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Preface: The Novelty Problem in Al

Al researchers these days are quick to tout the progress that has been made in the field
over the past decade. From game playing to visual recognition, new capabilities are
appearing all of the time for many different applications. And indeed, such achievements
should be celebrated. However, some very useful Al capabilities remain out of reach. For
instance, why aren’t safe self-driving cars available in the market in 2023? A major lim-
itation of today’s Al systems has become apparent in the quest for autonomous systems
that must operate in real environments: they cannot manage novelty in the environment
they were designed for. That is to say, if something new appears, there is no capacity for
an agent to detect, characterize, and learn how to handle it. Given the practically infinite
number of ways an environment can configure itself, coupled with the routine appearance
of new things within an environment, novelty can be a significant confound. This book
is the first attempt to study novelty problems in a rigorous fashion through the use of a
unifying framework for formal theories of novelty.

Ad hoc ways of addressing the novelty problem have proven to be insufficient. There
exists a persistent belief that reinforcement learning is all that is needed for agents to
manage novelty because any novelty can be learned over time. Similarly, there exists blind
faith in the generalization properties of deep learning through invariant representation
alone. Given the results found in this book for the simplest of Al domains, we can safely
say that a more principled approach to novelty management is needed. Neither approach
addresses the core detection problem at the classifier level, nor is there any capacity to
characterize novelty, which can take on many different forms. On that latter point, what
exactly does it mean for something to be novel? That isn’t a question that can be answered
using an off-the-shelf Al algorithm. The need for a theory matched to a specific domain
can provide a better starting point for agent design.
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A recent effort to address the novelty problem in AI has been the DARPA Science
of Artificial Intelligence and Learning for Open-world Novelty (SAIL-ON) program.
It established a research program to develop a set of engineering design principles for
open-world learning in 2019 [1]. Throughout the four years of the program, a large consor-
tium of academic, industry, and government researchers has collaborated on fundamental
work looking into innovative strategies for effective open-world learning in both activity
domains, e.g., interactive video games, and perceptual domains, e.g., datasets of images
and videos. This book is the output of the program’s Novelty Working Group, which was
charged with developing viable theories for the study of novelty in Al. Each chapter was
contributed by different participants in that working group.

This book is organized in the following manner. Chapter 1 is the focal point of the
book. It introduces a unifying framework for creating theories of novelty that are matched
to specific domains. This includes definitions on different types of novelty, as well as
constructs for building agents that can detect, characterize, and manage novelty. This
framework is general and can apply to any domain in which novelty appears. To justify
this claim, each subsequent chapter provides an example domain for which a theory is
developed and evaluated. These chapters include: (1) a task overview, (2) definitions of
dissimilarity and regret operators, (3) definitions of measurements and observations, (4) a
description of novelty types and examples, (5) a set of experiments validating predictions
made by the developed theory, and (6) concluding remarks.

The domain-specific chapters cover a broad range of activity and perceptual domains.
Chapter 2 starts things off as simple as possible with a study of novelty in the 2D Cart-
Pole activity domain. Chapter 3 extends the study of CartPole by examining a 3D version
of the environment. Chapter 4 turns to the perceptual domain of image classification
in computer vision. Chapter 5 discusses a related computer vision domain, handwrit-
ing recognition, which also contains elements of natural language processing. Chapter 6
pushes farther into the realm of natural language processing by studying contextual and
semantic novelty in text. Chapter 7 comes back to activity domains with an examination of
the game Monopoly. The book concludes in Chap. 8 by recapping what we have learned
and suggesting the development of new theoretical directions that are interdisciplinary in
nature.
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Fig. 1.1 Main elements of the implicit theories of novelty; items
with dashed outlines are outside of the task or agent but are
critical to defining novelty. In the framework, a theory of novelty
is obtained by specifying: world }V and the world dimensionality
d’, observation space O accessible to the agent, and agent space
S. The agent can only access world information indirectly through
a perceptual operator P with associated W, processed world
regions. The agent « in state s, € S at time ¢, using state
recognition function f;(x, s) to determine the action ¢, € A
to be taken, which is used by an oracle’s world state transition
function T'. Critical to defining novelty are task-dependent world
dissimilarity functions D,, 7., with associated threshold 8,
task-dependent observation space dissimilarity functions D, 7.,
with threshold §,, world regret function R,, 7, observation
space regret function R, 7, and agent space regret function
Ra 1. The framework also defines a task-dependent agent space
dissimilarity function Dy 7., which allows one to consider
the difference between agent models for different worlds, e.g.,
to measure learning. While not explicit in the figure, the world
state and observed states may collapse, if perceptual operator
is the identity. In addition, the world and observed spaces may
include full or partial copies of the agent’s memory/state/state
recognition function. Every set of these operators/functions/values
defines a different theory of novelty for its associated task ...........

Fig. 2.1  Average dissimilarity, E3D, 7(w,, w;), between the future states
expected and observed by agents that were tuned to the world w
with incorrect value of the magnitude of pushing force, F, (left
panel), or a horizontal force acting on the cart, Fy, (right panel),
while tested in the world w. The expectation is computed over 20
samples of the initial world state wg ............ ... . ... ...
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Fig. 2.2 Expected loss and regret of simulation-based agent when varying:
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a push force from 0 to 360 N, b a constant horizontal force
from —10 to +10 N, ¢ gravity from 0 to 360 m/s>.d pole length
from near 0 to 180 m. The heatmap (left) shows the difference
in performance between an agent trained in agent’s world, w,
and evaluated on a different test world, w. The scatter plots
show the expected loss (middle) and regret (right) in the novel
environment as a function of difference-based dissimilarity,

D¢ D) 12
Expected loss and regret of the DQN agent when varying: a push
force from 0 to 360 N, b a constant horizontal force from —10
to +10 N, ¢ gravity from 0 to 360 m/s?, d pole length from near 0
to 180 m. The heatmap (left) shows the difference in performance
between an agent trained in agent’s world, w, and evaluated

on a different test world, w. The scatter plots show the expected
loss (middle) and regret (right) in the novel environment

as a function of difference-based dissimilarity, f)gj’?—(w, 177 15
Our multi-type novelty experimental environment uses
CartPole3D, where the goal is to keep the pole balanced. The
environment has a controllable cart (green) balancing a pole
(blue). It also has added independently moving environmental
agents (red). The environment can be changed to provide

for multiple subtypes of novelty. The Weibull Open World
control-agent (WOW-agent) only sees the observational vector

of 37-73 numeric values of the position/velocity of the cart, pole,
the environmental agents, and the walls that define the world
boundaries. In each episode, it receives the observations of each
step, makes a control decision (left, right, front, back, none),

and tries to keep the pole balanced for 200 timesteps. It reports
the probability the world is novel in each episode. The image
also shows episode (E=) and step number (S=), the WOW-agent’s
probability that the world has changed (WC=) to a novel state
and the WOW-agent score (S=) ..ottt 22



