors provide the following information:
1. The distance of the nearest wall.
2. The direction of the nearest wall.

3. An intensity reading (from the set {none, low, med, high}) indicating how close the goal

object is.

4. Verification of goal attainment once an object has been dug up (such as ensuring the right

object has been found using a camera).

The robot does not know ahead of time which of the 25 possible locations contains the treasure

it seeks. We represent this uncertainty through a collection of 25 worlds, each differing only in
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Figure 5.6: A collection of 5 x 5 worlds, each of which places the buried goal in a different square.

where the treasure has been buried. Observation values are also adjusted accordingly. Figure 5.6
shows a representation of this collection.

In order to analyze our algorithm, we will present the example of an execution in which a
sensor failure occurs. We will compare the complexity of the algorithm throughout its execution
to an approach that directly implements Definition 39, but does not make use of the insight of
Property 2. The direct approach simulates all possible models of sensor failure simultaneously,
and stops simulating a model only when no more strings are consistent with it. The same vertices
are therefore considered independently for each model.

The number of models maintained by the algorithm depends not only on the execution of the
robot, but also on the number of observations that may be valid from a location under some con-
figuration of the world. Within this example, the main complicating factor is that any observation
from the intensity sensor is valid for some configuration of the world. Numerous models which
are consistent under the assumption that this sensor has failed will therefore propagate during exe-

cution, as they cannot be completely ruled out.

127



5
i
=B

Figure 5.7: An example of a robot’s path through a given world. The star indicates a sensor malfunction during
execution, while the gradient is a visual representation of the proximity sensor’s readings.

5.5.1 Running the Algorithm

Figure 5.7 shows an example of a path taken by a robot. We will use this execution history as
the input to the algorithm. During this execution, the sensor that reports the distance to the nearest
wall malfunctions at a certain step. This failure is not explicit; the agent receives an incorrect
reading instead of the failure indicator L. If the robot knows its initial location in the world, this
observation can be determined to be inconsistent with the world. For both the direct method and
Algorithm 3, this eliminates all models in which the wall sensor has not failed.

At the start of execution, the direct method must have a model for every one of the possible
25 world configurations, along with all of the possible combinations of sensor failures. With four
sensors, this method begins with 400 models to manage. The method from Algorithm 3 begins
with only 25; one for each world configuration, each of which has an initial hypothesis of the
empty set.

When the incorrect sensor reading is received, the robot is capable of determining that this

observation is inconsistent with the world. For the direct method, this reduces the number of
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models to 200. Our algorithm will update its models to add the wall distance sensor to each,
raising the lower bound of the lattice of the hypothesis space. For the particular execution shown
in Figure 5.7, our algorithm will never have more or less than 25 models. This is due to the fact that
the robot does not take any unsafe actions that would disqualify a model in that way; additionally,
under the assumption that all sensors are faulty, all models would become consistent with the
observation history.

This constant number is due in part to the structure of the problem: for each of the 25 possible
goal locations, the corresponding world has single observations that are expected at each location.
In cases in which a robot can receive multiple possible observations and transition to different
vertices, the number of models will increase. When certain actions are not valid under certain
models, the number will decrease.

Our main improvement over the direct method is that the number of traces tracked by our
algorithm depends on the average number of outgoing edges from any given observation vertex.
Conversely, the direct method must track branching in the plan for each possible failure model. De-
pending on the information available to the robot and the sensing history, any number of elements
within the lattice may be consistent models at a given point in execution. Given that the size of the
hypothesis space can be exponential in relation to the number of sensors, the overhead required to

maintain all models simultaneously for large numbers of sensors quickly becomes unmanageable.
5.5.1.1 Variation on a Theme: Advanced Knowledge

We consider a variant of this problem where the robot has been given knowledge about the
hypothesis space B a priori. In particular, we assume that the robot has been informed that its
intensity sensor is functioning. This reduces 5 down to eight elements (for the remaining three
sensors and their combinations). At the start of execution, the algorithm will create 25 initial
models as before. Once the first observations are received, however, both methods will reduce
the number of models tracked. As the intensity sensor is known to be working, the initial reading
eliminates any worlds where the buried treasure is at the starting location, as well as any where

the treasure is assumed to be within two spaces of the agent. When the models for these potential
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worlds are evaluated, they will crash. As the intensity sensor is not part of the hypothesis space
there is no way to make these models consistent, and so they are removed from consideration. By
the end of execution, our algorithm is maintaining only a single model — that which includes the
wall distance sensor in its set, and which corresponds to the world with the goal at the location

seen in Figure 5.7.
5.5.1.2 Variation on a Theme: Nondeterminism

The previous examples have both had the algorithm initialize with 25 models, which then may
or may not be reduced. However, it is possible for Algorithm 3 to increase the number of models it
is tracking. This can happen in two different ways. In the first way, the observation may not result
in adding only a single model to the hypothesis space. Algorithm 3 generates a collection of sets of
the same size to test, each of which is an incomparable element above the current hypothesis in the
lattice. If multiple of these sets can make the observation consistent, then the algorithm will create
a new model for each of them. The second way in which the algorithm can increase the number of
models under consideration is through non-determinism in action outcomes. If an agent can take
an action that labels multiple outgoing edges, then we must consider that any of the target vertices
could be the one to which our agent transitions. As each individual model only tracks a single
vertex, the algorithm must create a new model for each target. This means that exact number of
models that may be under consideration at any given time is dependent on the problem structure,
particularly on the amount of non-deterministic transitions and any observations that may later

reduce this set.
5.5.2 Use of Information

Additional information, such as that provided by the | and T symbol, can be valuable for

eliminating large portions of the hypothesis space.®

® The following subsections are written with consideration to the initial version of the example, and not its varia-
tions.
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5.5.2.1 Receiving Information on Failures and Certifications

As shown in the previous example, the design of a world (and the knowledge implicit in the
representation of that world) means that even in the absence of explicit failure symbols such as
L, some malfunctions can still be identified. However, there may also be sensors for which any
reading could be a valid observation in certain cases. Knowledge of explicit failure allows for
reduction of the model set in this case. Sensor testing efforts can then be guided by knowledge of
which sensors may have failures that are difficult to identify.

In addition to the working set’s ability to reduce the number of elements in B, it is also possible
for the robot to acquire information during the course of its execution, such as that which might be
obtained with self-diagnostics. Another source of information is more abstract information about
the problem; for example, we would never expect the camera to return that it has identified the
treasure before the robot has even dug anything up. Nor would we expect certain combinations of
wall distance and direction observations, as we know that the world is a square grid.

Unlike its counterpart |, the T symbol is unique in that it must be part of the defined world
model itself. Otherwise, obtaining T in a sensor reading would result in a crash during execution,
contradicting the certificate’s purpose. Additionally, unlike |, which removes a sensor from the
working set and adds it to the hypothesis B in the same method that Algorithm 3 does, T modifies
the working set by removing sensors from consideration, as well as disqualifying any models that
assume the sensor had failed.

Certificates like T allow for us to definitively know that a sensor is working. However, self-
testing and calibration are not always an option for robots. Additionally, we can imagine that
even a robot capable of calibrating and certifying its sensors could have additional limitations,
such as it being time and energy consuming. The question that naturally arises is how the robot
can determine what sensors should be calibrated to get the largest benefit— namely reducing the

number of consistent failure maps to be as small as possible.
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5.5.2.2  Complications of the Multi-Hypothesis Space

We note here that one result of the algorithm presented is that, for this example, the robot is
unable to definitively determine which of the 25 possible world configurations is the truth. As we
are jointly considering the 25 possible configurations as part of the same planning problem, deter-
mining which is the true world is a variant of a localization problem. Under traditional methods of
state estimation (as covered, for instance, by LaValle (2006)), the robot would disqualify situations
that were inconsistent with the history of observations and actions seen thus far, and thus obtain an
increasingly accurate estimation of the configuration of the world it occupies. However, the same
actions are possible at the same locations no matter where the treasure is located; therefore, actions
are insufficient for disqualifying worlds from consideration.

Under the algorithm presented observations also are unable to disqualify worlds from consider-
ation; should an inconsistent sensor reading be obtained, the sensor failure model is updated until
consistency is achieved. (This is always possible under the case where we assume that all sensors
have failed, which would permit any sensor reading at any location in the world.)

Furthermore, in cases such as the one described here where a failure has occurred, none of the
25 configurations are fully consistent with the agent’s execution. To determine which world model
is most likely to be the correct one instead requires considering the minimal remaining models after
execution of the algorithm; assuming that robots are constructed without malfunctioning sensors,

the smallest explanation(s) provided by Algorithm 3 are considered the most likely.
5.6 Using Knowledge of Sensor Failure

Up to this point, we have presented an algorithm that allows for an agent to track possible
failures. While this enables the agent to perform diagnosis and fault discovery during execution,
the recognition of a fault is only useful if the agent can then use it to make some decision. Within
this section, we will turn from the question of failure recognition to how this information can be
actively used by an agent.

This section is divided into two main parts: first, we will introduce an algorithm that, given
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a world p-graph W, is capable of determining if a goal can be reached given a set of inoperable
sensors. We then present a second algorithm that is capable of returning for all vertices in 1V the

sensors required to remain operable and reach the goal from that vertex.
5.6.1 Identifying When Problems Become Unsolvable

Given a robot with an array of n sensors, the set of sensors that must be operable for the robot
to achieve its goal varies over the course of plan execution. For instance, if the robot described in
Section 5.5 has already reached the location where gold is buried and dug it up, all that remains
is verifying that the object has been found, and therefore only the sensor which performs this
duty must be operable. However, the same robot at the start of execution requires significantly
more information in order to locate the buried treasure, which requires that additional sensors be
operable. If they are not, the problem may be unsolvable.

We consider a planning problem to be “unsolvable” if there exists no valid plan. Plans are
valid if they satisfy the requirements of a solution given in Chapter 3, Definition 4; they produce
executions which are finite in length, do not take undefined actions, and only produce event strings
that either reach a goal or are a prefix to an execution that reaches a goal. In the case of failure
maps, if valid plans existed for a planning problem before application of the failure map and do
not after its application, it is because information has been lost from the observation labels that
was required for the agent to sufficiently distinguish its state. At some point during execution,
the robot will either occupy a set of potential states which share no action among them, or it will
enter a condition in which actions taken may trap it in a non-goal state (including actions that may
potentially create infinite length executions).

We present Algorithm 4 which, given a world W and failure map §p, returns True if there
exists a plan capable of solving the planning problem, and False if not.’

Algorithm 4 must check multiple cases before it is capable of returning True. In order to

enforce the requirement that planning problems be solvable from all initial vertices, the initial set

7A simple extension of this algorithm allows for the return of a recursively constructed plan graph, wherein a set
of vertices returns itself if it will evaluate to True, and includes the outgoing transitions where all target children also
return True.
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passed to SEARCH_UNDER_FAILMAP should be V' = Vj,;;(W). However, we can also assign V'
to an arbitrary set of vertices, such as in cases where there are multiple locations within the world
which our agent could be during execution. In fact, this is key to the algorithm’s function, as it
allows for us to propagate sets of indistinguishable vertices and maintain these indistinguishable
groups as a unit. If the function on the initial set of vertices returns False, then the problem is not
solvable from all vertices in Vi,;; ('), and therefore no valid plan exists. Otherwise, if the search
succeeds on all initial vertices, then a plan exists and the algorithm returns True.

For each vertex v € V, the algorithm calls the recursive function SEARCH_UNDER_FAILMAP,
which takes as arguments a vertex set V' and failure map §5. The algorithm now must determine
if these vertices could be part of a valid plan. If all vertices v € V are a goal vertex, then the
function automatically returns True, as a valid path to a goal has been reached. If V' is not a set of
goals, and V' consists of observation vertices, then the algorithm must apply the failure map §p to
all outgoing edges and determine what edges are now indistinguishable from each other. (This is
performed in a manner similar to that discussed for Algorithm 3, where instead of generating all
possible labels, the sensors included in the failure map have their values ignored.)

For both action and observation vertices, labels which are indistinguishable result in groups of
child vertices that are also now indistinguishable. For each different label that appears on v € V’s
outgoing edges, groupings are made based on targets of edges bearing that label. (Algorithm 4
makes a slight abuse of notation and uses £/(v) to represent the set of outgoing edges of a single
vertex v, and FE(V) to represent the collection of outgoing vertices from all v € V)

As these vertices are indistinguishable, for a plan to exist it must be valid from all vertices
within the group. Therefore, each group is now considered independently, and for each group
the function SEARCH_UNDER_FAILMAP is recursively called. If the group returns False, what
happens next depends on the type of vertex being considered. For observation vertices, the robot
does not control what observations are received, and therefore must have a valid plan for any
possible outgoing label. Therefore, the failure of a single group indicates that there exists no plan

involving V', and the function returns False. If V' contains action vertices, however, then by the
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Algorithm 4: Forward Searching Under Failure

Data: world p-graph W, failure map §p, vertex set I

Result: True if a valid plan exists that is capable of solving W from V' under § g, False otherwise.
1 Function SEARCH_UNDER_FAILMAP(V C V(W), §p):

2 if V' C Voa1 (W) then
3 ‘ return True
4 if all v € V are an observation vertex then
5 for each vertex v € V do
6 for each of v’s outgoing edges e € F(v) do
7 \ APPLY_FAILMAP(e, §5)
// obtain all sets of child vertices reached by indistinguishable edges.
8 test_groups = GROUP_INDISTINGUISHABLE(E (V1))
9 for group in test_groups do
10 if SEARCH_UNDER_FAILMAP(group, §g) is False then
1 if v € V are observations then
12 | return False
13 else
14 remove group from test_groups
15 proceed to next group in test_groups
16 else
17 ‘ continue
18 return (test_groups # )

definition of a plan we require only that there be at least one action the agent can take from all
v € V to make progress towards a goal. Therefore, disqualification of a single group results in the
removal of that group from consideration, but the algorithm only returns False if, after treatment
of all groups, all have been disqualified (and thus there exists no action that will take the agent
towards a goal).

Algorithm 4 allows for a robot to determine if a given planning problem can still be solved
under a certain failure map. If it receives False, then the robot has learned that there is no plan.

The notion of a plan being valid, as discussed at the beginning of Subsection 5.6.1, presumes a
worst-case scenario where an adversarial world will always “pick” the observation that leads to the
worst outcome for the robot. Specifically, if there exists no plan such that a robot cannot guarantee
success in the worst circumstances, then it has no choice but to “give up”. But whether the robot

should actually “give up” is somewhat problem-dependent; in cases where no valid plan exists due
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to no plan being safe, the agent will have undefined behavior. However, if no valid plan exists
because some choice may trap the agent in a non-goal state from which it cannot leave, no plan is
live (Chapter 3, Definition 4). Depending on the consequences of ending up in that state (or those
of failing the task overall), it may be “worth it” for the robot to attempt to reach the goal and risk
being trapped.

It is also entirely possible for there to be some paths within a planning problem where certain
sensing information is required, and other paths where it is not. We can easily imagine an optimistic
robot can attempt to execute an invalid plan and rely on serendipity to achieve a goal — giving up
only when it receives a symbol that crashes or it has no remaining safe actions.

In light of this, knowing only if a planning problem is unsolvable or not is somewhat unsatis-
fying. Adding to this, the algorithm requires the robot to perform a search over W every time it
updates a model, which can be a costly process. Instead, we propose an algorithm that can pre-
process a world W and determine, for each vertex, what sensors must be functioning to guarantee
that the task can still be completed from that point. Such an algorithm could be run once and have
its output stored, allowing the robot to look up the sensing requirements for its current vertex (or
vertices) after identifying a failure; if a sensor has failed that is within the required set, the robot

can make an informed decision on if it should abandon the current task.
5.6.2 Identifying Sensing Requirements and Boundaries

Sensing requirements are cumulative as we move back from a goal towards the initial vertices
of a graph; if an arbitrary vertex v requires sensor j to be functional, then it must also be func-
tional at any point in the execution before the robot reaches v. However, the way in which these
requirements accumulate is not as straightforward as it may initially seem.

The existence paths to a goal may also induce differing sensing requirements, based on what
information is available at different points. Determining the minimum set of sensors that must be
functioning is therefore the first step to determining if an agent can still complete a task after a
failure has occurred. In order to do this, we present an algorithm that, given a world W, performs

a two-step search.
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In order to find what sensed information is strictly required for task completion, we must pro-
cess vertices moving backwards from the goal. This is because dependencies are cumulative: if a
sensor must be working at one vertex in IV, it must be working in all vertices that come before it
and can reach that vertex. Algorithm 5 begins by performing a reversed topological ordering over
all vertices in W. This ensures that all vertices will have their children processed before they are,
and allows for them to inherit the dependencies of their children. (We note that this requires that
W contain no cycles within it—a limitation required for this section only.)

Due to the branching nature of graphs, a vertex may end up with multiple different sets of
required sensors, each of which was derived from the dependencies of a child. If an agent is capable
of making a choice in action that leads to two different children with dissimilar dependencies, then
it is not necessary for the full set of sensors from all children to be operable, but only that there
exist an operable set that is suitable for one of the available paths.

We will refer to an individual set of sensors required for a given execution as a dependency set.
We will refer to the collection of dependency sets that each vertex possesses as an option set. Each
vertex is now treated in reverse topological order. For an arbitrary vertex v, this “backward step”
can be broken down into several smaller steps:

1) identify cross-child dependencies,
2) identify candidates for additional dependency sets,

3) test each candidate.

For this first step, we identify “cross-child dependencies”. Each child of a vertex v has its own
option set. By intersecting all of the children’s option sets, we obtain any dependency sets required
by all children. This set must be included in any dependency set of the parent by default.

The algorithm next identifies candidates for v’s option set. (In the case that v is an action
vertex, this step is omitted, as an action vertex clearly does not have outgoing observation labels
that could be affected by malfunctioning sensors.) Each outgoing edge from v bears a label with n
observations, (Y7, Ys,...,Y,). If a given sensor Y; differs between labels, it is a potential candidate,

as the robot possessing the capability to discriminate between them (and thus more accurately
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knowing its potential state in the world) may be what distinguishes goal achievement from failure.

The algorithm must now enumerate the candidate dependency sets. First, it removes the cross-
child dependencies from the option sets (and subtracts them from any sets they may be a subset
of). As these must be included by default, they can be excluded from enumeration. Candidates
are then enumerated from the collection consisting of the previously identified candidate sensors
(transformed into singleton sets) and all dependency sets. The cross-child dependencies are then
added back to all generated sets.

The “forward step” of this algorithm is the testing of each candidate dependency set. For each
candidate, the algorithm calls Algorithm 4 with v as the initial vertex and the candidate dependency
set for the failure map. If no plan exists, then the set contains sensors required for goal attainment.

The primary way in which this algorithm could be made more efficient is means for the reduc-
tion of the number of sets enumerated and then tested. For the testing step, although all combi-
nations of dependency sets and candidate sensors to add are generated, they do not all need to be
tested. If a sensor is required for goal attainment, any failure map including it will not be able to
achieve the goal. Therefore, once a set is identified as containing necessary sensors, any set which

contains it as a subset can be removed from testing.
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Algorithm 5: Identifying Sensor Dependencies

22

Data: World p-graph W

Result:

A dictionary that assigns for each vertex v € V(W) an option set.

required_sensors = CREATE_DICTIONARY ()
processing_queue = REVERSE_TOPOLOGICAL_SORT(V (W))
for vertex v in processing_queue do

if v

else

has no child vertices then

// eliminate from consideration goal states and states that trap the robot
associated_sensors for v is the empty list []

continue

all_dependency_sets = {}
for each vertex ¢ that is a child of v do

for dependency set d_set in ¢’s option set do

‘ add d_set to all_dependency_sets
child_cross_dependencies = INTERSECT_ALL_MEMBERS(all_dependency_sets)
candidate_sensors = FIND_DIFFERENCES(all of v’s outgoing edges e € E(v))
for dependency set d_set in all_dependency_sets do
‘ subtract child_cross_dependencies from d_set

add candidate_sensors to all_dependency_sets
test_dependency_sets = GENERATE_POWERSET(all_dependency_sets)
for test_set in test_dependency_sets do
add child_cross_dependencies to test_set
plan_solvable_under_failure = TEST_FAILURE_MAP(test_set)
if plan_solvable_under_failure = False then

/I if a plan fails to exist after application of a map,

/I then the sensor is required for goal achievement

add test_set to required_sensors[v]

23 return required_sensors
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5.7 Conclusion

During the operational life of a robot, it is likely that it will experience reduced sensor per-
formance and potential failure. The degradation and failure of sensors can be an impediment to
completing tasks, and may even create hazardous conditions for the robot or those around it. This
chapter has presented a lattice-based method of visualizing the space of all hypotheses for which
sensors have failed. We have also presented multiple algorithms that make use of this lattice to
answer various questions of relevance to an agent.

We have presented an algorithm that is capable of concisely representing the hypothesis space,
a set that may be exponential in size. We have demonstrated the application of the algorithm on an
example and presented discussion on how insights from the lattice structure can be used to make
informed decisions for calibration and testing.

Going further, we have shown how this information can be used by the agent itself. We pre-
sented an algorithm that is capable of deciding if a failure prevents task completion. To further
extend this concept, we also presented an algorithm that is capable of identifying the sensors re-
quired to be operational at each point in the world, allowing a robot during execution to quickly
know if a failure has caused the goal to be unattainable.

We have seen that the lattice structure can be used to identify numerous pieces of information
that are of value to robots and their designers. The formalization of these concepts, such as deter-
mining if sensors can be rated by importance to a task or similar questions, remains as an avenue
for future work. Other future work includes opportunities for optimization of the search algorithms
presented within this chapter. Specific directions for the improvement of Algorithm 5 include re-
moving from consideration candidate dependency sets once a subset is known to be required, as

well as developing a method by which cycles within the given p-graph can be handled.
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6. FUTURE WORK AND CONCLUSION

This dissertation has presented a step towards a principled collection of design theories for
robots. We now finish with a discussion of open areas for improvement and continued research,

before briefly summarizing the contributions presented in this work.
6.1 Future Work

Future work will be required to further expand the methods given here to cover broader families
of robots, as well as to include problems of interest to designers that have been omitted here. The
primary open avenues left by this dissertation are future work in identifying sensor failures, as well
as in expanding infrastructure models.

As mentioned in Chapter 4, while the decision to disregard inter-agent interference was a de-
liberate choice to allow for analysis of aggregate effects, there exist cases where such interference
cannot be ignored. Such interference from other agents can induce changes in action outcomes and
sensed values, similar to infrastructure. Unlike infrastructure, which we have defined as a function
applied to an MDP, inter-agent interactions could be reasonably expected to impact both of the
agents involved — a difference that requires a framework for MDPs evolving alongside each other.

The development of such a framework would also permit for the introduction of increasingly
complicated infrastructure. In reality infrastructure is not always passive, but can maintain infor-
mation about the world or be used to provide information to agents. This invites future work seek-
ing to extend this framework to consider infrastructure as a unique type of agent itself. POMDPs
represent a potential avenue for capturing the uncertainty and complexity of these interactions.

With regard to the given work in identifying sensor failures, there exists the potential for opti-
mization of the algorithms. Algorithm 5 in Chapter 5 could be made more efficient in its enumer-
ation of candidates for new dependency sets, possibly through generating candidates “as needed”
over enumerating the entire set. Algorithm 5 is also not capable of handling p-graphs with cycles

due to the topological sort performed at the beginning. Deciding on a consistent method for elimi-
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nating cycles would increase the number of p-graphs that could be processed by the algorithm.
This dissertation presented a method through which agents can determine if faults can be recov-
ered from, or if the fault prevents the agent from achieving task completion. As noted in Chapter 5,
goal achievement for certain tasks may not be a binary objective. In such cases, when recovery is
not possible, it may still be desirable for the robot to get as close to achieving the goal as possi-
ble. Such an extension would require that the graph framework be modified to include a notion of

partial goal completion.
6.2 Conclusion

Over the lifespan of a robot, various problems arise that require understanding how the robot
will obtain and make use of information. This dissertation has presented a principled collection
of design theories and tools that seek to make explicit the relationship between environment, in-
formation requirements, and state. Determining what information is required, as well as what is
available, allows for designers to make intelligent design choices. It also allows for designers to
identify potential ways in which infrastructure can supplement agent design.

To approach this problem, we made use of two primary tools. First, action-based sensors (Erd-
mann, 1995) provided a method through which we could directly connect sensors to the tasks for
which they are used. Plans and planning problems (jointly) are also treated as first-class objects of
study. By doing so, we can re-frame plans from being an object obtained at the end of a process to
being an initial description of desired agent behavior. This framing also provides a way in which
we can identify how disparate-seeming problems (such as sensing requirements and infrastructure
design) share a common basis.

Action-based sensors take a given environment and desired behavior and determine how the
environment’s structure induces requirements for sensing and storing of information as state. The
later chapters built upon this, with infrastructure forming something like a dual of the problem
by taking agent capabilities as fixed and examining how changes to the environment resulted in
different agent behavior. While these works focused on questions of design and implementation

of a robot, we then relaxed the assumption that sensors are trustworthy to explore identifying
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and handling failures. This work transitioned the focus from design to how knowledge of the
environment and the robot’s sensing capabilities can be used by the robot itself to make informed
decisions concerning task completion.

We have also seen a lattice structure arise naturally multiple times, both in existing work such
as the sensor lattice (LaValle, 2011) and within this work through the plan lattice, which allowed
us to visualize boundaries between plans that will solve a planning problem and those that will
not. This structure also arose in Chapter 5 with the lattice of the hypothesis space, which similarly
allowed for us to determine the boundary between feasible and infeasible explanations.

To demonstrate these concepts, this dissertation presented several algorithms for enumerating
action-based sensors, tracking hypothesis spaces, and determining if a task can still be completed.
Case studies and examples were also presented within each chapter to demonstrate the application

and utility of these tools.
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