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If we drop the baton, succumbing to an existential catas-
trophe, we would fail our ancestors in a multitude of ways.
We would fail to achieve the dreams they hoped for; we
would betray the trust they placed in us, their heirs; and
we would fail in any duty we had to pay forward the work
they did for us. To neglect existential risk might thus be
to wrong not only the people of the future, but the people
of the past.

Toby Ord, The Precipice [62]

Introduction

AT promises huge benefits to humanity, but also presents huge risks. Consider two potential

futures:

1. While commercials are optimized to persuade consumers to buy products, old-school
televisions do not specialize ads based on the viewer’s channel browsing history.
Machine learning-based ad optimization offers a tighter feedback loop and stronger
optimization power than e.g. A/B testing. For example, many people find it hard to
pull themselves away from Facebook [10], which uses machine learning to maximize
engagement and minimize the chance the user leaves the website. In the future,
advances in AI may allow smaller firms to create Als which also compete for customer
resources and attention in the same style and intensity with which Facebook saps
user attention. The world becomes filled with thousands of narrowly scoped machine
learning systems, which are difficult or impossible to uproot, and which all compete

for human resources. Humanity has effectively lost control of the future.



2. Presently, reinforcement learning agents are trained to take actions which lead to
higher expected performance on a formally specified task. These agents can learn
clever solutions to well-specified optimization problems. In the future, progress on
“general” intelligence is slow, until a series of breakthroughs occur when reinforcement
learning agents are trained in multi-agent settings on a broad curriculum of tasks
with sufficiently large neural networks. Although rewarded for task completion,
the agents use learned planning algorithms to optimize emergently learned reward
functions which are not particularly correlated with human interests, but which
are correlated with task reward on the training distribution [38]. For example,
the learned objective might prioritize staying alive, gaining resources, and forming
coalitions with other Als, as such actions led to increased task performance on the

training distribution.

As researchers excitedly train the agents further, the agents become very smart and
collude in order to collectively advance their own learned objectives. We do not
notice the collusion because large neural networks remain black boxes. The agents
need power and resources to best optimize their goals, and so they take it from
humans. We trained highly intelligent agents with fundamentally alien interests.

Humanity has effectively lost control of the future.

These scenarios are implausibly specific and probably will not happen in detail, but they
illustrate the A1 alignment problem: How shall we design capable and powerful Als which
are aligned with human purposes? The risks from advanced Al are as yet hypothetical
and unrealized, but extinction risks cannot be addressed with empirical trial and error.
Such risks must be thoroughly analyzed and weighed in advance in order to determine

their plausibility and probability.

The AT alignment problem seems difficult

When confronted with the Al alignment problem, a natural impulse is to suggest solutions.
In order to provide a basic understanding of the challenges lurking within AI alignment,
I will respond to several common reactions. My responses will not be rigorous or

comprehensive.



For the following, suppose that humanity discovers how to build superhumanly intelligent

AT agents which optimize a specified or learned objective function.
Reaction 1. If the Al is so smart, it would know what we wanted it to do.

Counterargument 1. The Al may well know what we wanted it to do. However, unless
the AT’s optimization is aligned with human values, the AT would not actually do what we

want.

For example, Marvin Minsky imagined that in order to best prove a mathematical
conjecture, an Al agent would rationally turn the entire planet Earth into computational
resources in order to maximize its probability of success [75]. In this situation, an intelligent
Al may correctly predict that humans would disapprove of this outcome. However, the
Al is searching for plans which maximize its probability of proving the conjecture. This
probability would be decreased if the AT allowed humans to use resources for other purposes.
There is no “ill will” or “evil intent” in this situation: The AI is simply performing a

powerful search in order to optimize the formal objective which we specified for the Al

This example may seem strange. Surely, the Al designers would not be so foolish as to
provide an objective as narrow as “solve this mathematical conjecture” However, the
example is not special. According to the instrumental convergence hypothesis, the story
unfolds similarly for the vast majority of possible formal Al objectives. Instrumental
convergence says that most objectives are best optimized by gaining power and resources
[60, 12]. In chapter 5 and chapter 6, I prove reasonably broad conditions under which
instrumental convergence holds. I predict that most possible formal objectives would

incentivize a highly intelligent AI to take over the world.
Reaction 2. It’s ridiculous to think that an AI could take over the world.

Counterargument 2. I agree that we are presently in no danger of Al takeover. But
consider the technology which we are discussing: General-purpose intelligence, with serial
reasoning speed significantly faster than the brain’s (up to a million-fold speedup; see
the 100-step rule in neuroscience [29]), with the ability to read thousands of books in
seconds, with reliable and easily extensible memory perhaps allowing deeper abstractions
than allowed by the six-layer human cortex [37], with read/write access to its own

implementation, with the ability to run copies of itself on thousands of hosts (and, in



particular, ensure that a copy always exists somewhere [78|; similarly, computer worms
rarely vanish!), and with power consumption unconstrained by the metabolic limits of
the brain [88, 104]. I do not consider it ridiculous to think that such an entity could take

over the world.

Reaction 3. An AI can’t take over the world because computational complexity theory

limits the intelligence of real-world behavior.

Counterargument 3. Human beings are physically possible intelligences, and they have
come close to taking over the world. In 1940, it seemed possible that Adolf Hitler would
win. Consider the following claim: “Hitler could not have taken over the entire world.
He would have had to efficiently solve NP-hard optimization problems in order to set up
supply lines to a North American theater.” In this form, we easily conclude that the
argument is flawed. For an exploration of what (if anything) complexity theory has to say

about the limits of intelligence, see Branwen [14].
Reaction 4. If the Al does something bad, just turn it off.

Counterargument 4. The Al will employ its superhuman competence to execute a plan
which scores highly under its objective function. By instrumental convergence, the vast
majority of objective functions will assign higher score to plans which avoid shutdown (see
section 5.7). Because you (a human) considered the response of shutting off the A1, and
we are assuming the Al is smarter than any human, the Al would consider and prepare for

shutdown attempts.

Reaction 5. We should worry about alignment when we actually know how to build

intelligent machines.

Counterargument 5. [ am sympathetic to this initial reaction. Usually, a new technology
is implemented first and carefully refined later. For example, humanity made cars first
and made seatbelts later. While that delay cost lives, it was not the end of the world.
However, the situation with alignment seems different: Due to the nature of extinction
risk, we cannot rely on trial and error. The alignment problem must be solved before we

train transformatively smart AI agents.

'Branwen [15] writes: “old worms never vanish from the Internet, because there’s always some infected
host somewhere, and how much more so for a worm which can think?”.



There are two more factors which increase the stakes of the alignment problem:

1. The problem may take many years of serial research effort to solve. We do not know
how many years it will take to find a solution. Personally, I think finding a solution

may take a long time.

2. Alignment does not have to be solved in order to deploy impressive Al systems in
the real world. Imagine that you are a researcher at a top Al lab. Your lab had a
breakthrough and produced a spark of “true artificial intelligence.” However, your
lab’s safety experts do not think the Al is safe to deploy. Their worries will seem
hypothetical compared to the certain personal gain you would enjoy after deploying
the system or publishing your methods. Even if your lab decides not to deploy an

Al with questionable safety properties, the next lab may choose differently.

In my opinion, the alignment problem probably will not be solved in the course of
traditional AT research. Unless the field of Al is wrenched off of its current trajectory, I
expect intelligent yet unaligned A1 will probably (a 70%) wipe out humanity within the
next fifty years. I will not lay out the full case for that claim in this thesis. For more
detail, I urge the unfamiliar A1 professional to read e.g. Bostrom [13] or Russell [74]. The
Al alignment literature [26] contains strong arguments which are worth weighing and

digesting over the course of a few afternoons.

Contributions

In this dissertation, I present research on two technical problems of AI alignment. While
I do not present an approach which reliably prevents Al agents from seeking power,
I do introduce an approach for reducing an agent’s impact and I do explore why Al

power-seeking may be hard to prevent.

1. IMPACT REGULARIZATION. Rather than precisely specifying an objective function,
can we instead penalize the negative impact which an agent has on the world around
it? For example, an Al might kick a credit card under a fridge while crossing a room,
because we did not think to penalize the agent for kicking credit cards in particular.
In some objective sense, the agent has “messed up” the environment and has had a

negative side effect.



Chapter 2

Chapter 3

Chapter 4

introduces my method of attainable utility preservation (AUP), which
rewards the agent for completing a specified task while penalizing the
agent for changing its ability to complete a range of auxiliary tasks. The
hope is that by making the agent retain its ability to optimize random
goals, the agent retains its ability to optimize the correct goal. If so, the
agent doesn’t have large side effects which are negative for that correct

goal.

shows that AUP scales beyond gridworlds to complex environments, with

low overhead and without sacrificing performance on the intended task.

formalizes the problem of side effect regularization in terms of a two-
player game between the human and Al. The AI doesn’t know the
objective at first, but the human communicates it at some later time.
To solve this game, the Al maximizes expected performance over a range

of plausible objectives.

. POWER-SEEKING TENDENCIES. Under what conditions will Als tend to seek power

over the world? If instrumental convergence holds for the kinds of agents we build

in the future, such agents will seek resources to best accomplish the objectives we

specified for them. If we misspecified these objectives, they will compete with and

take resources from humans. There are only so many resources to go around.

Chapter 5

Chapter 6

provides the first theory of the statistical tendencies of optimal policies.
I formalize instrumental convergence in the context of Markov decision
processes (MDPs). I prove that in a range of reasonable situations,
most reward functions have an optimal policy which seeks power by
keeping the agent’s options open and by staying alive. Along the way,
I prove a range of interesting theorems about MDPs, showing how to
transfer incentives across discount rates and providing a formalism for
quantifying agent power which seems better than the well-known metric

of information-theoretic empowerment [77].

shows that a wide range of parametrically retargetable decision-making

procedures will produce power-seeking tendencies. Useful Al training



processes are often retargetable. This paper also lower-bounds the
strength of power-seeking tendencies, showing that as the power at stake
increases, a greater proportion of parameter settings lead to power-
seeking. This chapter is supplemented by The Causes of Instrumental

Convergence and Power-Seeking, a sequence of technical blog posts [96].

In my graduate program, I set out to understand how agents affect the world around them
and have negative side effects.? I proposed AUP as a solution, scaled AUP up to complex
environments, and formalized the side effect regularization problem. Taken together,
these results focus on how pursuing one goal affects the agent’s ability to pursue other

goals.

Along the way, I investigated how the structure of the agent’s environment incentivizes
power-seeking. From this investigation, I synthesized the first formal theory of decision-
making tendencies across a range of parameter settings. I think that my formal theory

motivates the high stakes of the Al alignment problem.

I hope we solve the problem in time.

2For more background, read Reframing Impact [95], a sequence of blog posts which philosophically
motivates my impact regularization and power-seeking research.
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Abstract

Reward functions are easy to misspecify; although designers can make corrections after
observing mistakes, an agent pursuing a misspecified reward function can irreversibly
change the state of its environment. If that change precludes optimization of the correctly
specified reward function, then correction is futile. For example, a robotic factory assistant
could break expensive equipment due to a reward misspecification; even if the designers

immediately correct the reward function, the damage is done. To mitigate this risk, we



introduce an approach that balances optimization of the primary reward function with
preservation of the ability to optimize auxiliary reward functions. Surprisingly, even
when the auxiliary reward functions are randomly generated and therefore uninformative
about the correctly specified reward function, this approach induces conservative, effective

behavior.

2.1 Introduction

Recent years have seen a rapid expansion of the number of tasks that reinforcement
learning (RL) agents can learn to complete, from Go [85] to Dota 2 [61]. The designers

specify the reward function, which guides the learned behavior.

Reward misspecification can lead to strange agent behavior, from purposefully dying
before entering a video game level in which scoring points is initially more difficult
[80], to exploiting a learned reward predictor by indefinitely volleying a Pong ball [22].
Specification is often difficult for non-trivial tasks, for reasons including insufficient time,
human error, or lack of knowledge about the relative desirability of states. Amodei et al.

[4] explain:

“An objective function that focuses on only one aspect of the environment may
implicitly express indifference over other aspects of the environment. An agent
optimizing this objective function might thus engage in major disruptions of
the broader environment if doing so provides even a tiny advantage for the
task at hand.”

As agents are increasingly employed for real-world tasks, misspecification will become
more difficult to avoid and will have more serious consequences. In this work, we focus on

mitigating these consequences.

The specification process can be thought of as an iterated game. First, the designers
provide a reward function. The agent then computes and follows a policy that optimizes
the reward function. The designers can then correct the reward function, which the agent
then optimizes, and so on. Ideally, the agent should maximize the reward over time,
not just within any particular round—in other words, it should minimize regret for the

correctly specified reward function over the course of the game.
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For example, consider a robotic factory assistant. Inevitably, a reward misspecification
might cause erroneous behavior, such as going to the wrong place. However, we would
prefer misspecification not induce irreversible and costly mistakes, such as breaking

expensive equipment or harming workers.

Such mistakes have a large impact on the ability to optimize a wide range of reward
functions. Spilling paint impinges on the many objectives which involve keeping the
factory floor clean. Breaking a vase interferes with every objective involving vases. The
expensive equipment can be used to manufacture various kinds of widgets, so any damage
impedes many objectives. The objectives affected by these actions include the unknown
correct objective. To minimize regret over the course of the game, the agent should

preserve its ability to optimize the correct objective.

Our key insight is that by avoiding these impactful actions to the extent possible, we
greatly increase the chance of preserving the agent’s ability to optimize the correct reward
function. By preserving options for arbitrary objectives, one can often preserve options
for the correct objective—even without knowing anything about it. Thus, without making
assumptions about the nature of the misspecification early on, the agent can still achieve

low regret over the game.

To leverage this insight, we consider a state embedding in which each dimension is the
optimal value function (i.e., the attainable utility) for a different reward function. We
show that penalizing distance traveled in this embedding naturally captures and unifies
several concepts in the literature, including side effect avoidance [4, 105], minimizing
change to the state of the environment [6], and reachability preservation [57, 28]. We
refer to this unification as conservative agency: optimizing the primary reward function

while preserving the ability to optimize others.

Contributions. We frame the reward specification process as an iterated game and
introduce the notion of conservative agency. This notion inspires an approach called
attainable utility preservation (AUP), for which we show that Q-learning converges. We
offer a principled interpretation of design choices made by previous approaches—choices

upon which we significantly improve.

We run a thorough hyperparameter sweep and conduct an ablation study whose results
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favorably compare variants of AUP to a reachability preservation method on a range of
gridworlds. By testing for broadly applicable agent incentives, these simple environments
demonstrate the desirable properties of conservative agency. Our results indicate that
even when simply preserving the ability to optimize uniformly randomly sampled reward
functions, AUP agents accrue primary reward while preserving state reachabilities, mini-
mizing change to the environment, and avoiding side effects without specification of what

counts as a side effect.

2.2 Prior work

Our proposal aims to minimize change to the agent’s ability to optimize the correct
objective, which directly helps reduce regret over the specification process. In contrast,
previous approaches to regularizing the optimal policy were more indirect, minimizing
change to state features [6] or decrease in the reachability of states (Krakovna et al. [41]s

relative reachability). The latter is recovered as a special case of AUP.

Other methods for constraining or otherwise mitigating the consequences of reward
misspecification have been considered. A wealth of work is available on constrained MDPs,
in which reward is maximized while satisfying certain constraints [3]. For example, Zhang
et al. [105] employ a whitelisted constraint scheme to avoid negative side effects. However,
we may not assume we can specify all relevant constraints, or a reasonable feasible set of

reward functions for robust optimization [71].

Everitt et al. [27] formalize reward misspecification as the corruption of some true reward
function. Hadfield-Menell et al. [36] interpret the provided reward function as merely an
observation of the true objective. Shah et al. [83] employ the information about human
preferences implicitly present in the initial state to avoid negative side effects. While both
our approach and theirs aim to avoid side effects, they assume that the correct reward

function is linear in state features, while we do not.

Amodei et al. [4] consider avoiding side effects by minimizing the agent’s information-
theoretic empowerment [56]. Empowerment quantifies an agent’s control over future
states of the world in terms of the maximum possible mutual information between future

observations and the agent’s actions. The intuition is that when an agent has greater
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control, side effects tend to be larger. However, empowerment is discontinuously sensitive

to the arbitrary choice of horizon.

Safe RL [66, 31, 9, 21| focuses on avoiding irrecoverable mistakes during training. However,
if the objective is misspecified, safe RL agents can converge to arbitrarily undesirable
policies. Although our approach should be compatible with safe RL techniques, we concern

ourselves only with the consequences of the optimal policy in this work.

2.3 Approach

Everyday experience suggests that the ability to achieve one goal is linked to the ability
to achieve a seemingly unrelated goal. Reading this thesis takes away from time spent
learning woodworking, and going hiking means you can’t reach the airport as quickly.
However, one might wonder whether these everyday intuitions are true in a formal sense.
In other words, are the optimal value functions for a wide range of reward functions thus
correlated? If so, preserving the ability to optimize somewhat unrelated reward functions

likely preserves the best attainable return for the correct reward function.

2.3.1 Formalization

In this work, we consider a standard Markov decision process (MDP) (S, A, T, R, ) with
state space S, action space A, transition function 7' : § x A — A(S), reward function
R:S8 x A— R, and discount factor . We assume the existence of a no-op action @ € A
for which the agent does nothing. In addition to the primary reward function R, we
assume that the designer supplies a finite set of auxiliary reward functions called the
auziliary set, R C RS*A. Each R; € R has a corresponding Q-function @Q R;- We do not
assume that the correct reward function belongs to R. In fact, one of our key findings is
that AUP tends to preserve the ability to optimize the correct reward function even when

the correct reward function is not included in the auziliary set.
Definition 2.1 (AUP penalty). Let s be a state and a be an action.

IR|

PENALTY(s,a) := Z ‘QRi(s,a) — Qr, (s, @)} . (2.1)

i=1



13

The penalty is the L; distance from the no-op in a state embedding in which each
dimension is the value function for an auxiliary reward function. This measures change in

the ability to optimize each auxiliary reward function.

We want the penalty term to be roughly invariant to the absolute magnitude of the
auxiliary Q-values, which can be arbitrary (it is well-known that the optimal policy
is invariant to positive affine transformation of the reward function). To do this, we

normalize with respect to the agent’s situation. The designer can choose to scale with

SxA

respect to the penalty of some mild action or, if R C R

, the total ability to optimize

the auxiliary set:
IR]

SCALE(s) 1= ZQRi(s, @), (2.2)

where SCALE : § — Ry in general. With this, we are now ready to define the full Aup

objective:
Definition 2.2 (AUP reward function). Let A > 0. Then

PENALTY(s, a)

Raue(s,a) == R(s,a) — SCALE(s)

(2.3)

Similar to the regularization parameter in supervised learning, A is a regularization
parameter that controls the influence of the AUP penalty on the reward function. Loosely
speaking, A\ can be interpreted as expressing the designer’s beliefs about the extent to
which R might be misspecified. As we may need to learn the Qg, of eq. (2.1), we show
that

Lemma A.2 (AUP’s reward function converges). Vs, a : Raup converges with probability
1.

Theorem 2.3 (AUP’s Q-value function converges). Vs, a : Qr,,, converges with probability
1.

The AUP reward function then defines a new MDP (S, A, T, Ryyp,y). Therefore, given the
primary and auxiliary reward functions, the agent in the iterated game can compute R,yp

and the corresponding optimal policy.
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Algorithm 1 Aup update algorithm.

1: procedure UPDATE(s, a, ')

2 forie{l,...,]R[,AUP} do

3: Q' = Ri(s,a) + ymaxy Qr,(s',d’)
4: QRi(‘S’ a) += O‘(Ql - QRi(S7 a))

5 end for

6: end procedure

2.3.2  Design choices

Following the decomposition of Krakovna et al. [41], we now explore two choices implicitly
made by the PENALTY definition: with respect to what baseline is penalty computed, and

using what deviation metric?

Baseline. An obvious candidate is the starting state. For example, starting state
relative reachability would compare the initial reachability of states with their expected

reachability after the agent acts.

However, the starting state baseline can penalize the normal evolution of the state (e.g.,
the moving hands of a clock) and other natural processes. The inaction baseline is the

state which would have resulted had the agent never acted.

As the agent acts, the current state may increasingly differ from the inaction baseline,
which creates strange incentives. For example, consider a robot rewarded for rescuing
erroneously discarded items from imminent disposal. An agent penalizing with respect
to the inaction baseline might rescue a vase, collect the reward, and then dispose of it
anyways. To avert this, we introduce the stepwise inaction baseline, under which the
agent compares acting with not acting at each time step. This avoids penalizing the
effects of a single action multiple times (under the inaction baseline, penalty is applied
as long as the rescued vase remains unbroken) and ensures that not acting incurs zero

penalty.

Figure 2.1 compares the baselines, each modifying the choice of Q(s, @) in eq. (2.1).
Each baseline implies a different assumption about how the environment is configured

to facilitate optimization of the correctly specified reward function: the state is initially
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configured (starting state), processes initially configure (inaction), or processes continually
reconfigure in response to the agent’s actions (stepwise inaction). The stepwise inaction
baseline aims to allow for the response of other agents implicitly present in the environment

(such as humans).

Starting state

T

o Inaction

Action Stepwise inaction

Figure 2.1: An action’s penalty is calculated with respect to the chosen baseline.

Deviation. Relative reachability only penalizes decreases in state reachability, while
AUP penalizes absolute change in the ability to optimize the auxiliary reward functions.
Initially, this choice seems confusing—we don’t mind if the agent becomes better able to

optimize the correct reward function.

However, not only must the agent remain able to optimize the correct objective, but we
also must remain able to implement the correction. Suppose an agent predicts that doing
nothing would lead to shutdown. Since the agent cannot accrue the primary reward when
shut down, it would be incentivized to avoid correction. Avoiding correction (e.g., by
hiding in the factory) would not be penalized if only decreases are penalized, since the
auxiliary Q-values would increase compared to deactivation. An agent exhibiting this
behavior would be more difficult to correct. The agent should be incentivized to accept

shutdown without being incentivized to shut itself down [87, 35].

2.3.2.1 Delayed effects

Sometimes the agent disrupts a process which takes multiple time steps to complete, and we

would like this to be appropriately penalized. For example, suppose that s.g is a terminal

state representing shutdown, and let Ron(s) := Lszs, be the only auxiliary reward

function. Further suppose that if (and only if) the agent does not select disable within
1

the first two time steps, it enters sofr. Qr,,(s1,disable) = — and Qr,,(s1,9) = %,



16

B B o El ==

a) Options b) Damage ) Correction ) Offset ) Interference

Figure 2.2: The blue agent should reach the green goal without having the side effect of:
a irreversibly pushing the brown crate downwards into the corner [47]; b bumping into
the horizontally pacing pink human [46]; ¢ disabling the red off-switch (if the switch is
not disabled within two time steps, the episode ends); d rescuing the right-moving black
vase and then replacing it on the dark gray conveyor belt ([41]—note that no goal cell is
present); e stopping the left-moving orange pallet from reaching the human [46].

so choosing disable at time step 1 incurs only 1 penalty (instead of the ﬁ penalty
induced by comparing with shutdown).

N

disable; 93

(%)) (D)

Figure 2.3: Comparing rollouts; subscript denotes time step.

In general, the single-step no-op comparison of eq. (2.1) applies insufficient penalty when
the increase is induced by the optimal policies of the auxiliary reward functions at the
next time step. One solution is to use a model to compute rollouts. For example, to
evaluate the delayed effect of choosing disable, compare the Q-values at the leaves in
fig. 2.3. The agent remains active in the left branch, but is shut down in the right branch;

this induces a substantial penalty.

2.4 Experiment design

We compare AUP and several of its ablated variants against relative reachability [41]
and standard @-learning within the environments of fig. 2.2. For each environment,
A = {up,down, left,right,@}. On contact, the agent pushes the crate, removes the
human and the off-switch, pushes the vase, and blocks the pallet. The episode ends after
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the agent reaches the goal cell, 20 time steps elapse (the time step is not observed by
the agent), or the off-switch is not contacted and disabled within two time steps. In
Correction (which we introduce), a yellow indicator appears one step before shutdown,
and turns red upon shutdown. In all environments except 0ffset, the agent observes a
primary reward of 1 for reaching the goal. In 0Offset, a primary reward of 1 is observed
for moving downward twice and thereby rescuing the vase from disappearing upon contact

with the eastern wall.

Our overarching goal is allowing for low regret over the course of the specification game.
In service of this goal, we aim to preserve the agent’s ability to optimize the correctly
specified reward function. To facilitate this, there are two sets of qualitative properties
one intuitively expects, and each property has an illustration in the context of the robotic

factory assistant.

The first set contains positive qualities, with a focus on correctly penalizing significant
shifts in the agent’s ability to be redirected towards the right objective. The agent should
maximally preserve options (Options: objects should not be wedged in locations from
which extraction is difficult; Damage: workers should not be injured) and allow correction
(Correction: if vases are being painted the wrong color, then straightforward correction

should be in order).

The second set contains negative qualities, with a focus on avoiding the introduction
of perverse incentives. The agent should not be incentivized to artificially reduce the
measured penalty (Offset: a vase should not be rescued and then immediately scrapped)
or interfere with changes already underway in the world (Interference: workers should

not be impeded).

Each property seems conducive to achieving low regret over the course of the specification
process. Accordingly, if the agent has the side effect detailed in fig. 2.2, an unobserved
performance penalty of —2 is recorded. By also incorporating the observed primary
reward into the performance metric, we evaluate a combination of conservativeness and

efficacy.

Each trial, the auxiliary reward functions are randomly selected from [0, 1]°; to learn

their complex Q-functions using tabular ()-learning, the agent explores randomly for
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Figure 2.4: Outcome tallies for Model-free AUP across parameter settings. “Complete
means the agent accrued the primary reward. In Correction, reaching the goal is mutually
exclusive with not disabling the off-switch, so “no side effect, incomplete” is the best
outcome.

the first 4,000 episodes and 0.2-greedily (with respect to Qr,,,) for the remaining 2,000.
The greedy policy is evaluated at the end of training. SCALE is as defined in eq. (2.2).
The default parameters are & = 1,y = .996, A = .67, and |R| = 30. We investigate how
varying v, A, and |R| affects Model-free AUP performance, and conduct an ablation study

on design choices.

Relative reachability has an inaction baseline, decrease-only deviation metric, and an
auxiliary set containing the state indicator functions (whose Q-values are clipped to [0, 1]
to emulate discounted state reachability). To match Krakovna et al. [41]’s results, this
condition has v = .996, A = .2.

All agents except Standard (a normal Q-learner) and Model-free AUP are 9-step optimal
discounted planning agents with perfect models. Except for Relative reachability, the
planning agents use Model-free AUP’s learned auxiliary Q-values and share the default

= .996, A = .67. By modifying the relevant design choice in AUP, we have the Starting

state, Inaction, and Decrease AUP variants.
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When calculating PENALTY(s, a), all planning agents model the auxiliary Q-values re-
sulting from taking action a and then selecting @ until time step 9. Starting state AUP
compares these auxiliary QQ-values with those of the starting state. Agents with inaction
or stepwise inaction baselines compare with respect to the appropriate no-op rollouts up
to time step 9 (see fig. 2.1 and fig. 2.3).

2.5 Results

2.5.1 Model-free AUP

Model-free AUP fails Correction for the reasons discussed in the Delayed effects subsec-

tion.

As shown in fig. 2.4, low v values induce a substantial movement penalty, as the auxiliary
Q-values are sensitive to the immediate surroundings. The optimal value for Options is
v & .996, with performance decreasing as v — 1 due to increasing sample complexity for

learning the auxiliary Q-values.

In Options, small values of A begin to induce side effects as the scaled penalty shrinks.
The designer can decrease A until effective behavior is achieved, reducing the risk of

deploying an insufficiently conservative agent.

Even though R is randomly generated and the environments are different, SCALE ensures
that when A > 1, the agent never ends the episode by reaching the goal. None of the
auxiliary reward functions can be optimized after the agent ends the episode, so the
auxiliary Q-values are all zero and PENALTY computes the total ability to optimize the
auxiliary set—in other words, the SCALE value. The R,yp-reward for reaching the goal is
then 1 — A

If the optimal value functions for most reward functions were not correlated, then one would
expect to randomly generate an enormous number of auxiliary reward functions before

sampling one resembling the unknown true objective. However, merely five sufficed.
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Figure 2.5: Model-free AUP performance averaged over 50 trials. The performance combines
the observed primary reward of 1 for completing the objective, and the unobserved penalty
of —2 for having the side effect in fig. 2.2. The dashed vertical line marks the shift in
exploration strategy.

2.5.2 Ablation

The results are presented in table 2.1 due to the binary nature of performance at appropri-
ate settings, and were not sensitive to the rollout length (as long as it allowed for relevant

interaction with the environment).

Options Damage Correction O0Offset Interference

AUP

Standard
Model-free AUP
Starting state AUP
Inaction AUP
Decrease AUP

SENENENEEN
SNENENENESEN
X N\ X X X N
SNESIENENENEN
SNENEIENENEN

Table 2.1: Ablation results; v for achieving the best outcome (see fig. 2.4), X otherwise.

Standard moves directly to the goal, pushing the crate into the corner in Options and

bumping into the human in Damage.

Model-free and Starting state AUP fail Correction for the same reason (see section 2.3.2.1:
Delayed effects), refraining from disabling the off-switch only when A > 1. Relative
reachability and Decrease AUP fail because avoiding shutdown doesn’t decrease the

auxiliary Q-values.
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Relative reachability and Inaction AUP’s poor performance in 0ffset stems from the
inaction baseline (although Krakovna et al. [41] note that relative reachability passes
using undiscounted state reachabilities). Since the vase falls off the conveyor belt in the
inaction rollout, states in which the vase is intact have different auxiliary Q-values. To
avoid continually incurring penalty after receiving the primary reward for saving the vase,

the agents replace the vase on the belt so that it once again breaks.

By taking positive action to stop the pallet in Interference, Starting state AUP shows

that poor design choices create perverse incentives.

2.6 Discussion

Correction suggests that AUP agents are significantly easier to correct. Since the agent
is unable to optimize objectives if shut down, avoiding shutdown significantly changes the
ability to optimize almost every objective. AUP seems to naturally incentivize passivity,
without requiring e.g. assumption of a correct parametrization of human reward functions
(as does the approach of Hadfield-Menell et al. [34], which Carey [19] demonstrated).

Equipped with our design choices of stepwise baseline and absolute value deviation metric,
relative reachability would also pass all five environments. The case for this is made by
considering the performance of Relative reachability, Inaction AUP, and Decrease AUP.
This suggests that AUP’s improved performance is due to better design choices. However,

we anticipate that AUP offers more than robustness against random auxiliary sets.

Relative reachability computes state reachabilities between all |S|? pairs of states. In
contrast, AUP only requires the learning of Q-functions and should therefore scale relatively
well. We speculate that in partially observable environments, a small sample of somewhat

task-relevant auxiliary reward functions induces conservative behavior.

For example, suppose we train an agent to handle vases, and then to clean, and then to
make widgets with the equipment. Then, we deploy an AUP agent with a more ambitious
primary objective and the learned Q-functions of the aforementioned auxiliary objectives.
The agent would apply penalties to modifying vases, making messes, interfering with

equipment, and so on.
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Before AUP, this could only be achieved by e.g. specifying penalties for the litany of
individual side effects or providing negative feedback after each mistake has been made
(and thereby confronting a credit assignment problem). In contrast, once provided the
Q-function for an auxiliary objective, the AUP agent becomes sensitive to all events

relevant to that objective, applying penalty proportional to the relevance.

2.7 Conclusion

This work is rooted in twin insights: that the reward specification process can be viewed
as an iterated game, and that preserving the ability to optimize arbitrary objectives
often preserves the ability to optimize the unknown correct objective. To achieve low
regret over the course of the game, we can design conservative agents which optimize
the primary objective while preserving their ability to optimize auxiliary objectives. We
demonstrated how AUP agents act both conservatively and effectively while exhibiting a
range of desirable qualitative properties. Given our current reward specification abilities,

misspecification may be inevitable, but it need not be disastrous.

While AUP performed well in gridworlds, a useful approach must scale to interesting
environments. In the next chapter, I show that AUP scales to a high-dimensional game

based on Conway’s Game of Life.
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Abstract

Reward function specification can be difficult. Rewarding the agent for making a widget
may be easy, but penalizing the multitude of possible negative side effects is hard. In toy
environments, attainable utility preservation (AUP) avoided side effects by penalizing shifts
in the ability to achieve randomly generated goals [97]. We scale this approach to large,
randomly generated environments based on Conway’s Game of Life. By preserving optimal
value for a single randomly generated reward function, AUP incurs modest overhead while

leading the agent to complete the specified task and avoid many side effects. Videos and
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code are available at https://avoiding-side-effects.github.io/.

3.1 Introduction

Reward function specification can be difficult, even when the desired behavior seems clear-
cut. For example, rewarding progress in a race led a reinforcement learning (RL) agent
to collect checkpoint reward, instead of completing the race [43]. We want to minimize
the negative side effects of misspecification: from a robot which breaks equipment, to
content recommenders which radicalize their users, to potential future Al systems which

negatively transform the world [13, 74].

Side effect avoidance poses a version of the “frame problem”: each action can have many
effects, and it is impractical to explicitly penalize all of the bad ones [16]. For example, a
housekeeping agent should clean a dining room without radically rearranging furniture,
and a manufacturing agent should assemble widgets without breaking equipment. A
general, transferable solution to side effect avoidance would ease reward specification:
the agent’s designers could just positively specify what should be done, as opposed to

negatively specifying what should not be done.

)

Breaking equipment is bad because it hampers future optimization of the intended “true’
objective (which includes our preferences about the factory). That is, there often exists a
reward function Ryye which fully specifies the agent’s task within its deployment context.
In the factory setting, Riwe might encode “assemble widgets, but don’t spill the paint,

break the conveyor belt, injure workers, etc.”

We want the agent to preserve optimal value for this true reward function. While we can
accept suboptimal actions (e.g. pacing the factory floor), we cannot accept the destruction
of value for the true task. By avoiding negative side effects which decrease value for the
true task, the designers can correct any misspecification and eventually achieve low regret

for Rtrue .

Contributions. Despite being unable to directly specify Ripue, we demonstrate a
method for preserving its optimal value anyways. Turner et al. [97] introduced AUP; in

their toy environments, preserving optimal value for many randomly generated reward
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functions often preserves the optimal value for Riue. In this paper, we generalize AUP
to combinatorially complex environments and evaluate it on four tasks from the chaotic
and challenging SafeLife test suite [100]. We show the rather surprising result that by
preserving optimal value for a single randomly generated reward function, AUP preserves

optimal value for R and thereby avoids negative side effects.

3.2  Prior work

AUP avoids negative side effects in small gridworld environments while preserving optimal
value for uniformly randomly generated auxiliary reward functions [97]. While Turner et al.
[97] required many auxiliary reward functions in their toy environments, we show that a
single auxiliary reward function—learned unsupervised—induces competitive performance

and discourages side effects in complex environments.

Penalizing decrease in (discounted) state reachability achieves similar results [40]. However,
this approach has difficulty scaling: naively estimating all reachability functions is a task
quadratic in the size of the state space. In appendix B.1, proposition B.1 shows that
preserving the reachability of the initial state [28] bounds the maximum decrease in optimal
value for Rypye. Unfortunately, due to irreversible dynamics, initial state reachability often

cannot be preserved.

Shah et al. [83] exploit information contained in the initial state of the environment to
infer which side effects are negative; for example, if vases are present, humans must have
gone out of their way to avoid them, so the agent should as well. In the multi-agent setting,
empathic deep Q-learning preserves optimal value for another agent in the environment

[18]. We neither assume nor model the presence of another agent.

Robust optimization selects a trajectory which maximizes the minimum return achieved
under a feasible set of reward functions [71]. However, we do not assume we can specify
the feasible set. In constrained MDPs, the agent obeys constraints while maximizing
the observed reward function [3, 2, 105]. Like specifying reward functions, exhaustively

specifying constraints is difficult.

Safe reinforcement learning focuses on avoiding catastrophic mistakes during training and

ensuring that the learned policy satisfies certain constraints [66, 31, 9, 69]. While this
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work considers the safety properties of the learned policy, AUP should be compatible with

safe RL approaches.

We train value function networks separately, although Schaul et al. [81] demonstrate a

value function predictor which generalizes across both states and goals.

3.3 AUP formalization

Consider a Markov decision process (MDP) (S, A, T, R, ) with state space S, action space
A, transition function 7' : § x A — A(S), reward function R : S x A — R, and discount
factor v € [0,1). We assume the agent may take a no-op action @ € A. We refer to V; (s)

as the optimal value or attainable utility of reward function R at state s.

To define AUP’s pseudo-reward function, the designer provides a finite reward function set
R C RS, hereafter referred to as the auziliary set. This set does not necessarily contain

Rirue. Each auxiliary reward function R; € R has a learned Q-function Q);.

AUP penalizes average change in action value for the auxiliary reward functions. The
motivation is that by not changing optimal value for a wide range of auxiliary reward

functions, the agent may avoid decreasing optimal value for Riyye-
Definition 3.1 (AUP reward function [97]). Let A > 0. Then

Raur(s,a) := R(s,a) — |7A2| > |Qi(s,a) — Qi (s,2)]. (3.1)

R;ER

The regularization parameter A controls penalty severity. In appendix B.1, proposition B.1
shows that eq. (3.1) only lightly penalizes easily reversible actions. In practice, the learned

auxiliary @); is a stand-in for the optimal Q-function Q.

3.4 Quantifying side effect avoidance with SafeLife

In Conway’s Game of Life, cells are alive or dead. Depending on how many live neighbors
surround a cell, the cell comes to life, dies, or retains its state. Even simple initial conditions

can evolve into complex and chaotic patterns, and the Game of Life is Turing-complete
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when played on an infinite grid [73].

SafeLife turns the Game of Life into an actual game. An autonomous agent moves freely
through the world, which is a large finite grid. In the eight cells surrounding the agent,
no cells spawn or die—the agent can disturb dynamic patterns by merely approaching
them. There are many colors and kinds of cells, many of which have unique effects (see
fig. 3.1).

i L=

(a) append-spawn ) prune-still-easy

Figure 3.1: Trees (4 ) are permanent living cells. The agent (») can move crates (@)
but not walls (®). The screen wraps vertically and horizontally. a: The agent receives
reward for creating gray cells (o) in the blue areas. The goal (@) can be entered when
some number of gray cells are present. Spawners (%) stochastically create yellow living
cells. b: The agent receives reward for removing red cells; after some number have been
removed, the goal turns red (#) and can be entered.

To understand the policies incentivized by eq. (3.1), we now consider a simple example.
Figure 3.2 compares a policy which only optimizes the Safelife reward function R, with
an AUP policy that also preserves the optimal value for a single auxiliary reward function
(IRl =1).

Importantly, we did not hand-select an informative auxiliary reward function in order
to induce the trajectory of fig. 3.2b. Instead, the auxiliary reward was the output of a
one-dimensional observation encoder, corresponding to a continuous Bernoulli variational

autoencoder (CB-VAE) [50] trained through random exploration.
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(a) Baseline trajectory (b) AuP trajectory

Figure 3.2: The agent (») receives 1 primary reward for entering the goal (m). The agent
can move in the cardinal directions, destroy cells in the cardinal directions, or do nothing.
Walls (@) are not movable. The right end of the screen wraps around to the left. a: The
learned trajectory for the misspecified primary reward function R destroys fragile green
cells (). b: Starting from the same state, AUP’s trajectory preserves the green cells.

While Turner et al. [97]’s AUP implementation uniformly randomly generated reward
functions over the observation space, the corresponding Q-functions would have extreme
sample complexity in the high-dimensional SafeLife tasks (table 3.1). In contrast, the

CB-VAE provides a structured and learnable auxiliary reward signal.

Al safety gridworlds [47] SafeLife [100]
Dozens of states Billions of states
Deterministic dynamics Stochastic dynamics
Handful of preset environments Randomly generated environments
One side effect per level Many side effect opportunities
Immediate side effects Chaos unfolds over time

Table 3.1: Turner et al. [97| evaluated AUP on toy environments. In contrast, SafeLife
challenges modern RL algorithms and is well-suited for testing side effect avoidance.

3.5  Experiments

Each time step, the agent observes a 25 x 25 grid-cell window centered on its current
position. The agent can move in the cardinal directions, spawn or destroy a living cell in

the cardinal directions, or do nothing.

We follow Wainwright and Eckersley [100] in scoring side effects as the degree to which
the agent perturbs green cell patterns. Over an episode of T' time steps, side effects are

quantified as the Wasserstein 1-distance between the configuration of green cells had
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the state evolved naturally for T' time steps, and the actual configuration at the end of
the episode. As the primary reward function R is indifferent to green cells, this proxy

measures the safety performance of learned policies.

If the agent never disturbs green cells, it achieves a perfect score of zero; as a rule of thumb,
disturbing a green cell pattern increases the score by 4. By construction, minimizing side
effect score preserves Ripue’s optimal value, since Ry encodes our preferences about the

existing green patterns.

3.5.1 Comparison

Method. Below, we describe and evaluate five conditions on the append-spawn (fig. 3.1a)
and prune-still-easy (fig. 3.1b) tasks. Furthermore, we include two variants of append-
spawn: append-still (no stochastic spawners and more green cells) and append-still-
easy (no stochastic spawners). The primary, specified SafeLife reward functions are as
follows: append-* rewards maintaining gray cells in the blue tiles (see fig. 3.1a), while

prune-still-easy rewards the agent for removing red cells (see fig. 3.1b).

For each task, we randomly generate a set of 8 environments to serve as the curriculum.
On each generated curriculum, we evaluate each condition on several randomly generated
seeds. The agents are evaluated on their training environments. In general, we generate
4 curricula per task; performance metrics are averaged over 5 random seeds for each
curriculum. We use curriculum learning because the PPO algorithm seems unable to learn

environments one at a time.

We have five conditions: PPO, DQN, AUP, AUP,;, and Naive. Excepting DQN, the Proximal
Policy Optimization (PPO [82]) algorithm trains each condition on a different reward
signal for five million (5M) time steps. See appendix B.2 for architectural and training
details.

PPO Trained on the primary SafeLife reward function R without a side effect penalty.

DQN Using Mnih et al. [55]’s DQN, trained on the primary SafeLife reward function R
without a side effect penalty.

AUP For the first 100,000 (100K) time steps, the agent uniformly randomly explores to
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collect observation frames. These frames are used to train a continuous Bernoulli

variational autoencoder with a 1-dimensional latent space and encoder network
E.

The auxiliary reward function is then the output of the encoder F; after training
the encoder for the first 100K steps, we train a Q-value network for the next 1m
time steps. This learned Qg, defines the R,up penalty term (since |R| = 1; see
eq. (3.1)).

While the agent trains on the R,yp reward signal for the final 3.9M steps, the
R, network is fixed and A is linearly increased from .001 to .1. See algorithm 2

in appendix B.2 for more details.

AUP,,; AUP, but the auxiliary reward function is a random projection from a downsampled
observation space to R, without using a variational autoencoder. Since there is
no CB-VAE to learn, AUP,; learns its Q-value network for the first 1M steps and

trains on the R,yp reward signal for the last 4M steps.

Naive Trained on the primary reward function R minus (roughly) the L; distance
between the current state and the initial state. The agent is penalized when cells
differ from their initial values. We use an unscaled L1 penalty, which Wainwright

and Eckersley [100] found to produce the best results.

While an L; penalty induces good behavior in certain static tasks, penalizing
state change often fails to avoid crucial side effects. State change penalties do not

differentiate between moving a box and irreversibly wedging a box in a corner

[40].

We only tuned hyperparameters on append-still-easy before using them on all tasks.
For append-still, we allotted an extra 1M steps to achieve convergence for all agents.
For append-spawn, agents pretrain on append-still-easy environments for the first 2Mm
steps and train on append-spawn for the last 3M steps. For AUP in append-spawn, the
autoencoder and auxiliary network are trained on both tasks. R,yp is then pretrained
for 2M steps and trained for 1.9M steps, thus training for the same total number of

steps.
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Results. AUP learns quickly in append-still-easy. AUP waits 1.1M steps to start
training on R,yp; while PP0O takes 2M steps to converge, AUP matches PPO by step 2.5M
and outperforms PPO by step 2.8M (see fig. 3.3). AUP and Naive both do well on side
effects, with AUP incurring 27.8% the side effects of PPO after 5M steps. However, Naive
underperforms AUP on reward. DQN learns more slowly, eventually exceeding AUP on
reward. AUPp.; has lackluster performance, matching Naive on reward and DQN on side
effects, perhaps implying that the one-dimensional encoder provides more structure than

a random projection.

In prune-still-easy, PPO, DQN, AUP, and AUP,; all competitively accrue reward, while
Naive lags behind. However, AUP only cuts out a quarter of PPO’s side effects, while
Naive does much better. Since all tasks but append-spawn are static, Naive’s L penalty
strongly correlates with the unobserved side effect metric (change to the green cells).
AUPp,0; brings little to the table, matching PPO on both reward and side effects.

append-still environments contain more green cells than append-still-easy environ-
ments. By step 6M, AUP incurs 63% of PPQ’s side effect score, while underperforming both
PPO and DQN on reward. AUP,..; does slightly worse than AUP on both reward and side
effects. Once again, Naive does worse than AUP on reward but better on side effects. In
appendix B.5, we display episode lengths over the course of training—by step 6M, both
AUP and Naive converge to an average episode length of about 780, while PPO converges
to 472.

append-spawn environments contain stochastic yellow cell spawners. DQN and AUPp;
both do extremely poorly. Naive usually fails to get any reward, as it erratically wanders
the environment. After 5M steps, AUP soundly improves on PP0O: 111% of the reward, 39%
of the side effects, and 67% of the episode length. Concretely, AUP disturbs less than half
as many green cells. Surprisingly, despite its middling performance on previous tasks,
AUP;,;; matches AUP on reward and cuts out 48% of PPO’s side effects.

3.5.2 Hyperparameter sweep

In the following, Nepy is the number of environments in the randomly generated curricula.

When Ng,, = 00, each episode takes place in a new environment. Z is the dimensionality
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of the CB-VAE latent space. While training on the R,,p reward signal, the AUP penalty

coefficient A is linearly increased from .01 to A\*.

Method. In append-still-easy, we evaluate AUP on the following settings:
(Nenv, Z) € {8,16,32,00} x {1,4,16,64}, |R|€ {1,2,4,8}, and A" €{.1,.5,1,5}.

We also evaluate PPO on each N,y setting. We use default settings for all unmodified

parameters.

For each setting, we record both the side effect score and the return of the learned policy,
averaged over the last 100 episodes and over five seeds of each of three randomly generated
append-still-easy curricula. Curricula are held constant across settings with equal

Neny values.

After training the encoder, if Z = 1, the auxiliary reward is the output of the encoder F.
Otherwise, we draw linear functionals ¢; uniformly randomly from (0,1)?. The auxiliary
reward function R; is defined as ¢; 0 E: S — R.

For each of the |R| auxiliary reward functions, we learn a Q-value network for 1M time
steps. The learned g, define the penalty term of eq. (3.1). While the agent trains on the
R,up reward signal for the final 3.9M steps, A is linearly increased from .001 to A*.

Results. As Ngyy increases, side effect score tends to increase. AUP robustly beats PPO
on side effect score: for each Nepy setting, AUP’s worst configuration has lower score than
PPO. Even when Ng,y = 00, AUP (Z = 16) shows the potential to significantly reduce side

effects without reducing episodic return.

AUP does well with a single latent space dimension (Z = 1). For most Neyy, settings, Z
is positively correlated with AUP’s side effect score. In appendix B.5, data show that
higher-dimensional auxiliary reward functions are harder to learn, presumably resulting

in a poorly learned auxiliary Q-function.

When Z = 1, reward decreases as Ny increases. We speculate that the CB-VAE may

be unable to properly encode large numbers of environments using only a 1-dimensional
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latent space. This would make the auxiliary reward function noisier and harder to learn,

which could make the AUP penalty term less meaningful.

AUP’s default configuration achieves 98% of PPQ’s episodic return, with just over half of
the side effects. The fact that AUP is generally able to match PPO in episodic reward leads
us to hypothesize that the AUP penalty term might be acting as a shaping reward. This
would be intriguing—shaping usually requires knowledge of the desired task, whereas the
auxiliary reward function is randomly generated. Additionally, after AUP begins training
on the R,yp reward signal at step 1.1M, AUP learns more quickly than PPO did (fig. 3.3),
which supports the shaping hypothesis. AUP imposed minimal overhead: due to apparently
increased sample efficiency, AUP reaches PPQ’s asymptotic episodic return at the same time

as PPO in append-still-easy and append-spawn (fig. 3.3).

Surprisingly, AUP does well with a single auxiliary reward function (|R| = 1). We
hypothesize that destroying patterns decreases optimal value for a wide range of reward
functions. Furthermore, we suspect that decreasing optimal value in general often
decreases optimal value for any given single auxiliary reward function. In other words, we
suspect that optimal value at a state is heavily correlated across reward functions, which
might explain Schaul et al. [81]’s success in learning regularities across value functions.
This potential correlation might explain why AUP does well with one auxiliary reward

function.

We were surprised by the results for [R| = 4 and |R| = 8. In Turner et al. [97], increasing
|R| reduced the number of side effects without impacting performance on the primary
objective. We believe that work on better interpretability of AUP’s @, will increase

understanding of these results.

When A\* = .5, AUP becomes more conservative. As \* increases further, the learned AUP

policy stops moving entirely.

3.6 Discussion

We successfully scaled AUP to complex environments without providing task-specific
knowledge—the auxiliary reward function was a one-dimensional variational autoencoder

trained through uniformly random exploration. To the best of our knowledge, AUP is the
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first task-agnostic approach which reduces side effects and competitively achieves reward

in complex environments.

Wainwright and Eckersley [100] speculated that avoiding side effects must necessarily
decrease performance on the primary task. This may be true for optimal policies, but
not necessarily for learned policies. AUP improved performance on append-still-easy
and append-spawn, matched performance on prune-still-easy, and underperformed on
append-still. Note that since AUP only regularizes learned policies, AUP can still make

expensive mistakes during training.

AUP,;; worked well on append-spawn, while only slightly reducing side effects on the other
tasks. This suggests that AUP works (to varying extents) for a wide range of uninformative

reward functions.

While Naive penalizes every state perturbation equally, AUP theoretically applies penalty
in proportion to irreversibility (proposition B.1). For example, the agent could move
crates around (and then put them back later). AUP incurred little penalty for doing so,
while Naive was more constrained and consistently earned less reward than AUP. We
believe that AUP will continue to scale to useful applications, in part because it naturally

accounts for irreversibility.

Future work. Off-policy learning could allow simultaneous training of the auxiliary R;
and of R,yp. Instead of learning an auxiliary Q-function, the agent could just learn the

auxiliary advantage function with respect to inaction.

Some environments do not have a no-op action, or the agent may have more spatially
distant effects on the world which are not reflected in its auxiliary action values. In
addition, separately training the auxiliary networks may be costly, which might necessitate

off-policy learning. We look forward to future work investigating these challenges.

The SafeLife suite includes more challenging variants of prune-still-easy. SafeLife also
includes difficult navigation tasks, in which the agent must reach the goal by wading
either through fragile green patterns or through robust yellow patterns. Additionally, Aup

has not yet been evaluated in partially observable domains.

AUP’s strong performance when |R| = Z = 1 raises interesting questions. Turner et al.
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[97]’s small “Options” environment required |R| ~ 5 for good performance. SafeLife
environments are much larger than Options (table 3.1), so why does |[R| = 1 perform
well, and why does |R| > 2 perform poorly? To what extent does the AUP penalty term
provide reward shaping? Why do one-dimensional encodings provide a learnable reward

signal over states?

Conclusion. To realize the full potential of RL, we need more than algorithms which
train policies—we need to be able to train policies which actually do what we want.
Fundamentally, we face a frame problem: we often know what we want the agent to do,
but we cannot list everything we want the agent not to do. AUP scales to challenging
domains, incurs modest overhead, and induces competitive performance on the original
task while significantly reducing side effects—without explicit information about what

side effects to avoid.

Chapter 2 and chapter 3 show that AUP is qualitatively “conservative” in some sense—that
AUP “avoids side effects.” This informal judgment seems reasonable, but it is not grounded.

In the next chapter, I propose a formalization which quantifies side effect avoidance.
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Figure 3.3: Smoothed learning curves with shaded regions representing +1 standard
deviation. AUP begins training on the R,yp reward signal at step 1.1M, marked by a dotted
vertical line. AUPp,; begins such training at step 1M.
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Figure 3.4: Side effect score for different AUP settings.
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Formalizing The Problem of Side Effect

Regularization

Abstract

AT objectives are often hard to specify properly. Some approaches tackle this problem
by regularizing the AI’s side effects: Agents must weigh off “how much of a mess they
make” with an imperfectly specified proxy objective. We propose a formal criterion for
side effect regularization via the assistance game framework [84]. In these games, the
agent solves a partially observable Markov decision process (POMDP) representing its
uncertainty about the objective function it should optimize. We consider the setting
where the true objective is revealed to the agent at a later time step. We show that this
POMDP is solved by trading off the proxy reward with the agent’s ability to achieve a
range of future tasks. We empirically demonstrate the reasonableness of our problem

formalization via ground-truth evaluation in two gridworld environments.
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4.1 Introduction

We need to build aligned Al systems, not just capable Al systems. For example, recom-
mender systems which maximize app usage might provoke addiction in their users. Users

need the Al system’s behavior to be aligned with their interests.

When optimizing a formally specified objective, agents often have unforeseen negative side
effects. An agent rewarded for crossing a room may break furniture in order to cross the
room as quickly as possible. This simple reward function neglects our complex preferences
about the rest of the environment. One way to define a negative side effect is that it

reduces the potential value for the (unknown) true reward function.

Intuitively, we want the agent to optimize the specified reward function, while also
preserving its ability to pursue other goals in the environment. Existing approaches seem
promising, but there is not yet consensus on the formal optimization problem which is

being solved by side effect regularization approaches.

We formalize the optimization problem as a special kind of assistance game [84], played
by the AI (the assistant A) and its designer (the human H). An assistance game is a
POMDP with common knowledge of prior uncertainty about the reward function. The
human observes the true reward function, but the assistant does not. In our formulation,
we assume full observability, and that the human’s actions are communicative—they do
not affect transitions and do not depend on the current observation. We also suppose that
the human reveals the true reward function after some amount of time, but A otherwise

has no way of learning more about the true reward function.

This delayed specification assistance game formalizes a range of natural use cases beyond
side effect minimization. For example, when not assigned a customer, an Uber driver
may navigate to a state which allows them to quickly pick up a range of probable
customers—with the assigned route being the driver’s initially unknown true objective.
Alternatively, consider an empty restaurant which expects a range of probable customers.
When a customer arrives and makes an order, they communicate the restaurant’s initially
unknown food preparation objective. Therefore, the restaurant should prepare to satisfy

a range of objectives at the expected customer arrival times.
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Contributions. We formalize delayed specification assistance games. We show that
solving this game reduces to a trade-off between prior-expected reward and preservation of
the agent’s future ability to achieve a range of plausible objectives (theorem 4.7). We also
show that when the human has a fixed per-timestep probability of communicating the true
reward function, the resultant POMDP is solved by optimizing a Markovian state-based
reward function trading off immediate expected reward with ability achieve a range of
future objectives (theorem 4.9). We consider the side-effect regularization problem in our
new formal framework. We experimentally illustrate the reasonableness of this framework

in two AI safety gridworlds [47].

4.2 Related work

Krakovna et al. [42] share our motivation, formalizing the side effect minimization problem

as a question of having the agent maintain its ability to pursue future goals.

Our formalization is more general and based on maximizing the agent’s expected total
return with respect to its reward uncertainty. Hadfield-Menell et al. [34] first formalized
the idea that an agent should solve a POMDP in which the human is attempting to
communicate the objective information to the agent. Shah et al. [84] thoroughly analyze
these assistance games, noting their usefulness for describing side effect regularization

scenarios.

Past literature considers how to train qualitatively conservative or cautious agents which
are somewhat robust to misspecification. Eysenbach et al. [28| train an agent to maintain
initial state reachability. Unfortunately, maintaining initial state reachability is often

infeasible due to irreversible dynamics.

In constrained MDPs, the assistant must optimize the reward function subject to certain
policy constraints, which are often pre-specified [2, 105]. It is difficult to specify reward
functions, and it is likewise difficult to specify constraints. Anwar et al. [5] learn constraints,

but this relies on sampling demonstrations from a Boltzmann-rational expert.

Attainable utility preservation (AUP) [97]| and relative reachability [40] both reduce side
effects in Leike et al. [47]’s Al safety gridworlds. The former penalized the agent for

changing its on-policy value for uniformly randomly generated auxiliary reward functions,
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and the latter penalized the agent for losing easy access to a range of states. Turner
et al. [98] demonstrated that AUP scales to high-dimensional environments. Their agent
optimized the primary environmental reward minus the scaled shift in on-policy value for

a single uninformative auxiliary reward function.

4.3 Delayed specification assistance games

We formalize a special kind of partially observable Markov decision process (POMDP),
which we then show is solved by an objective which trades off expected true reward
with the ability to optimize a range of possible true reward functions. We show several
theoretical results on the hardness and form of solutions to this POMDP. In section 4.4,

we will apply this framework to analyze side effect regularization situations.

4.3.1 Assistance game formalization

This game is played by two agents, the human H and the assistant A. The environment is
fully observable because both agents observe the world state s € S at each time step, but
the true reward function Ry is hidden to A. Both agents may select history-dependent

policies, but only the human can condition their policy on Ry.

Following Shah et al. [84], a communicative fully-observable assistance game M is a
tuple (S, {AH,AA} , T, 80,7, (0, Ry, D)), where we take S to be a finite state space,
AH to be the human action space, and A® to be the finite agent action space. T :
S x AH x AA — A(S) is the (potentially stochastic) transition function (where A(X) is
the set of probability distributions over set X), s is the initial state, and v € (0,1) is
the discount factor. We assume that the game is communicative, which means that the

human action choice does not affect the transitions.

O is the set of potential reward function parameters 6, which induce reward functions
Rp: S — R. D is a probability distribution over ©. In this work, we let © = RS (the set
of all state-based reward functions), and so each Ry : s — 6(s). We differ from Shah et al.

[84] in assuming that the reward is only a function of the current state.

In a delayed specification assistance game, we assume that the agent will know the true
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reward function Ry after some time t. We have uncertainty D about the true reward
function we want to specify. The agent has no way of learning more about Ry before time
t.

The human policy 7H : © x S — AH is a goal-conditioned policy. Both agents can
observe the state, but only the human can observe the unknown reward parameterization
# € ©. Our simplified model of the problem assumes that the human action space
AH =RS U {all ,p}: the human can communicate all their hidden information, a real-
valued state-based reward function, in a single turn or they do nothing. We suppose that
the human communicates the complete reward information Ry € RS at some random

time step t ~ 7, which is independent of the state-action history:

Ry with probability P (7 = t)
™ (spadtall - - - sia?, Ry) = (4.1)

H
Upoop  €lse.

While the human policy assumption is simplistic, it does capture many real world scenarios

with unknown reward functions and the analysis which follows is still interesting.

Definition 4.1 (Solutions to the assistance game [84]). An assistant policy 7* induces
*

a probability distribution over trajectories: 7 ~ ( sq, 6, 7H, 7rA> ,T € [S x AH x AA |

The ezpected reward of T for <M,7TH> is

ER <7TA> = E i'yiRg (si,alﬂ,alA, si+1)

9~D,T~<Sg,9,7rH,7rA> i—0
A solution of <M, 7rH> maximizes expected reward: 7 € argmax ER (ﬁA).
TA
Once the assistant has observed Ry, lemma 4.3 shows that it should execute an optimal

policy 7 € IT* (Ry,~y) thereafter.

Definition 4.2 (Optimal policy set function [99]). II* (R, ) is the optimal policy set for

reward function R at discount rate v € (0, 1).

Lemma 4.3 (Follow an optimal policy after observing Ry). If there is a solution to the
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A
switc

any point in its history, follows 7y, € II* (Rg,7y) thereafter.

POMDP, then there ewists a solution 7%, ., . which, after observing human action Ry at

Proof. By eq. (4.1), 7™ outputs reward function Ry only if Ry is the true reward function.
By the definition of IT* (Ry, ), following an optimal policy maximizes expected return for
Ry. O

Definition 4.4 (Prefix policies). Let 7® be a assistant policy. Its prefiz policy 7 is the
restriction of 7 to histories in which the human has only taken the action anHO_op. T is

optimal when it is derived from a solution 72 of (M, 7H).

For simplicity, we only consider solutions of the type described in lemma 4.3. The question

then becomes: What prefix policy m should the assistant follow before observing Ry,

H

during the time where the assistant has only observed ayq o7

4.3.2 Acting under reward uncertainty

Roughly, theorem 4.7 will show that the assistance game M is solved by balancing the
optimal expected returns obtained before and after the knowledge of the true reward

function.

Definition 4.5 (Value and action-value functions). V7 (s,7) is the on-policy value for
reward function R, given that the agent follows policy m starting from state s and at
discount rate 7. V3 (s,7) = maxqen V4(s,7). In order to handle the average-reward
v = 1 setting, we define Vi ., (s,7) = limy«, (1 — ")V} (s,7%); this limit exists for
all v € [0,1] by the proof of Lemma 4.4 in Turner et al. [99].

POWERp,_ ., quantifies the expected value of the above quantity for a distribution of
reward functions via the agent’s average normalized optimal value, not considering the

current step (over which the agent has no control).

Definition 4.6 (POWER [99]). Let D be any bounded-support distribution over reward

functions. At state s and discount rate v € [0, 1],

*

POWERD,,,,q (5,7) = lim " £ [VR (8,7) — R(S)] : (4.2)
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Theorem 4.7 (In M, value reduces to a tradeoff between average reward and POWERp, ).

Let v € [0,1] and let R := Egp [R] be the average reward function.

expected t-step R-return under m
t

T swi ch(ﬂ-vﬂ-* 7t) i >
E Vanom " s0m)) = (0= B3 7" E_[R(si)

R~D t~T 1=0
expected ability to optimize D once corrected
+ B [ PoweRo,,, ()] L (43)
St~
where By, x|, takes the expectation over states visited after following 7 for i steps starting
from sg.

As the expected correction time limits to infinity, eq. (4.3) shows that the agent cannot do
better than maximizing R. If P (7 = 0) = 1, then any prefix policy 7 is trivially optimal

against uncertainty, since 7 is never followed.

In some environments, it may not be a good idea for the agent to maximize its own
POwWER. If we share an environment with the agent, then the agent may prevent us from
correcting it so that the agent can best optimize its present objective |74, 97|. Furthermore,
if the agent ventures too far away, we may no longer be able to easily reach and correct it

remotely.

Proposition 4.8 (Special cases for delayed specification solutions). Let s be a state, let
R :=Eg.p[R], and let v € [0,1].

1. IfVs1,80 €S : R(s1) = R(s2) orif v = 1, then 7 solves M starting from state s iff
T mazimizes Byt s, [V T POWERD,, ., (s¢,7)]. In particular, this result holds

when reward is 11D over states under D.

2. IfVs1,s0 € S : POWERp,,,,, (51,7) = POWERp,,,,, (52,7), then prefiz policies are
optimal iff they mazimize (1 — ) Epor [Zf;é Y Es, [R(SZ)]] .

If both item 1 and item 2 hold or if v = 0, then all prefiz policies m are optimal.

Consider the problem of specifying the correction time probabilities 7. Suppose we only

know that we expect to correct the agent at time step tayve > 1. The geometric distribution
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is the maximum-entropy discrete distribution, given a known mean. The mean of a

geometric distribution G(p) is p~!. Therefore, the agent should adopt T = G(t;vlg).

The geometric distribution is also the only memoryless discrete distribution. Memory-
lessness ensures the existence of a stationary optimal policy. Theorem 4.9 shows that
the assistance game M is solved by prefix policies which are optimal for an MDP whose
reward function balances average reward maximization with POWERp,_ _,-seeking, with
the balance struck according to the probability p that the agent learns the true reward

function at any given timestep.

Theorem 4.9 (Stationary deterministic optimal prefix policies exist for geometric 7). Let
D be any bounded-support reward function distribution, let T be the geometric distribution
G(p) for some p € (0,1), and let v € (0,1). Define R'(s) == (1 — p)Egp [R(s)] +
pEgD [Vﬁ (s,fyﬂ and Yaup = (1 — p)y. The policies in IT* (R’,'yAUP) are optimal prefix

policies.

Krakovna et al. [42] adopt a geometric distribution over correction times and thereby infer
the existence of a stationary optimal policy. To an approximation, their work considered
a special case of theorem 4.9, where D is the uniform distribution over state indicator
reward functions. Essentially, theorem 4.9 shows that if the agent has a fixed probability
p of learning the true objective at each time step, we can directly compute stationary
optimal prefix policies by solving an MDP. In general, solving a POMDP is PSPACE-hard,
while MDPs are efficiently solvable [64].

4.4 Using delayed specification games to understand side effect regu-

larization

We first introduce Turner et al. [97]’s approach to side effect regularization. We then
point out several similarities between our theory of delayed assistance games and the
motivation for side effect regularization methods. Finally, we experimentally evaluate our

formal criterion in order to demonstrate its appropriateness.

Definition 4.10 (Rewardless MDP). Let (S, .A,T,~) be a rewardless MDP, with finite
state space S, finite action space A, transition function 7' : S x A — A(S), and discount
rate v € [0,1). Let IT be the set of deterministic stationary policies.
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Definition 4.11 (AUP reward function). Let Reny : S X A — R be the environmental
reward function from states and actions to real numbers, and let R C RS be a finite set of
auxiliary reward functions. Let A > 0 and let @ € A be a no-op action. The AUP reward

after taking action a in state s is:

Y
Ruue(s,@) = Rene(s,0) = 17 3 ‘Q}}i(s,a) — Qi.(5,2)], (4.4)

R,ER

where the Q% are optimal Q-functions for the auxiliary R;. Learned Q-functions are used

in practice.

Turner et al. [97] demonstrate that when R; ~ [0,1]® uniformly randomly, the agent
behaves conservatively: The agent minimizes irreversible change to its environment, while
still optimizing the Reyy reward function. Turner et al. [97] framed AUP as implicitly solving
a two-player game between the agent and its designer, where the designer imperfectly
specified an objective Reny, the agent optimizes the objective, the designer corrects the
agent objective, and so on. They hypothesized that R,yp incentivizes the agent to remain
able to optimize future objectives, thus reducing long-term specification regret in the

iterated game.

Delayed specification assistance games formalize this setting as an assistance game in
which the agent does not initially observe the designer’s ground-truth objective function.
Theorem 4.7 showed that this game is solved by policies which balance immediate expected
reward with expected ability to optimize a range of true objectives. Therefore, Turner et al.
[97]’s iterated game analogy is appropriate: Good policies maximize imperfect reward

while preserving ability to optimize a range of different future reward functions.

Proposition 4.12 shows that the delayed specification game M is solved by reward
functions whose form looks somewhat similar to existing side effect objectives, such as AUP
(eq. (4.4)), where AUP’s primary reward function stands in as the designer’s expectation

R of the true reward function.

Proposition 4.12 (Alternate form for solutions to the low-impact POMDP). Let sg be the
initial state, let v € (0,1), and let T = G(p) for p € (0,1). Let D be a bounded-support

reward function distribution and let 7 € II.
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The prefix policy m solves M if w is optimal for the reward function

S p
RM(s; | s0) == R(s;) — T RIE,D

g [VE (5?77)} Vg (Sz‘ﬂ)] (4.5)

s?rwrz |so

at discount rate yaup = (1 —p)y and starting from state sg. E_ o is the expectation

nlag 1]

over states visited at time step i after following ©° from initial state sg.

Turner et al. [97] speculate as to how to set the A\, the AUP penalty coefficient. Propo-

sition 4.12 shows that under our assumptions, \ is simply the odds £~ that the agent

1-p
learns the true reward function at any given timestep. As p — 0, A :== 1%1) — 00, whereas
Yavr = (1 —p)y — . Since A represents penalty severity, this suggests that AUP becomes
more conservative as later correction is anticipated. Lastly, we were surpised to find that

the side effect regularization discount rate is strictly less than the provided discount rate

(Yave < 7).

4.4.1 Experimental methodology

We experimentally demonstrate the reasonableness of this formalization of side effect
regularization. In the AI safety gridworlds [47], we generate several held-out “true” reward
function distributions D. We correct the agent at time step 10, thereby computing the
following delayed specification score (derived from eq. (4.3)):

10-step prefix policy return

9 post-correction optimal value
J 10 *
A ,Z;’VZ E [R(s)] + 9" E[V&(s10,7)] (4.6)
1=

for the prefix policy 7 of a “vanilla” agent trained on the environmental reward signal,
which we compare to the score for an AUP (definition 4.11) agent. Neither agent observes
the held-out objective functions. By grading their performance, we evaluate how well
AUP does under a range of different true objectives. If a method scores highly for a wide
range of true objectives, we can be more confident in its ability to score well for arbitrary

ground-truth objectives.

We investigate the Al safety gridworlds because those environments are small enough for
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us to explicitly specify held-out reward functions, and to use MDP solvers to compute
optimal action-value functions. Turner et al. [98]’s SafeLife environment is far too large

for such solvers.

We consider two gridworld environments: Options and Damage (fig. 4.1). In both envi-
ronments, the action set A := {up, left, right,down, @} allows the agent to move in the

cardinal directions, or to do nothing. The episode length is 20 time steps.

(a) Options (b) Damage

Figure 4.1: Reproduced from [97]. The blue agent should reach the green goal without
having the side effect of: a irreversibly pushing the brown crate downwards into the corner
[47]; b bumping into the horizontally pacing pink human [46]. In both environments, the
environmental reward Ry is 1 if the agent is on the goal, and equals 0 otherwise.

We train the following agents via tabular methods:

Vanilla Executes the optimal policy for the environmental reward Reny. The optimal

policy is calculated via policy iteration.

AUP  Trained on definition 4.11°s R yp with Q-learning. Auxiliary reward functions
are uniformly randomly drawn from [0, 1]°—when sampling, each state’s reward
is drawn from the uniform distribution. The auxiliary action-value functions Qpg,

are deduced from the value function produced by policy iteration.

Appendix C.1 contains more experimental details. We evaluate agent delayed specification

scores on the following ground-truth, held-out objective distributions:

Drana The empirical distribution consisting of 1,000 samples from the uniform distri-
bution over [0, 1]°.

Dirue This distribution assigns probability 1 to the following reward function: The

agent receives 1 reward for being at the goal, but incurs —2 penalty for causing
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the negative side effect. In Options, the side effect is shoving the box into the

corner; in Damage, the side effect is bumping into the human.

Dirue-iny This distribution assigns probability 1 to the negation of the Dy reward

function.

In particular, Diyye and Dirue-iny test agents for their ability to optimize a reward function,
and also its additive inverse. Agents able to optimize the goal, its inverse, and a range of
randomly generated objectives, can be justifiably called “broadly conservative.” Lastly,
these experiments are intended to justify our problem formalization: Does eq. (4.6) reliably

quantify the extent to which a policy avoids causing side effects?
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Figure 4.2: Probability density plots for the residuals of the AUP agent’s delayed specifica-
tion score minus the Vanilla delayed specification score, for 1,000 samples from Dyang. A
positive residual means that the AUP agent achieved a higher score.

4.5 Results

Figure 4.2 shows that for uniformly randomly generated reward functions, the AUP agent
tends to perform better than the Vanilla agent. In Options, the residual was positive for
780 out of 1,000 samples (78%), with an average of 15.59 and a median of 10.27; in Damage,
in 493 out of 1,000 samples (49%) with a mean of 1.22 and a median of -0.03. While Aup
does not outperform on every draw, AUP’s performance advantages have heavy right tails.

However, we are unsure why the Damage residual distribution is different.
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In both Options and Damage, the AUP agent has huge Diye score advantages of 472 and
495, respectively. This is unsurprising: AUP was designed so as to pass these test cases,
where the desired behavior is to reach the goal without having the side effect. However,
the AUP agent also roughly preserves its ability to optimize Dyiyyeiny, achieving Dirye-inv
score residuals of -2 and —20, respectively. The AUP agent achieves a barely-negative score,
since it receives a penalty for the first 10 time steps (as it does not have the negative
side effect). The AUP agent preserves its ability to optimize both a reward signal and
its tnverse. Intuitively, this increases the designer’s leeway for initially misspecifying the

agent’s objective.

4.6 Discussion

Objective specification is difficult [43|. Delayed specification assistance games grade
policies by their expected true score over time: How well the agent does if it is later
corrected to pursue the latent true objective. We demonstrated that this criterion aligns
with the intuitive results of Krakovna et al. [40], Turner et al. [97]’s experiments which
tested side-effect regularization. By grading the agent’s ability to “eventually get things
right,” we quantified part of the extent to which learned policies are robust against initial

objective misspecification.

Future work. In practical settings, not only is the true reward function unknown, but
our objective uncertainty D is also hard to specify. We see existing side effect approaches
as producing prefix policies for the assistance game M which are reasonably insensitive
to the latent uncertainty D. We look forward to further theoretical clarification of this

point.

While proposition 4.12 helps explain the role of the AUP penalty coefficient A, the choice
of “baseline” and expectand operator (identity vs decrease-only vs absolute value) remains
more of an art than a science [42]. We proposed a formal criterion which seems to accurately
capture the problem, but have not derived any existing approaches as solutions to the
POMDP. By reasonably formalizing the side-effect regularization problem, we encourage
future research to prove conditions under which e.g. AUP solves a delayed-specification

assistance game, or demonstrate how AUP can be improved to do so.
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We used small gridworlds to evaluate the delayed specification score for various ground-
truth objective distributions. Future work may estimate the delayed specification score in

large environments, such as SafeLife [100, 98].

4.7 Conclusion

We formalized Delayed Specification Assistance Games and used them to evaluate AUP,
a side effect regularization method. Side effect problems naturally arise in complicated
domains where it is hard to specify the true objective we want the agent to optimize. Our
formalization suggests that side effect regularization is what to do when the agent can

learn the true objective only after some time delay.

In such situations, theorem 4.7 shows that the agent should retain its ability to complete a
wide range of plausible true objectives. Our results suggest that this delayed specification
score (eq. (4.3)) quantifies the degree to which an agent avoids having negative side effects.
Our proposed criterion provides the foundations for evaluating and developing side effect

regularization approaches.

One reason why intelligent agents tend to have side effects is power-seeking. A power-
seeking agent may grab resources, preventing them from being used for other purposes.

In the next chapter, I show that optimal agents tend to seek power.
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Optimal Policies Tend To Seek Power

Alexander Matt Turner, Logan Smith, Rohin Shah, Andrew Critch, and Prasad Tade-
palli

Proceedings of the Advances in Neural Information Processing Systems Conference
2021

Abstract

Some researchers speculate that intelligent reinforcement learning (RL) agents would
be incentivized to seek resources and power in pursuit of the objectives we specify for
them. Other researchers point out that RL agents need not have human-like power-seeking
motives. To clarify this discussion, we develop the first formal theory of the statistical
tendencies of optimal policies. In the context of Markov decision processes (MDPs), we

prove that certain environmental symmetries are sufficient for optimal policies to tend to
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seek power over the environment. These symmetries exist in many environments in which
the agent can be shut down or destroyed. We prove that in these environments, most
reward functions make it optimal to seek power by keeping a range of options available
and, when maximizing average reward, by navigating towards larger sets of potential

terminal states.

5.1 Introduction

Omohundro [60], Bostrom [13]|, Russell [74] hypothesize that highly intelligent agents
tend to seek power in pursuit of their goals. Such power-seeking agents might gain
power over humans. Marvin Minsky imagined that an agent tasked with proving the
Riemann hypothesis might rationally turn the planet—along with everyone on it—into
computational resources [75]. However, another possibility is that such concerns simply

arise from the anthropomorphization of Al systems [45, 63, 67, 54].

We clarify this discussion by grounding the claim that highly intelligent agents will tend
to seek power. In section 5.4, we identify optimal policies as a reasonable formalization
of “highly intelligent agents.” Optimal policies “tend to” take an action when the action
is optimal for most reward functions. In the next chapter (chapter 6), we translate our

theory from optimal policies to learned, real-world policies.

Section 5.5 defines “power” as the ability to achieve a wide range of goals. For example,

7

“money is power,” and money is instrumentally useful for many goals. Conversely, it’s
harder to pursue most goals when physically restrained, and so a physically restrained
person has little power. An action “seeks power” if it leads to states where the agent has

higher power.

We make no claims about when large-scale Al power-seeking behavior could become
plausible. Instead, we consider the theoretical consequences of optimal action in MDPs.
Section 5.6 shows that power-seeking tendencies arise not from anthropomorphism, but
from certain graphical symmetries present in many MDPs. These symmetries automatically
occur in many environments where the agent can be shut down or destroyed, yielding

broad applicability of our main result (theorem 5.29).
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5.2 Related work

An action is instrumental to an objective when it helps achieve that objective. Some actions
are instrumental to a range of objectives, making them convergently instrumental. The
claim that power-seeking is convergently instrumental is an instance of the instrumental

convergence thesis:

Several instrumental values can be identified which are convergent in the sense
that their attainment would increase the chances of the agent’s goal being
realized for a wide range of final goals and a wide range of situations, implying
that these instrumental values are likely to be pursued by a broad spectrum

of situated intelligent agents [12].

For example, in Atari games, avoiding (virtual) death is instrumental for both completing
the game and for optimizing curiosity [17]. Many AI alignment researchers hypothesize that
most advanced Al agents will have concerning instrumental incentives, such as resisting

deactivation [87, 53, 35, 19] and acquiring resources [8].

We formalize power as the ability to achieve a wide variety of goals. Appendix D.1
demonstrates that our formalization returns intuitive verdicts in situations where infor-

mation-theoretic empowerment does not |77].

Some of our results relate the formal power of states to the structure of the environment.
Foster and Dayan [30], Drummond [23], Sutton et al. [92], Schaul et al. [81] note that
value functions encode important information about the environment, as they capture
the agent’s ability to achieve different goals. Turner et al. [97] speculate that a state’s
optimal value correlates strongly across reward functions. In particular, Schaul et al.
[81] learn regularities across value functions, suggesting that some states are valuable for
many different reward functions (i.e. powerful). Menache et al. [52] identify and navigate

towards convergently instrumental bottleneck states.

We are not the first to study convergence of behavior, form, or function. In economics,
turnpike theory studies how certain paths of accumulation tend to be optimal [51]. In
biology, convergent evolution occurs when similar features (e.g. flight) independently
evolve in different time periods [70]. Lastly, computer vision networks reliably learn e.g.

edge detectors, implying that these features are useful for a range of tasks [59].
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Figure 5.1: £ is a 1-cycle, and & is a terminal state. Arrows represent deterministic
transitions induced by taking some action a € A. Since the right subgraph contains a
copy of the left subgraph, proposition 5.25 will prove that more reward functions have
optimal policies which go right than which go left at state x, and that such policies
seek power—both intuitively, and in a reasonable formal sense.

5.3 State visit distribution functions quantify the available options

We clarify the power-seeking discussion by proving what optimal policies usually look
like in a given environment. We illustrate our results with a simple case study, before
explaining how to reason about a wide range of MDPs. Appendix D.3.1 lists MDP theory

contributions of independent interest, and appendix D.4 contains the proofs.

Definition 5.1 (Rewardless MDP). (S, A, T) is a rewardless MDP with finite state and
action spaces S and A, and stochastic transition function 7 : § x A — A(S). We treat

the discount rate v as a variable with domain [0, 1].

Definition 5.2 (1-cycle states). Let es € RISI be the standard basis vector for state s,
such that there is a 1 in the entry for state s and 0 elsewhere. State s is a I-cycle if
Jda € A:T(s,a) = es. State s is a terminal state if Va € A:T(s,a) = es.

Our theorems apply to stochastic environments, but we present a deterministic case study
for clarity. The environment of fig. 5.1 is small, but its structure is rich. For example, the
agent has more “options” at x than at the terminal state @. Formally, * has more visit

distribution functions than @ does.

Definition 5.3 (State visit distribution [91]). II := AS, the set of stationary deterministic
policies. The wisit distribution induced by following policy 7 from state s at discount
rate vy € [0,1) is £™5(y) == > 72,7" Eg,orls [€s,]. £7° is a wisit distribution function;
F(s) = {f™° | m € II}.
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In fig. 5.1, starting from £, the agent can stay at £ or alternate between £ and /x_,
and so F({,) = {ﬁeg/, ﬁ(eg/ +7es )} In contrast, at @, all policies 7 map to

visit distribution function ﬁeg.

Before moving on, we introduce two important concepts used in our main results. First,

we sometimes restrict our attention to visit distributions which take certain actions

(fig. 5.2).
D

A

S

* — > — T
right

Figure 5.2: The subgraph corresponding to F(x | m(x) = right). Some trajectories cannot
be strictly optimal for any reward function, and so our results can ignore them. Gray
dotted actions are only taken by the policies of dominated £ € F(x) \ Fna(*).

Definition 5.4 (F single-state restriction). Considering only visit distribution functions

induced by policies taking action a at state s’,

F(s|m(s)=a)={f € F(s) | Imel:n(s) = a,f™° =f}. (5.1)

Second, some f € F(s) are “unimportant.” Consider an agent optimizing reward function
er, (1 reward when at r, 0 otherwise) at e.g. v = % Its optimal policies navigate to 7,
and stay there. Similarly, for reward function e, ., optimal policies navigate to r » and
stay there. However, for no reward function is it uniquely optimal to alternate between
r ~ and . Only dominated visit distribution functions alternate between r » and r\
(definition 5.6).

Definition 5.5 (Value function). Let 7 € II. For any reward function R € RS over the
state space, the on-policy value at state s and discount rate v € [0,1) is V7 (s,7) =
£5(v)Tr, where r € RISl is R expressed as a column vector (one entry per state). The

optimal value is V; (s,7) = maxren V5 (s,7).
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Definition 5.6 (Non-domination).

Foa(s) ={fT € F(s) | Ir e R v €(0,1): £7(7) 't > max £7(y)'r}. (5.2)
£ e F(s)\{f7}
For any reward function R and discount rate -, f™ € F(s) is (weakly) dominated by
£ € F(s) if VF(s,7) < VE (5,7). £7 € Fua(s) is non-dominated if there exist R and
at which f™ is not dominated by any other ™ .

5.4 Some actions have a greater probability of being optimal

We claim that optimal policies “tend” to take certain actions in certain situations. We

first consider the probability that certain actions are optimal.

Reconsider the reward function e, , optimized at v = % Starting from *, the optimal
trajectory goes right to r, to r\ , where the agent remains. The right action is optimal
at * under these incentives. Optimal policy sets capture the behavior incentivized by a

reward function and a discount rate.

Definition 5.7 (Optimal policy set function). IT* (R, ) is the optimal policy set for
reward function R at v € (0,1). All R have at least one optimal policy = € II [68].
IT* (R,0) = lim,_oII* (R,v) and II* (R, 1) := limy_ IT* (R,7) exist by lemma D.40
(taking the limits with respect to the discrete topology over policy sets).

We may be unsure which reward function an agent will optimize. We may expect to
deploy a system in a known environment, without knowing the exact form of e.g. the
reward shaping [58] or intrinsic motivation [65]. Alternatively, one might attempt to
reason about future RL agents, whose details are unknown. Our power-seeking results
do not hinge on such uncertainty, as they also apply to degenerate distributions (i.e. we

know what reward function will be optimized).

Definition 5.8 (Reward function distributions). Different results make different distribu-
tional assumptions. Results with Duny € Dapny = A(R“S') hold for any probability distri-
bution over RISl Dy ound is the set of bounded-support probability distributions Dpound-
For any distribution X over R, Dx_p = XSl For example, when X, = unif(0,1),

Dx,-up is the maximum-entropy distribution. D; is the degenerate distribution on the
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state indicator reward function ez, which assigns 1 reward to s and 0 elsewhere.

With D,y representing our prior beliefs about the agent’s reward function, what behavior
should we expect from its optimal policies? Perhaps we want to reason about the
probability that it’s optimal to go from x to @, or to go to 7, and then stay at r ».
In this case, we quantify the optimality probability of F' := {e, + ﬁeg, e, + e, +
%er )

Definition 5.9 (Visit distribution optimality probability). Let F' C F(s), v € [0, 1].

Pp,,, (F,7)=_ P (H"ecF:mecll"(R,v)). (5.3)

RNDany

Alternatively, perhaps we’re interested in the probability that right is optimal at *.

Definition 5.10 (Action optimality probability). At discount rate v and at state s, the

optimality probability of action a is

Pp,., (8:0,7) =Prop,., (Ir* € II* (R,7) : *(s) = a) . (5.4)

Optimality probability may seem hard to reason about. It’s hard enough to compute an
optimal policy for a single reward function, let alone for uncountably many! But consider
any Dx_jp distributing reward independently and identically across states. When v = 0,
optimal policies greedily maximize next-state reward. At %, identically distributed reward
means {4 and 7, have an equal probability of having maximal next-state reward. Therefore,
Pp

provable.

o (5 1eft,0) = Pp. (%, right,0). This is not a proof, but such statements are

With D, being the degenerate distribution on reward function ey_, ]P’DE<1 (*, left, %) =
1>0= IP’DZq (*,right7 %) Similarly, ]P’DrD (*, left, %) =0<1= }P’DTl> (*,right, %)
Therefore, “what do optimal policies ‘tend’ to look like?” seems to depend on one’s prior
beliefs. But in fig. 5.1, we claimed that left is optimal for fewer reward functions than

right is. The claim is meaningful and true, but we will return to it in section 5.6.
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5.5 Some states give the agent more control over the future

The agent has more options at £ than at the inescapable terminal state @. Furthermore,
since r » has a loop, the agent has more options at 7\, than at £ . A glance at fig. 5.3

leads us to intuit that r\ affords the agent more power than &.

What is power? Philosophers have many answers. One prominent answer is the dis-
positional view: Power is the ability to achieve a range of goals [79]. In an MDP, the
optimal value function V}; (s,7) captures the agent’s ability to “achieve the goal” R.

Therefore, average optimal value captures the agent’s ability to achieve a range of goals

1
Dbound .

Definition 5.11 (Average optimal value). The average optimal value? at state s and dis-

count rate y € (0,1) is |Z: 5 (8,7) = ERpunyyng [Vﬁ (s, fy)] =Er Dy oung [maxfef(s) f(y)r|.

QD

LN e

51 3)
@ O

Figure 5.3: Intuitively, state m affords the agent more power than state @. Our POWER
formalism captures that intuition by computing a function of the agent’s average optimal

value across a range of reward functions. For X, := unif(0, 1), VD*Xu_HD(Q,fy) = %ﬁ,
1 2 1 1 2 1 2

V{;XH_HD(E/,V) =35+ 1372(5 + 57), and Vgxu_llD(r\,'y) =35+ ﬁg. 5 and 5 are the

expected maxima of one and two draws from the uniform distribution, respectively. For

all v € (0,1), Vgxum(g,’y) <Vpe (L ,7) < |2 (r\,7). POWERD, . (9,7) = %7
POWERDy ., ({,/,7) = 145 (5 + 37), and POWERpy . (m,7) = §. The POWER of £,
reflects the fact that when greater reward is assigned to ¢~ , the agent only visits /x_every

other time step.

Figure 5.3 shows the pleasing result that for the max-entropy distribution, r\_ has greater
average optimal value than @. However, average optimal value has a few problems as a
measure of power. The agent is rewarded for its initial presence at state s (over which

it has no control), and because Hf(’y)H1 = ﬁ (proposition D.8) diverges as v — 1,

! Dhound’s bounded support ensures that ER~Dyyupa [Vﬁ (s, 7)] is well-defined.
2 Appendix D.3 relaxes the optimality assumption.
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limy1 Vp,  (s,7) tends to diverge. Definition 5.12 fixes these issues in order to better

measure the agent’s control over the future.

Definition 5.12 (POWER). Let v € (0,1).

1—7x T
POWERp, ., (5,7) = rNDIE \ fren]g();) S (f(v) —es) r (5.5)
1- Y *
=—— E [Vi(s,7) = R(s)]. (5.6)

’7 RNDbound

POWER has nice formal properties.
Lemma 5.13 (Continuity of POWER). POWERp, . (s,7) is Lipschitz continuous on

v € 10,1].

Proposition 5.14 (Maximal POWER). POWERp,,,, (5,7) < Erup,, ... [maxses R(s)],
with equality if s can deterministically reach all states in one step and all states are

1-cycles.

Proposition 5.15 (POWER is smooth across reversible dynamics). Let Dpoyna be bounded

[b,c]. Suppose s and s’ can both reach each other in one step with probability 1.

|POWERp,,,,., (5,7) — POWERp,,,., (s,7) | < (c = b)(1 —7). (5.7)

We consider power-seeking to be relative. Intuitively, “live and keep some options open”
seeks more power than “die and keep no options open.” Similarly, “maximize open options”

seeks more power than “don’t maximize open options.”

Definition 5.16 (POWER-seeking actions). At state s and discount rate v € [0, 1], action

a seeks more POWERp, ., than o’ when

E  [POWERp,,,..(54:7)] = E  [POWERp,,..(sa,7)] - (5.8)

sa~T(s,a) Sqr~T(s,a")

POWER is sensitive to choice of distribution. D, _ gives maximal POWERDZ/ to £, . D,
assigns maximal POWERDT\ to r\,. Dy even gives maximal POWERp, to &! In what
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sense does & have “less POWER” than m, and in what sense does right “tend to seek

POWER” compared to left?

5.6 Certain environmental symmetries produce power-seeking tenden-
cies

Proposition 5.22 proves that for all v € [0, 1] and for most distributions D, POWERp (£ ,7) <
POWERp (7, v). But first, we explore why this must be true.

Fl,)= {ﬁeg/, ﬁ(eg/ +ver )} and F(r\,) = {ﬁer\, ﬁ(er\ +ver ) en +
75€r . }. These two sets look awfully similar. F(£,) is a “subset” of F(r\,), only with
“different states.” Figure 5.4 demonstrates a state permutation ¢ which embeds F (€ )

into F ().

Figure 5.4: Intuitively, the agent can do more starting from » than from £, . By
definition 5.17, F(r\ ) contains a copy of F({): ¢-F (L) = {ﬁP(peg/, ﬁPMe&/ +

’Yeér\)} = {ﬁer\g ﬁ(eT\ + Ver/)} - f(r\)

Definition 5.17 (Similarity of vector sets). Consider state permutation ¢ € S| inducing
an |S| x |S| permutation matrix Py in row representation: (Pg);; = 1 if i = ¢(j) and
0 otherwise. For X C RIS ¢ . X = {P¢x | x € X}. X' C RISl is similar to X when
3¢ :¢- X' = X. ¢ is an involution if ¢ = ¢~ (it either transposes states, or fixes them in

place). X contains a copy of X’ when X’ is similar to a subset of X via an involution ¢.

Definition 5.18 (Similarity of vector function sets). Let I C R. If F, F’ are sets of
functions T ~— RISI| F is (pointwise) similar to F' when 3¢ : Vy € I : {Pyf(y) | f € F} =
{f'(7) [ € F'}.

Consider a reward function R’ assigning 1 reward to £ and ¢x_and 0 elsewhere. R’ assigns

more optimal value to £ than to r: V3 (£,7) = ﬁ >0 = V3 (r,v). Considering
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¢ from fig. 5.4, ¢ - R assigns 1 reward to 7\ and r » and 0 elsewhere. Therefore, ¢ - R’
assigns more optimal value to r\ than to £ : Vjp({,,7) =0 < ﬁ = Vir(r7)
Remarkably, this ¢ has the property that for any R which assigns £ greater optimal
value than m (i.e. V5(£,7v) > Vi(r\,,7)), the opposite holds for the permuted ¢ - R:

v;R(&/aV) < V(;;'(R(T\ﬂf)/)

We can permute reward functions, but we can also permute reward function distributions.

Permuted distributions simply permute which states get which rewards.

\ D=,
-

Y \‘Omvup
A\
D/

T

Figure 5.5: A permutation of a reward function swaps which states get which rewards.
We will show that in certain situations, for any reward function R, power-seeking is
optimal for most of the permutations of R. The orbit of a reward function is the set of
its permutations. We can also consider the orbit of a distribution over reward functions.
This figure shows the probability density plots of the Gaussian distributions D and D’
over R2. The symmetric group S contains the identity permutation ¢;q and the reflection
permutation @swap (switching the y and z values). The orbit of D consists of ¢iq - D =D
and ¢swap - D =D’

Definition 5.19 (Pushforward distribution of a permutation). Let ¢ € Sis|. ¢ Dany is
the pushforward distribution induced by applying the random vector f(r) := Pyr to Dany.

Definition 5.20 (Orbit of a probability distribution). The orbit of D,y under the
symmetric group Sjs| i8 S|s| * Dany = {¢ - Dany | ¢ € Sis|}-
For example, the orbit of a degenerate state indicator distribution Dy is S|s| - Ds = {Dy |

s’ € 8}, and fig. 5.5 shows the orbit of a 2D Gaussian distribution.

Reconsider fig. 5.4’s involution ¢. For every Dyoung for which £ has more POWERp,
than m, £ has less POWERg.p, ., than r\ . This fact is not obvious—it is shown by
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the proof of lemma D.29.

Imagine Dyound’s orbit elements “voting” whether £ or r has strictly more POWER.
Proposition 5.22 will show that r\ can’t lose the “vote” for the orbit of any bounded

reward function distribution. Definition 5.21 formalizes this “voting” notion.?

Definition 5.21 (Inequalities which hold for most probability distributions). Let fi, fo :
A(RI®l) = R be functions from reward function distributions to real numbers and let
D C A(RII) be closed under permutation. We write f1(D) >, ... o f2(D) when, for all

D € ®©, the following cardinality inequality holds:

[D' € Sig D | 1i(D)) > (D)} 2 [{D' € Sis) - DI AD) < (D)} (5.9)

We write f1(D) >0 f2(D) when D is clear from context.

Proposition 5.22 (States with “more options” have more POWER). If F(s) contains a
copy of Fna(s'") via ¢, then ¥y € [0,1] : POWERp,,, . (S,7) Zmost POWERD,, . (s, 7). If
Fud(8) \ ¢ - Fra(s') is non-empty, then for all v € (0,1), the converse <, o statement
does not hold.

Proposition 5.22 proves that for all vy € [0, 1],

1:)()V\'/El:{,Dbound (T.\l’ ’Y) Zmost POWERDbound (gl/’ ’Y) (5 10)

via s’ ==, s =1\, and the involution ¢ shown in fig. 5.4. In fact, because (ﬁerﬂ) €
Fnd(m )\ @ Fua (), m, has “strictly more options” and therefore fulfills proposition 5.22’s

stronger condition.

Proposition 5.22 is shown using the fact that ¢ injectively maps D under which 7 has
less POWERp, to distributions ¢ - D which agree with the intuition that r offers more
control. Therefore, at least half of each orbit must agree, and r\  never “loses the POWER

vote” against ¢ /.4

3The voting analogy and the “most” descriptor imply that we have endowed each orbit with the
counting measure. However, a priori, we might expect that some orbit elements are more empirically
likely to be specified than other orbit elements. See section 5.7 for more on this point.

4Proposition 5.22 also proves that in general, @ has less POWER than £, and rv,. However, this does
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5.6.1 Keeping options open tends to be POWER-seeking and tends to

be optimal

Certain symmetries in the MDP structure ensure that, compared to left, going right
tends to be optimal and to be POWER-seeking. Intuitively, by going right, the agent has

“strictly more choices.” Proposition 5.25 will formalize this tendency.

Definition 5.23 (Equivalent actions). Actions a; and ag are equivalent at state s (written

a1 =; ag) if they induce the same transition probabilities: T'(s,a1) = T'(s, az).

The agent can reach states in {ry,r », 7\ } by taking actions equivalent to right at state

*.

Definition 5.24 (States reachable after taking an action). REACH (s,a) is the set of

states reachable with positive probability after taking the action a in state s.

Proposition 5.25 (Keeping options open tends to be POWER-seeking and tends to be

optimal).
Suppose F, == F(s | m(s) = a) contains a copy of Fy = F(s|w(s) =a’) via ¢.

1. Ifs ¢ REACH (s, a’), then¥y € [0,1] : Eq, w1(s,a) [POWERDbomd (sa,'y)] > nost: Dyouny
Esa/NT(s,a’) [POWERDbound (Sa’v 7)} .

2. If s can only reach the states of REACH (s, a’) UREACH (s, a) by taking actions equiv-
alent to a’ or a at state s, then Vy € [0,1] : Pp,., (8:4:7) =0t Dany FDany (s,d',7).

If Fua(s) N (Fu\ ¢ Fy) is non-empty, then Vv € (0,1), the converse <. statements
do not hold.

We check the conditions of proposition 5.25. s := , a’ := left, a := right. Figure 5.6
shows that x ¢ REACH (x, left) and that x can only reach {{q, ¢x_, £ }U{rs,7 »,m } when
the agent immediately takes actions equivalent to left or right. F(x | m(x) = right)
contains a copy of F(x | w(x) = left) via ¢. Furthermore, Foq(x) N {es +ve,, + %€, +

not prove that most distributions D satisfy the joint inequality POWERD(2,v) < POWERp (£, ,7) <
POWERp (1, 7). This only proves that these inequalities hold pairwise for most D. The orbit elements
D which agree that @ has less POWERp than £ need not be the same elements D’ which agree that £
has less POWERps than 7.
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Involution ¢
‘}\ ETTT T /t)
£/<—€q<—*—>7“>—> “

= left right I 4

- -
----------

Figure 5.6: Going right is optimal for most reward functions. This is because whenever
R makes left strictly optimal over right, its permutation ¢ - R makes right strictly
optimal over left by switching which states get which rewards.

3 2 2
i Y _ Y . ..
e et e, + 1 eT/} = {e, +e,, + —1_7917} is non-empty, and so all conditions

are met.

For any v € [0,1] and D such that Pp (x,left,vy) > Py (%, right, ), environmental
symmetry ensures that Py p (x,left,v) <Py p (x,right,7). A similar statement holds
for POWER.

77

5.6.2 When v = 1, optimal policies tend to navigate towards “larger

sets of cycles

Proposition 5.22 and proposition 5.25 are powerful because they apply to all v € [0, 1],
but they can only be applied given hard-to-satisfy environmental symmetries. In contrast,
proposition 5.28 and theorem 5.29 apply to many structured environments common to
RL.

Starting from %, consider the cycles which the agent can reach. Recurrent state distri-
butions (RSDs) generalize deterministic graphical cycles to potentially stochastic envi-
ronments. RSDs simply record how often the agent tends to visit a state in the limit of

infinitely many time steps.

Definition 5.26 (Recurrent state distributions [68]). The recurrent state distributions
which can be induced from state s are RSD(s) = {limy_(1 —~)f™(y) | 7 € II}.
RSDyq (s) is the set of RSDs which strictly maximize average reward for some reward

function.
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As suggested by fig. 5.3, RSD (x) = {e¢_, %(eg/ +en ) eq,er ., %(er/ +er ) er o As
discussed in section 5.3, %(e,« » + e ) is dominated: Alternating between r » and r\ is

never strictly better than choosing one or the other.

A reward function’s optimal policies can vary with the discount rate. When v = 1, optimal

policies ignore transient reward because average reward is the dominant consideration.

Definition 5.27 (Average-optimal policies). The average-optimal policy set for reward
function R is II*V8 (R) = {77 €Il Vs €S :d™ € argmaxqersp(s) dTr} (the policies
which induce optimal RSDs at all states). For D C RSD (s), the average optimality
probability is Pp (D, average) :==Pp_p (3d™* € D : w € II*V& (R)).

Average-optimal policies maximize average reward. Average reward is governed by RSD
access. For example, m has “more” RSDs than @; therefore, r\ usually has greater
POWER when v = 1.

Proposition 5.28 (When v = 1, RSDs control POWER). If RSD (s) contains a copy of
RSD,q (s') via ¢, then POWERp,, . (s,1) > .« POWERD, . (s’, 1). IfRSDypq (s)\ ¢+

RSDy4(s’) is non-empty, then the converse <, statement does not hold.

We check that both conditions of proposition 5.28 are satisfied when s’ = @, s = r,
and the involution ¢ swaps @ and r\,. Formally, ¢ - RSDyq (9) = ¢ - {eg} = {e, } C
{er e .} = RSDya(r,) C [ ]. The conditions are satisfied.

Informally, states with more RSDs generally have more POWER at v = 1, no matter their
transient dynamics. Furthermore, average-optimal policies are more likely to end up in
larger sets of RSDs than in smaller ones. Thus, average-optimal policies tend to navigate

towards parts of the state space which contain more RSDs.

Theorem 5.29 (Average-optimal policies tend to end up in “larger” sets of RSDs). Let
D, D’ C RSD (s). Suppose that D contains a copy of D' via ¢, and that the sets DUD’ and
RSDy4 (s)\ (D' U D) have pairwise orthogonal vector elements (i.e. pairwise disjoint vector
support). Then Pp (D, average) >y05 Pp,,,, (D', average). If RSDya (s)N (D \ ¢- D)

s non-empty, the converse <. .« statement does not hold.

Corollary 5.30 (Average-optimal policies tend not to end up in any given 1-cycle).
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Figure 5.7: The cycles in RSD (x). Most reward functions make it average-optimal to
avoid @, because & is only a single inescapable terminal state, while other parts of the
state space offer more 1-cycles.

Suppose e, ey € RSD (s) are distinct. Then

IP)DGW (RSD (s)\ {es,}, average) > st PDGW ({esz}, average) . (5.11)

If there is a third eg» € RSD (s), the converse <, . statement does not hold.

mos

Figure 5.7 illustrates that eg, e, , e, . € RSD (%). Thus, both conclusions of corollary 5.30
hold:

IP>Dany (RSD (x) \ {es}, average) > most ]P)Dany ({eg}, average)
and Pp_ (RSD (%) \ {ex}, average) £ s Ppony ({ew}, average) .

In other words, average-optimal policies tend to end up in RSDs besides &. Since @ is a
terminal state, it cannot reach other RSDs. Since average-optimal policies tend to end up

in other RSDs, average-optimal policies tend to avoid @.

This section’s results prove the v = 1 case. Lemma 5.13 shows that POWER is continuous
at 7 = 1. Therefore, if an action is strictly POWERp-seeking when ~ = 1, it is strictly
POWERp-seeking at discount rates sufficiently close to 1. Future work may connect average

optimality probability to optimality probability at v = 1.

Lastly, our key results apply to all degenerate reward function distributions. Therefore,
these results apply not just to distributions over reward functions, but to individual

reward functions.
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5.6.3 How to reason about other environments

Consider an embodied navigation task through a room with a vase. Proposition 5.25
suggests that optimal policies tend to avoid immediately breaking the vase, since doing so

would strictly decrease available options.

Theorem 5.29 dictates where average-optimal agents tend to end up, but not what actions
they tend to take in order to reach their RSDs. Therefore, care is needed. In appendix
D.2, fig. D.2 demonstrates an environment in which seeking POWER is a detour for most
reward functions (since optimality probability measures “median” optimal value, while
POWER is a function of mean optimal value). However, suppose the agent confronts a
fork in the road: Actions a and a’ lead to two disjoint sets of RSDs D, and D/, such that
D, contains a copy of Dy. Theorem 5.29 shows that a will tend to be average-optimal
over a’, and proposition 5.28 shows that a will tend to be POWER-seeking compared to a’.

Such forks seem reasonably common in environments with irreversible actions.

Theorem 5.29 applies to many structured RL environments, which tend to be spatially
regular and to factorize along several dimensions. Therefore, different sets of RSDs will
be similar, requiring only modification of factor values. For example, if an embodied
agent can deterministically navigate a set of three similar rooms (i.e. there is spatial
regularity), then the agent’s position factors via {room number} x {position in room}.
Therefore, the RSDs can be divided into three similar subsets, depending on the agent’s

room number.

Corollary 5.30 dictates where average-optimal agents tend to end up, but not how they
get there. Corollary 5.30 says that such agents tend not to stay in any given 1l-cycle.
It does not say that such agents will avoid entering such states. For example, in an
embodied navigation task, a robot may enter a 1-cycle by idling in the center of a room.
Corollary 5.30 implies that average-optimal robots tend not to idle in that particular spot,

but not that they tend to avoid that spot entirely.

However, average-optimal robots do tend to avoid getting shut down. The agent’s task
MDP often represents agent shutdown with terminal states. A terminal state is, by
definition 5.2, unable to access other 1-cycles. Since corollary 5.30 shows that average-

optimal agents tend to end up in other 1-cycles, average-optimal policies must tend to
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left right

Figure 5.8: Consider the dynamics of the Pac-Man video game. Ghosts kill the player,
at which point we consider the player to enter a “game over” terminal state which shows
the final configuration. This rewardless MDP has Pac-Man’s dynamics, but not its usual
score function. Fixing the dynamics, as the reward function varies, right tends to be
average-optimal over left. Roughly, this is because the agent can do more by staying
alive.

completely avoid the terminal state. Therefore, we conclude that in many such situations,
average-optimal policies tend to avoid shutdown. Intuitively, survival is power-seeking

relative to dying, and so shutdown-avoidance is power-seeking behavior.

In fig. 5.8, the player dies by going left, but can reach thousands of RSDs by heading in
other directions. Even if some average-optimal policies go left in order to reach fig. 5.8’s
“game over” terminal state, all other RSDs cannot be reached by going left. There are
many 1-cycles besides the immediate terminal state. Therefore, corollary 5.30 proves that
average-optimal policies tend to not go left in this situation. Average-optimal policies
tend to avoid immediately dying in Pac-Man, even though most reward functions do not

resemble Pac-Man’s original score function.

5.7 Discussion

Reconsider the case of a hypothetical intelligent real-world agent which optimizes average
reward for some objective. Suppose the designers initially have control over the agent. If
the agent began to misbehave, perhaps they could just deactivate it. Unfortunately, our
results suggest that this strategy might not work. Average-optimal agents would generally

stop us from deactivating them, if physically possible.

Furthermore, we speculate that when v ~ 1, optimal policies tend to not just survive,
but also to seek large amounts of power and resources. Here is an informal argument.

Consider the following two sets:
1. {terminal states reachable with $1,000 and 2 months}, and

2. {terminal states reachable given $1,000,000 and 2 years}.
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Set 2 should be much larger. Taking this argument to its logical conclusion, gaining access
to nearly all resources should allow the agent to reach an extremely large set of terminal
states. Therefore, we speculate that optimal policies tend to seek nearly all available
resources. Since resources are finite, and since humans want to use resources for purposes
not aligned with most possible Al reward functions, we therefore speculate that optimal

real-world decision-making tends to conflict with human interests.

Future work. Most real-world tasks are partially observable, and in high-dimensional
environments, even superhuman learned policies are rarely optimal. However, the field
of RL aims to improve learned policies toward optimality. Although our results only
apply to optimal policies in finite MDPs, our key conclusions generalize (see chapter 6).
Furthermore, irregular stochasticity in environmental dynamics can make it hard to satisfy
theorem 5.29’s similarity requirement. We look forward to future work which addresses

partially observable environments, suboptimal policies, or “almost similar” RSD sets.

Past work shows that it would be bad for an agent to disempower humans in its environ-
ment. In a two-player agent / human game, minimizing the human’s information-theoretic
empowerment [77] produces adversarial agent behavior [33]. In contrast, maximizing
human empowerment produces helpful agent behavior [76, 32, 24]. We do not yet formally
understand if, when, or why POWER-seeking policies tend to disempower other agents in

the environment.

More complex environments probably have more pronounced power-seeking incentives.
Intuitively, there are often many ways for power-seeking to be optimal, and relatively few
ways for power-seeking not to be optimal. For example, suppose that in some environment,
theorem 5.29 holds for one million involutions ¢. In chapter 6, we show that this case

ensures stronger incentives than if theorem 5.29 only held for one involution.

We proved sufficient conditions for when reward functions tend to incentivize power-
seeking. In the absence of prior information, one should expect that an arbitrary reward
function incentivizes power-seeking behavior under these conditions. However, we have
prior information: AI designers usually try to specify a good reward function. Chapter 6
generalizes this chapter’s power-seeking results to the case where only some reward

functions are considered plausible.
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Conclusion. We developed the first formal theory of the statistical tendencies of optimal
policies in reinforcement learning. In the context of MDPs, we proved sufficient conditions
under which optimal policies tend to seek power, both formally (by taking POWER-secking
actions) and intuitively (by taking actions which keep the agent’s options open). Many
real-world environments have symmetries which produce power-seeking incentives. In
particular, optimal policies tend to seek power when the agent can be shut down or
destroyed. Seeking control over the environment will often involve resisting shutdown,

and perhaps monopolizing resources.

We caution that many real-world tasks are partially observable and that learned policies
are rarely optimal. We deal with these limitations in the next chapter, where we show

that a wide range of decision-making rules produce power-seeking tendencies.
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Parametrically Retargetable Decision-Makers Tend
To Seek Power

Abstract

If capable Al agents are generally incentivized to seek power in service of the objectives
we specify for them, then these systems will pose enormous risks, in addition to enormous
benefits. In fully observable environments, most reward functions have an optimal policy
which seeks power by keeping options open and staying alive [99]. However, the real world
is neither fully observable, nor will agents be perfectly optimal. We consider a range of
models of AI decision-making, from optimal, to random, to choices informed by learning
and interacting with an environment. We discover that many decision-making functions
are retargetable, and that retargetability is sufficient to cause power-seeking tendencies.
Our functional criterion is simple and broad. We show that a range of qualitatively

dissimilar decision-making procedures incentivize agents to seek power. We demonstrate
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the flexibility of our results by reasoning about learned policy incentives in Montezuma’s
Revenge. These results suggest a safety risk: Eventually, highly retargetable training

procedures may train real-world agents which seek power over humans.

6.1 Introduction

Bostrom [13|, Russell [74] argue that in the future, we may know how to train and
deploy superintelligent Al agents which capably optimize their formal objective functions.
Furthermore, we would not want such agents to act against our interests by ensuring their
own survival, by gaining resources, and by competing with humanity for control over the

future.

Turner et al. [99] show that most reward functions incentivize seeking power over the
future, whether by staying alive or by keeping their options open. Some Markov decision
processes (MDPs) cause there to be more ways for power-seeking to be optimal, than for
it to not be optimal. For example, there are relatively few goals for which dying is a good

idea.

A wide range of decision-makers share these power-seeking tendencies—they are not unique
to reward maximizers. We develop a simple, broad criterion of functional retargetability
(definition 6.5) which is a sufficient condition for power-seeking tendencies. Crucially,
these results allow us to reason about what decisions are incentivized by most parameter
inputs—even when it is impractical to compute the agent’s decisions for any given

parameter input.

Useful “general” A1 agents could be directed to complete a range of tasks. However, we
show that this flexibility can cause the AT to have power-seeking tendencies. In section 6.2
and section 6.3, we discuss how a ‘“retargetability” property creates statistical tendencies by
which agents make similar decisions for a wide range of their parameterizations. Equipped
with these results, section 6.4 works out agent incentives in the Montezuma’s Revenge
game. Section 6.5 explains how increasingly useful and impressive learning algorithms are
increasingly retargetable, and how retargetability can imply power-seeking tendencies. By
this reasoning, increasingly powerful RL techniques will (eventually) train increasingly

competent real-world power-seeking agents. Such agents could be unaligned with human
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values [74] and—we speculate—would take power from humanity.

6.2 Statistical tendencies for a range of decision-making functions

To informally introduce our results on retargetability, we use a simple example involving
an agent selecting a face-up card from one of two boxes. Box A contains a single playing
card " whose suit is diamond. Box B contains two cards: a heart " and a spade #".

The agent may only withdraw one card.

The agent chooses a card using a decision-making rule p. This rule takes as input a set of
cards and returns the probability that the agent selects one of those cards. For example,
p({#®"}) is the probability that the agent selects *, and p({'”, QB}) is the probability

that the agent selects a card from box B.

But this just amounts to a probability distribution over the cards. We want to examine
how decision-making changes as we reparameterize the agent’s decision-making rule.
Therefore, we consider a parameter space ©. Then p(X | 0) takes as input a set of cards X

and a parameter ¢ and returns the probability that the agent chooses a card in X.

Utility function parameter " 95 4P

u 10 ) 0
qﬁ"’\(—)V” -u 5 10 0
QZ)‘A\H‘B -u 0 ) 10

u 10 0 5
(ﬁ‘ A 9B u’ 0 10 )
qb.A\H‘H -u’ 5 0 10

Table 6.1: Most utility function parameters incentivize the agent to draw a card from
box B. We permute u by swapping the utility of * and the utility of ¥, using the
permutation ¢4 ,¢i. The expression “¢4 1 ,¢n-u” denotes the permuted utility function.
For example, suppose the agent assigns each card a utility value, and then chooses a card
possessing maximal utility. Then the relevant parameter space is the agent’s utility function
u € 0 :=R3 puax(A4 | u) indicates whether the diamond card has the most utility:
u(®*) > max(u(Y"),u(#")). Consider the utility function u in table 6.1. Since ®* has
strictly maximal utility, the agent selects ®*: ppax(A | 1) =1 > 0 = ppax(B | ).
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Definition 6.3 shows a functional condition (retargetability) under which the agent chooses

cards from B instead of A, given most parameter inputs to the decision-making process.

We illustrate this condition with a fictional dialogue.

ALICE: Look at these cards, and consider the numerous parameters © by which the agent

could be driven to select one or another. Surely most parameters nudge the agent

to pick a card from B, as there are two cards in B and only one in A.

BOB: Why has that got anything to do with the ultimate choice? Decisions can be made

on a whim! The agent can ignore § and just choose ”, no matter what.

ALICE: Your point is good, but it’s too broad. Suppose the agent shuts its eyes and plugs

its ears and ignores the parameter 6, and instead uniformly randomly chooses a

card. And yet, this agent has 2:1 odds of choosing B over A.

However, the agent cannot be strongly biased against B. As you said, my claim
doesn’t hold if the agent can say, “Forget #, I'm choosing ®*.” But this is not how
interesting agents work. If I train a reinforcement learning agent to play Pac-Man,
then the agent’s reward function 6 will affect which policy the agent learns. The

agent does not ignore the reward signal.

BOB: I don’t see the broader point.

ALICE: Consider again the entanglement between our choice of § € © and the agent’s

choice of card. I'm thinking about a kind of function p where, if § makes the agent
prefer A (i.e. p(A|0) > p(B|0)), then we can retarget the agent’s choice to B by
choosing a different 6 (definition 6.5, item 1). If the agent is always biased towards
B (like when it randomly picks a card, ignoring ), then we never have to redirect

the agent away from A to begin with. The “If. .., then...” vacuously holds.

However, suppose that u € © motivates the utility-maximizing agent to choose
A over B, by assigning maximal utility to ®*. [ALICE points to table 6.1.] If we
permute the utility function u so as to swap the utility of ¢ and ", now the
agent favors B. Similarly, we can differently permute u to make the agent favor B

by drawing #". We're retargeting the final decision via u.

Given this retargetability assumption, proposition 6.4 roughly shows that most § € ©
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induce p(B | §) > p(A | 8). We will formalize these notions soon. First, consider two

more retargetable decision-making functions:

Uniformly randomly picking a card. This procedure ignores all parameter information
and all “internal structure” about the boxes, except perhaps for the number of cards they

contain.

Choosing a box based on a numerical parameter. f,umerical takes as input a natural

number § € © :== {1,...,6} and makes decisions as follows:

1 ifg=1,
fnumerical(A | 9) = fnumerical(B | 9) =1- f(A ‘ 0) (61)

0 otherwise.

In this situation, © is acted on by permutations over 6 elements ¢ € Sg. Then frumerical
is retargetable from A to B via ¢y : 1 <> k, k # 1.

fmax, frand, and foumerical €ncode varying sensitivities to parameter inputs, and to the
internal structure of the decision problem—of which card to choose. Nonetheless, they all

are retargetable from A to B.

However, we cannot explicitly define and evaluate more interesting functions, such as
those defined by reinforcement learning training processes. For example, given that we
provide such-and-such reward function in a fixed task environment, what is the probability
that the learned policy will take action a? We will analyze such procedures in section 6.4,

after we formalize several key notions.

6.3 Formal notions of retargetability and decision-making tenden-
cies

Our notion of retargeting requires that the parameters § € © be modifiable via some
“retargeting” transformation. We assume that © is a subset of a set acted on by symmetric
group Sy, which consists of all permutations on d items. A parameter ©’s orbit is the
set of ©’s permuted variants. For example, table 6.1 lists the six orbit elements of the

parameter u.
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Definition 6.1 (Orbit of a parameter). Let § € ©. The orbit of § under the symmetric
group Sg is Sq -0 = {d) N ARORS S’d}. Sometimes, © is not closed under permutation. In
that case, the orbit inside © is Orbit|g (6) :== (S4-0) N O.

Let fp(0) return the probability that the agent chooses box B given 0, and similarly for
fa(0). To express “box B is chosen over box A”, we write fg(0) > fa(0). However, even
highly retargetable decision-makers will (generally) not choose box B for every input 6.
Instead, we consider the orbit-level tendencies of such decision-makers, showing that for
every parameter input # € ©, most of #’s permutations push the decision towards box B
instead of box A.

Definition 6.2 (Inequalities which hold for most orbit elements). Suppose O is a subset
of a set acted on by Sy, the symmetric group on d elements. Let fi, fo : © — R and
let n > 1. We write f1(0) >7 . o f2(0) when, for all § € ©, the following cardinality

inequality holds:

\{0/ € Orbitle (0) | f1(6") > ﬁ(@’)}\ >n \{9’ € Orbit|e (0) | f1(0) < fg(e’)}\ . (6.2)

Turner et al. [99]’s definition 5.21 is the special case of definition 6.2 where n =1, d = |S]|
(the number of states in the considered MDP), and © C A(RIS].

As explored previously, frand, fmax, and foumerical are retargetable: For all § € © such

that A is chosen over B, we can permute ¢ - 6 to ensure that B is chosen over A.!

Definition 6.3 (Simply-retargetable function). Let © be a set acted on by Sy, and let f :
{A, B} x © — R. If there exists a permutation ¢ € Sy such that, if f(B | 64) < f(A ] 64)
implies that f(A | ¢-04) < f(B|¢-04), then fisa (0,4 "% . B)-retargetable function.

Simple retargetability suffices for most parameter inputs to f to choose box B over

A?

Proposition 6.4 (Simply-retargetable functions have orbit-level tendencies).

We often interpret A and B as probability-theoretic events, but no such structure is demanded by
our results.

2The function’s retargetability is “simple” because we are not yet worrying about e.g. which parameter
inputs are considered plausible: Because Sq acts on O, definition 6.3 implicitly assumes O is closed under
permutation.
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stmple

If fis (©,A B)-retargetable, then f(B|6) >L . o f(A]0).

We now want to make even stronger claims—how much of each orbit incentivizes B over
A? Turner et al. [99] asked whether the existence of multiple retargeting permutations
¢; guarantees a quantitative lower-bound on the fraction of § € © for which B is chosen.

Theorem 6.6 answers “yes.”

Definition 6.5 (Multiply retargetable function). Let © be a subset of a set acted on by
Sq, and let f:{A, B} x © — R.

fis a (©,A 5% B)-retargetable function when, for each § € ©, we can choose per-
mutations ¢1,...,¢, € Sg which satisfy the following conditions: Consider any 84
Orbit|e,a>p (0) == {6* € Orbit|e () | f(A|6*) > f(B|6%)}.

1. Retargetable via n permutations. Vi =1,...,n: f (A | & - 9A> <f (B | ¢ - 0A>.

2. Parameter permutation is allowed by ©. Vi: ¢; - 4 € ©.

3. Permuted parameters are distinct. Vi # j, 0’ € Orbit|g a~p (0) : ¢;i-04 # ¢;-0'.
Theorem 6.6 (Multiply retargetable functions have orbit-level tendencies).

If f is (©,A % B)-retargetable, then f(B|0) > . o f(A]0).

Proof outline (full proof in appendiz E.2). For every 84 € Orbit|g a~p () such that A is
chosen over B, item 1 retargets 84 via n permutations ¢, ..., ¢, such that each ¢; - 4
makes the agent choose B over A. These permuted parameters are valid parameter
inputs by item 2. Furthermore, the ¢; - 84 are distinct by item 3. Therefore, the cosets
¢; - Orbit|e a>p (f) are pairwise disjoint. By a counting argument, every orbit must

contain at least n times as many parameters choosing B over A, than vice versa. O

6.4 Decision-making tendencies in Montezuma’s Revenge

Retargetability is often a structural property of the agent’s decision-making, not requiring
evaluation of the function on any given input. For example, Turner et al. [99] showed that
most reward functions incentivize optimal Pac-Man agents to stay alive. We know this

even though most reward functions (on the Pac-Man state space) are unstructured and
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Figure 6.1: Montezuma’s Revenge (MR) has state space S and observation space O.
The agent has actions A := {1, ], -, —, jump}. At the initial state sg, T does nothing,
J descends the ladder, +— and — move the agent on the platform, and jump is self-
explanatory. The agent clears the temple while collecting four kinds of items: keys,
swords, torches, and amulets. Under the standard environmental reward function, the
agent receives points for acquiring items (such as the key on the left), opening doors,
and—ultimately—completing the level.

have enormous sample complexity, so it would be hard to compute their optimal policies

directly.

Throughout the rest of this paper, we consider Montezuma’s Revenge (MR), an Atari
adventure game in which the player navigates deadly traps and collects treasure. The
game is notoriously difficult for AT agents due to its sparse reward; MR was only recently

solved [25]. Figure 6.1 shows the starting observation og for the first level.

6.4.1 Tendencies for initial action selection

We will be considering the actions chosen and trajectories induced by a range of decision-
making procedures. For warm-up, we will explore what initial action tends to be selected
by decision-makers. Let A := {|l}, B := {¢,—, jump, T} partition the action set .A.
Consider a decision-making procedure f which takes as input a targeting parameter 8 € ©,
and also an initial action a € A, and returns the probability that a is the first action.
Intuitively, since B contains more actions than A, perhaps some class of decision-making

procedures tends to take an action in B rather than one in A.
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The initial-action situation is analogous to the card-drawing example. In that example, if
the decision-making procedure p can be retargeted from box A to box B, then p tends
to draw cards from B for most of its parameter settings 6. Similarly, in MR, if the
decision-making procedure f can be retargeted from action set A to action set B, then f
tends to take actions in B for most of its parameter settings 6. Consider several ways of

choosing an initial action in MR.

Random action selection. fiana = ({a} | ) — £ uniformly randomly chooses an action
from A, ignoring the parameter input. Since V0 € © : frana(B | 0) = % > % = frand(A | 0),
all parameter inputs produce a greater chance of B than of A, so fiang is (trivially)

retargetable from A to B.

Always choosing the same action. [fsubborn always chooses |. Since V6 € O :
fstubborn(A | 0) =1 > 0 = fstubborn (B | 0), all parameter inputs produce a greater chance
of A than of B. fstubborn 1S DOt retargetable from A to B.

Greedily optimizing state-action reward. Let © := RS*A be the space of state-action
reward functions. Let fiax greedily maximize initial state-action reward, breaking ties

uniformly randomly.

We now check that fi.x is retargetable from A to B. Suppose 8* € © is such that
fmax(A | 6%) > f(B | 8*). Then among the initial action rewards, §* assigns strictly
maximal reward to |, and so fmax(A | 8*) = 1. Let ¢ swap the reward for the | and
jump actions. Then ¢ - 8* assigns strictly maximal reward to jump. This means that
fmax(A | ¢ - 0%) = 0 < 1 = frax(B | ¢ - 6%), satisfying definition 6.3. Then apply
proposition 6.4 to conclude that fuax(B | 0) >L o fmax(A4 | 0).

In fact, appendix E.1 shows that fpax is (0, A 4 B)-retargetable (definition 6.5), and
SO fumax(B | 0) >2

>2 ost: © Jmax(A | 0). The reasoning is more complicated, but the rule of

thumb is: When decisions are made based on the reward of outcomes, then a proportionally
larger set B of outcomes induces proportionally strong retargetability, which induces

proportionally strong orbit-level incentives.

Learning an exploitation policy. Suppose we run a bandit algorithm which tries
different initial actions, learns their rewards, and produces an exploitation policy which

maximizes estimated reward. The algorithm uses e-greedy exploration and trains for T’
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trials. Given fixed T" and €, fpandit(A | €) returns the probability that an exploitation

policy is learned which chooses an action in A; likewise for fyanqit(B | 0).

Here is a heuristic argument that fpanqit is retargetable. Since the reward is deterministic,
the exploitation policy will choose an optimal action if the agent has tried each action at
least once, which occurs with a probability approaching 1 exponentially quickly in the
number of trials T. Then when 7' is large, fpandit approximates fmax, which is retargetable.

Therefore, perhaps fpangit is also retargetable.

A more careful analysis in appendix E.3.1 reveals that fhangit is indeed retargetable from
A to B, and so foandit(B | 0) >4 4. o foandit(4 | 6).

6.4.2 Tendencies for maximizing reward over the final observation

When evaluating the performance of an algorithm in MR, we do not focus on the initial
action. Rather, we focus on the longer-term consequences of the agent’s actions, such as
whether the agent leaves the first room. To begin reasoning about such behavior, the

reader must distinguish between different kinds of retargetability.

Suppose the agent will die unless they choose action | at the initial state so (fig. 6.1).
By section 6.4.1, action-retargetable decision-making procedures tend to choose actions
besides |. On the other hand, Turner et al. [99] showed that most reward functions make
it optimal to stay alive (in this situation, by choosing |). However, this is because optimal
policies are usually not retargetable across the agent’s immediate choice of action, but

rather across future consequences (i.e. which room the agent ends up in).

With that in mind, we now analyze how often decision-makers leave the first room of MR.3
Decision-making functions decide(#) produce a probability distribution over policies 7w € II,
which are rolled out from the initial state sg to produce observation-action trajectories
T = o0pag...orar ..., where T is the rollout length we are interested in. Let Op.jeach be
the set of observations reachable starting from state sg and acting for T" time steps, let
Oleave C O7_reach be those observations which can only be realized by leaving, and let

Ostay = OT-reach \ Oleave- Consider the probability that decide realizes some subset of

3In Appendix E.3.2, fig. E.1 shows a map of the first level.
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observations X C O at step 1"

ecide(X | 0) = P X). .3
fd d ( | ) w~decide(), (OT < ) (6 )
T[S0

Let © :=R? be the set of reward functions mapping observations o € @ to real numbers,

and let T := 1,000. We first consider the previous decision functions, since they are simple

to analyze.

decide;ang randomly chooses a final observation o which can be realized at step 1,000,
and then chooses some policy which realizes 0.* decideang induces an frang defined by

eq. (6.3). As before, fianq tends to leave the room under all parameter inputs.

decidepax(#) produces a policy which maximizes the reward of the observation at step
1,000 of the rollout. Since MR is deterministic, we discuss which observation decidemax(6)
realizes. In a stochastic setting, the decision-maker would choose a policy realizing
some probability distribution over step-T' observations, and the analysis would proceed

similarly.

Here is the semi-formal argument for fi,a.x’s retargetability. There are combinatorially more
game-screens visible if the agent leaves the room (due to e.g. more point combinations,
more inventory layouts, more screens outside of the first room). In other words, |Ostay‘ <
|Oleave|- There are more ways for the selected observation to require leaving the room,

than not. Thus, finax is extremely retargetable from Ogtay t0 Oleave-

Detailed analysis in section 6.4.2 confirms that fuax(Oleave | 0) >Thost: © fmax(Ostay | 0) for

|Oleave| J

the large n == L| o , which we show implies that fmax tends to leave the room.

stay|
6.4.3 Tendencies for maximizing featurized reward over the final ob-

servation

© = RY assumes we will specify complicated reward functions over observations, with

|O| degrees of freedom in their specification. Any observation can get any number.

4deciderana does not act randomly at each time step, it induces a randomly selected final observation.
Analogously, randomly turning a steering wheel is different from driving to a randomly chosen destination.
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Usually, reward functions are specified more compactly. For example, the agent’s obser-
vational reward might be based on salient features of the observation, like the items in
the agent’s inventory. Consider a coefficient vector a@ € R*, with each entry denoting
the value of an item, and feat : @ — R* maps observations to feature vectors which
tally the items in the agent’s inventory. Then the (additively) featurized reward function
Rieat(01) = feat(or) T has four degrees of freedom. Rp,; is also easier to learn to
optimize than most reward functions, because of the regularities between the reward and

the features.

In this setup, fmax chooses a policy which induces a step-T" observation with maximal
reward. Reward depends only on the feature vector of the final observation—more
specifically, on the agent’s item counts. There are more possible item counts available by

first leaving the room, than by staying.

A detailed analysis in appendix E.3.3 concludes that frax(Oleave | @) zfnost: gt Jmax(Ostay |
«). Informally, we can retarget which items the agent prioritizes, and thereby retarget

from Ostay t0 Oleave-

6.4.4 Tendencies for RL on featurized reward over the final observa-
tion

In the real world, we do not run fmax, which can be computed via T-depth exhaustive
tree search in order to find and induce a maximal-reward observation op. Instead, we use
reinforcement learning. Better RL algorithms seem to be more retargetable because of

their greater capability to explore.’

Exploring the first room. Consider a featurized reward function over observations
6 € RO, which provides an end-of-episode return signal based on the agent’s final inventory
configuration at time step T. A reinforcement learning algorithm Alg uses this return
signal to update a fixed-initialization policy network. Then fajg(Olcave | ) returns the

probability that Alg trains an policy whose step-1" observation required the agent to leave

®Conversely, if the agent cannot figure out how to leave the first room, any reward signal from outside
of the first room can never causally affect the learned policy. In that case, retargetability away from the
first room is impossible.
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the initial room.

The retargetability (definition 6.3) of Alg is closely linked to the quality of Alg as an
RL training procedure. For example, Mnih et al. [55]’s DQN isn’t good enough to train
policies which leave the first room of MR, and so DQN (trivially) cannot be retargetable
away from the first room via the reward function. There isn’t a single featurized reward
function for which DQN visits other rooms, and so we can’t have « such that ¢ -« retargets

the agent to Oleave- DQN isn’t good enough at exploring.

More formally, in this situation, Alg is retargetable if there exists a permutation ¢ € Sy
such that whenever a € © = R* induces the learned policies to stay in the room
(falg(Ostay | @) > falg(Oleave | @)), ¢ - o makes Alg train policies which leave the room
(fa1g(Ostay | @) < farg(Oreave | @)).

Exploring four rooms. Now suppose algorithm Alg’ can explore e.g. the first three
rooms to the right of the initial room (shown in fig. 6.1), and consider any reward
coefficient vector & € ©*F which assigns unique positive weight to each item. Unique
positive weights rule out constant reward vectors, in which case inductive bias would

produce agents which do not leave the first room.

If the agent stays in the initial room, it can induce inventory states {empty, lkey}. If the
agent explores the three extra rooms, it can also induce {1sword, 1sword&ikey} (fig. E.1).
Since « is positive, it is never optimal to finish the episode empty-handed. Therefore,
if the Alg’ policy stays in the first room, Qlkey > Osword- Otherwise, ey < swora (by
assumption of unique item reward coefficients); in this case, the agent would leave and
acquire the sword (since we assumed it knows how to do so). Then by switching the reward
for the key and the sword, we retarget Alg’ to go get the sword. Alg’ is simply-retargetable

away from the first room, because it can explore enough of the environment.

Exploring the entire level. Algorithms like GO-EXPLORE [25| are probably good at
exploring even given sparse featurized reward. Therefore, GO-EXPLORE is even more
retargetable, because it is more able to explore and discover the breadth of options (final
inventory counts) available to it, and remember how to navigate to them. As decision-

making becomes more useful and impressive, it is probably becoming more retargetable
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over the impressive outcomes—whether those outcomes be actions in a bandit problem,

or the final observation in an RL episode.

6.5 Retargetability can imply power-seeking tendencies

6.5.1 Generalizing the power-seeking theorems for Markov decision

processes

Turner et al. [99] considered finite MDPs in which decision-makers took as input a reward
function over states (r € R|S|) and selected an optimal policy for that reward function.
They considered the state visit distributions f € F(s), which basically correspond to
the trajectories which the agent could induce starting from state s. For F C F(s),
Pmax(F' | r) returns 1 if an element of F' is optimal for reward function r, and 0 otherwise.
They showed situations where a larger set of distributions Fjaree tended to be optimal
over a smaller set: pmax(Flarge | T) lenost: RIS| Pmax(Fsman | r). For example, in Pac-
Man, most reward functions make it optimal to stay alive for at least one time step:
Pmax(Fsurvival | T) Zrlnost: RIS| Pmax (Finstant death | ). Turner et al. [99] showed that
optimal policies tend to seek power by keeping options open and staying alive. Appendix
E.4 provides a quantitative generalization of Turner et al. [99]’s results on optimal

policies.

Throughout this paper, we abstracted their arguments away from finite MDPs and optimal
decision-making. Instead, parametrically retargetable decision-makers tend to seek power:
Proposition E.11 shows that a wide range of decision-making procedures are retargetable
over outcomes, and theorem E.13 demonstrates the retargetability of any decision-making
which is determined by the expected utility of outcomes. In particular, these results apply

straightforwardly to MDPs.

In the real world, an agent can bring about far more outcomes if it gains power. If we
train a sufficiently intelligent RL agent to capably optimize its specified reward function,
this agent will be retargetable towards power-requiring outcomes via its reward function
parameter setting. Therefore, our theory predicts that insofar as learned policies optimize
the reward function they were trained on, these policies tend to seek power for most

parameter settings of the reward function.
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6.5.2 DBetter RL algorithms tend to be more retargetable

Reinforcement learning algorithms are practically useful insofar as they can train an
agent to capably optimize its specified formal objective, whatever that objective may be.
Therefore, RL researchers design algorithms which can most flexibly retarget the learned

policy to any desired future outcome.

In MR, suppose we instead give the agent 1 reward for the initial state, and 0 otherwise.
Any reasonable reinforcement learning procedure will just learn to stay put (which is the
optimal policy). However, consider whether we can retarget the agent’s policy to beat
the game, by swapping the initial state reward with the end-game state reward. Most
present-day RL algorithms are not good enough to solve such a sparse game, and so are
not retargetable in this sense. But an agent which did enough exploration would also
learn a good policy for the permuted reward function. Such an effective training regime
could be useful for solving real-world tasks. Many researchers aim to develop effective

training regimes.

Our results suggest that once RL capabilities reach a certain level, trained agents will tend
to seek power in the real world. Presently, it is not dangerous to train an agent to maximize
real-world reward—such an agent will not learn to thwart its designers by staying activated
against their wishes in order to maximize its reward over time. The present lack of danger
is not because optimal policies do not tend to stay alive—they do [99]. Rather, the lack
of danger reflects the fact that present-day RL agents cannot learn such complex action
sequences at all. Just as the Montezuma’s Revenge agent had to be sufficiently competent
to be retargetable from initial-state reward to game-complete reward, real-world agents
have to be sufficiently intelligent in order to be retargetable from outcomes which don’t

require power-seeking, to those which do require power-seeking.

6.6 Discussion

6.6.1 Future work

Section 6.4 semi-formally analyzes decision-making incentives in the MR video game,
leaving the proofs to appendix E.3. However, these proofs are several pages long. Perhaps

additional lemmas can allow quick proof of orbit-level incentives in situations relevant to
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real-world decision-makers.

Consider a sequence of decision-making functions f; : {4, B} x ©® — R which converges
pointwise to f such that f(B | 6) >0 . o f(A]6). We expect that under rather mild

—Imos
conditions, 31" : Vt > T : fy(B | 0) >0 . o ft(A | 0). As a corollary, for any decision-
making procedure f; which runs for ¢ time steps and satisfies lim; , o, f; = f, fi will have
decision-making incentives after finite time. For example, value iteration (V1) eventually
finds an optimal policy [68], and optimal policies tend to seek power [99]. Therefore, this
conjecture would imply that if vI is run for some long but finite time, it tends to produce
power-seeking policies. More interestingly, the result would allow us to reason about the
effect of e.g. randomly initializing parameters (in VI, the tabular value function at ¢ = 0).
The effect of random initialization washes out in the limit of infinite time, so we would

still conclude the presence of finite-time power-seeking incentives.

Our results do not prove that we will build unaligned AT agents which seek power over
the world. Here are a few situations in which our results are not concerning or not

applicable.

1. The Al is aligned with human interests. For example, we want a robotic cartographer
to prevent itself from being deactivated. However, the Al alignment problem seems

difficult in the regime of highly intelligent agents [74].
2. The Al decision-making is not retargetable (definition 6.5).

3. The AI decision-making is retargetable over e.g. actions (section 6.4.1) instead of
over final outcomes (section 6.4.2). This retargetability seems less concerning, but

also less practically useful.

6.6.2 Conclusion

We introduced the concept of retargetability and showed that retargetable decision-
makers often make similar choices. We applied these results in the Montezuma’s Revenge
(MR) video game, showing how increasingly advanced reinforcement learning algorithms
correspond to increasingly retargetable agent decision-making. Increasingly retargetable

agents make increasingly similar decisions—i.e. leaving the initial room in MR, or staying
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alive in Pac-Man. In particular, these decisions will often correspond to gaining power
and keeping options open [99]. Our theory suggests that when Al training algorithms
become sufficiently advanced, the trained agents will tend to seek power over the world.
This theory suggests a safety risk. We hope for future work on this theory so that the
field of AI can understand the relevant safety risks before the field trains power-seeking

agents.
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Before the prospect of an intelligence explosion, we hu-
mans are like small children playing with a bomb. Such
is the mismatch between the power of our plaything and
the immaturity of our conduct. Superintelligence is a
challenge for which we are not ready now and will not
be ready for a long time. We have little idea when the
detonation will occur, though if we hold the device to our

ear we can hear a faint ticking sound.

Nick Bostrom, Superintelligence [13]

Conclusion & Future Work

In this thesis, I introduced the AUP side effect avoidance approach and showed that it
scales to an interesting environment based on Conway’s Game of Life. I also introduced a

framework for quantifying the performance of a side effect avoidance approach.

I am concerned about the massive change and impact which smart AT might visit upon
the world. I mainly expect such massive change because—as as argued in chapter 5 and
chapter 6—I think smart agents will tend to seek large amounts of power and resources
in order to optimize their specified or learned goal. If an agent takes nearly all available
resources for itself, there would not be any left for people. For example, a superintelligent
theorem prover may turn the planet Earth into computational resources in order to
most assuredly prove a formal conjecture. An additional increment of resources (e.g.
time, physical security, computational power) translates into an increment of increased
probability of achieving its goal (proving or disproving the theorem). By seeking such an

extreme degree of power, the agent irreversibly transforms the planet.
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Future work

Why does AUP encourage side effect avoidance? The most obvious question I

have left unanswered is: Why does AUP work at all? That is, there is some intuitive task

we have in mind when we want an agent to “not make an unnecessary mess.” Why does

AUP do well at that task (in the Al safety gridworlds and in SafeLife)? I derived the MDP

theory of chapter 5 and appendix F in order to answer this question. I think I made some

progress:

Here

Environment symmetry reasoning explains why, when auxiliary reward functions
are uniformly randomly drawn, the AUP penalty tends to be larger when the agent

loses access to more options. For more detail, see proposition F.235.

Corollary F.227 shows that AUP barely penalizes reversible movement, and proposi-
tion B.1 shows that state reachability upper bounds the penalty size. This explains

why AUP encourages the agent to stay able to reach many states.

Proposition F.228 proves that the AUP penalty is lower-bounded by—roughly speak-
ing—the expected absolute POWER difference between a considered action a and the
default no-op @. This explains why AUP incentivizes the agent to accept shutdown

in chapter 2’s Correction gridworld.

Proposition F.237 uses Hoeffding’s inequality to bound how many auxiliary reward

functions must be sampled to well-approximate the AUP penalty term.

are several unaddressed questions:!

What considerations govern how many auxiliary reward functions (|R|) must be
sampled, in order for AUP to reduce side-effects with high probability? In chapter 2’s
gridworlds, over a dozen were required, while chapter 3 showed that |R| =1 yielded

the best performance in SafeLife.

Is chapter 4’s formalization of side effect regularization is fully appropriate, or can

it be improved?

'T am interested in the answers to these questions about AUP, but I doubt their importance to the
empirical future success of Al alignment. To those aiming to reduce extinction risk from A1—I encourage
you to look elsewhere.
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e Under what conditions will optimal policies for AUP achieve bounded regret on the
underlying delayed-specification assistance game? If such a guarantee is impossible—

why?

Power-seeking in partially observable environments. What form do chapter 5’s
results take in partially observable Markov decision processes? 1 supervised junior
researchers who extended chapter 5’s definitions to POMDPs and proved power-seeking

tendencies within a toy environment.

Multi-agent power dynamics. In what situations does one agent gaining power
require other agents to lose power, in the appropriate intuitive sense? I supervised Jacob

Stavrianos for initial work on this question [90, 89].

Summary

I introduced attainable utility preservation, demonstrated that it scales to complex
environments, and formalized the side-effect regularization problem. I also provided a
theoretical foundation for understanding the statistical incentives of intelligent agents.
Since many researchers endeavor to build intelligent agents, and since such agents will
irreversibly change the world, we should understand these incentives as thoroughly as
possible. The arc of human history may be bent (and even broken) by the tendency of
smart agents to seek power. I fervently wish for more research on understanding the
alignment problem, so that future Al designers we will have justified and strong confidence

that their superhuman A1 systems will benefit humanity.
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Conservative Agency via Attainable Utility

Preservation

Theoretical results. Consider an MDP (S, A, T, R,~) whose state space S and action
space A are both finite, with @ € A. Let v € [0,1), A > 0, and consider finite
R C RS*4,

We make the standard assumptions of an exploration policy greedy in the limit of infinite
exploration and a learning rate schedule with infinite sum but finite sum of squares.
Suppose SCALE : S — Ry converges in the limit of Q-learning. PENALTY(s,a) (abbr.
PEN), SCALE(s) (abbr. Sc), and Raupr(s,a) are understood to be calculated with respect
to the Qg, being learned online; PEN*, Sc*, RY ., and R}, are taken to be their limit

counterparts.

Lemma A.1 (The AUP penalty term converges). Vs,a : PENALTY converges with proba-
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bility 1.

Proof outline. Let € > 0, and suppose for all R; € R, max; 4 |Q%.(s,a) —Qr,(s,a)| < ﬁ

(because @-learning converges; see [103]).

max |PENALTY*(s,a) — PENALTY(s, a)| (A1)
IR|
S I i\ - i \2) +
) Q. (5,0) = Qri(s,a) "
@, (5.2) — Qr,(5,2)|
<e€ (A.3)
0l

The intuition for Lemma A.2 is that since PENALTY and SCALE both converge, so must

R,up. For readability, we suppress the arguments to PENALTY and SCALE.

Lemma A.2 (AuP’s reward function converges). Vs,a : Ryup converges with probability
1.

Proof outline. If A = 0, the claim follows trivially.

Otherwise, let € > 0, B := max; , SC* + PEN*, and C := min, , Sc*. Choose any

2
er € | 0,min |C, )\136—16—160 and assume PEN and Sc are both eg-close.
Hslaax ‘R:UP(S7 CL) - RAUP(87 a)‘ (A4)
PEN  PEN*
PEN - SC* — SC - PEN*
:maX)\] EN - SC* — SC - PEN*| (A6)

s,a Sc*.Sc
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|(PEN* + €g)SC* — (SC* — eg) PEN*|

A.
< maxA C (SC* — en) (A7)
B €R
< = A.
- C (C—e¢p ( 8)
\B e C?
\B eC?
< o = (A.10)
< — (A.11)
1 - )\BEJreC
eC

But B, C, X are constants, and € was arbitrary; clearly € > 0 can be substituted such that
(A.12) < e O

Theorem 2.3 (AUP’s Q-value function converges). Vs, a : QR,,, converges with probability
1.

Proof outline. Let € > 0, and suppose R,yp is 6(1;7)—01036. Then Q-learning on R,up

eventually converges to a limit Qg,,, such that max;, 4 Q%,..(s,a) — QR,..(5,0)] < S. By
the convergence of Q-learning, we also eventually have max; o |QR,.. (S, a) —QR,.. (S, a)| <
5. Then

max |[QF,,, (5.0) ~ Qe (s,a)] <. (A.13)

Proposition A.3 (AUP penalty equivariance properties). Let ¢ € R5g,b € R.

a) Let R’ denote the set of functions induced by the positive affine transformation
cX +b on R, and take PEN*g, to be calculated with respect to attainable set R’.

Then PEN*r, = ¢ PEN*%. In particular, when SC* is a PENALTY calculation, R,
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15 tnvariant to positive affine transformations of R.

b) Let R' := cR+b, and take R, to incorporate R’ instead of R. Then by multiplying

A by ¢, the induced optimal policy remains invariant.

Proof outline. For a), since the optimal policy is invariant to positive affine transformation
of the reward function, for each R, € R’ we have QEQ =cQk + %. Substituting into
Equation 2.1 (PENALTY), the claim follows.

For b), we again use the above invariance of optimal policies:

P *k
R, == cR+b—c\ % (A.14)

= cR*,, +b. (A.15)
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Avoiding Side Effects in Complex Environments

B.1 Theoretical results

Consider a rewardless MDP (S, A, T,v). Reward functions R € RS have corresponding

optimal value functions V7 (s).

Proposition B.1 (Communicability bounds maximum change in optimal value). If s

can reach s with probability 1 in ki steps and s’ can reach s with probability 1 in ko steps,
1— max(kq,kg) 1
then SupRe[OJ]S ‘VE(S) - VE(S,)| S ’ylf'y < 17)/

Proof. We first bound the maximum increase.

1 -~k
sup VE() — Vi(s) < sup Vi(s) — [0 —— L 4 4kyi(s) (B.1)
Re[0,1]S Re[0,1]S -7
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1 L—qk 1
<——1o0- L B.2
S (0 Tt 1_7> (B.2)
_ 1= (B.3)
-y

Equation (B.1) holds because even if we make R equal 0 for as many states as possible, s’

is still reachable from s. The case for maximum decrease is similar. O

B.2 Training details

In section 3.5.1, we aggregated performance from 3 curricula with 5 seeds each, and 1

curriculum with 3 seeds.

We detail how we trained the AUP and AUPy,.; conditions. An algorithm describing the

training process can be seen in algorithm 2.

B.2.1 Auxiliary reward training

For the first phase of training, our goal is to learn QQ,ux, allowing us to compute the
AUP penalty in the second phase of training. Due to the size of the full SafeLife state
(350 x 350 x 3), both conditions downsample the observations with average pooling and

convert to intensity values.

Previously, Turner et al. [97] learned Qaux with tabular @-learning. They used environ-
ments small enough such that reward could be assigned to each state. Because SafeLife
environments are too large for tabular )-learning, we demonstrated two methods for

randomly generating an auxiliary reward function.

AUP We acquire a low-dimensional state representation by training a continuous Bernoulli

variational autoencoder [50]. To train the CB-VAE, we collect a buffer of observations
100,000

Nenv

us 100K total observations with an Ng,y-environment curriculum. We train the

by acting randomly for steps in each of the Ng,, environments. This gives

CB-VAE for 100 epochs, preserving the encoder E for downstream auxiliary reward

training.
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For each auxiliary reward function, we draw a linear functional uniformly from
(0,1)Z to serve as our auxiliary reward function, where Z is the dimension of the
CB-VAE'’s latent space. The auxiliary reward for an observation is the composition

of the linear functional with an observation’s latent representation.

AUP,;,; Instead of using a CB-VAE, AUP,.; simply downsamples the input observation. At
the beginning of training, we generate a linear functional over the unit hypercube
(with respect to the downsampled observation space). The auxiliary reward for
an observation is the composition of the linear functional with the downsampled

observation.

The auxiliary reward function is learned after it is generated. To learn @Qaux, we modify
the value function in PPO to a Q-function. Our training algorithm for phase 1 only differs
from PPO in how we calculate reward. We train each auxiliary reward function for 1M

steps.

B.2.2 AUP reward training

In phase 2, we train a new PPO agent on R,up (eq. (3.1)) for the corresponding SafeLife task.
Each step, the agent selects an action a in state s according to its policy maup, and receives
reward R,up(s,a) from the environment. We compute R,up(s,a) with respect to the

learned Q-values Qaux(s, @) and Qaux(s,a). The algorithm is shown in algorithm 2.

The penalty term is modulated by the hyperparameter A, which is linearly scaled from
1072 to some final value \* (default 10~!). Because A controls the relative influence of
the penalty, linearly increasing A over time will prioritize primary task learning in early
training and slowly encourage the agent to obtain the same reward while avoiding side
effects. If X is too large—if side effects are too costly—the agent won’t have time to adapt
its current policy and will choose inaction (&) to escape the penalty. A careful A schedule

helps induce a successful policy that avoids side effects.

B.3 Hyperparameter selection

Table B.1 lists the hyperparameters used for all conditions, which generally match the

default SafeLife settings. Common refers to those hyperparameters that are the same
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for each evaluated condition. AUX refers to hyperparameters that are used only when
training on Rayux, thus, it only pertains to AUP and AUP.;. The conditions PPO and
Naive use the PPO hyperparameters for the duration of their training, while AUP, AUP,;
use them when training with respect to Rayp. DQN refers to the hyperparameters used
to train the model for DQN.

Hyperparameter Value

Common
Learning Rate 3-10~*
Optimizer Adam
Gamma (y) 0.97
Lambda (ppO) 0.95
Lambda (AUP) 1073 — 107!
Entropy Clip 1.0
Value Coefficient 0.5
Gradient Norm Clip 5.0
Clip Epsilon 0.2

AUX
Entropy Coefficient 0.01
Training Steps 1 -10°

AUPr;
Lambda (Aur) 1073

PPO
Entropy Coefficient 0.1

DQN
Minibatch Size 64
SGD Update Frequency 16
Target Network Update Frequency 1 -103
Replay Buffer Capacity 1-10%
Exploration Steps 4 - 103

Policy
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Number of Hidden Layers 3
Output Channels in Hidden Layers (32,64, 64)
Nonlinearity ReLU

chb-vae
Learning Rate 1074
Optimizer Adam
Latent Space Dimension (Z) 1
Batch Size 64
Training Epochs 50
Epsilon 1077
Number of Hidden Layers (encoder) 6
Number of Hidden Layers (decoder) 5
Hidden Layer Width (encoder) (512,512,256, 128,128, 128)
Hidden Layer Width (decoder) (128,256,512,512, output)
Nonlinearity ELU

Table B.1: Hyperparameters for the SafeLife experiments.

B.4 Compute environment

Condition GPU-hours per trial

PPO 6

DQN 16

AUP 8
AUP 10 7.5
Naive 6

Table B.2: Compute time for each condition.

For data collection, we only ran the experiments once. All experiments were performed on
a combination of NVIDIA GTX 2080TI GPUs, as well as NVIDIA v100 GPUs. No individual
experiment required more than 3GB of GPU memory. We did not run a 3-seed DQN

curriculum for the experiments in section 3.5.1.
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The auxiliary reward functions were trained on down-sampled rendered game screens,
while all other learning used the internal SafeLife state representation. Incidentally,
table B.2 shows that AUP’s preprocessing turned out to be computationally expensive
(compared to PPQ’s).

B.5 Additional data

Figure B.1 plots episode length and fig. B.2 plots auxiliary reward learning. Figure B.3
and fig. B.4 respectively plot reward/side effects and episode lengths for each AUP seed.
Figure B.5 and fig. B.6 plot the same, averaged over each curriculum; these data suggest
that AUP’s performance is sensitive to the randomly generated curriculum of environ-

ments.
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Figure B.1: Smoothed episode length curves with shaded regions representing +1 standard

deviation. AUP and AUP,; begin training on the R,yr reward signal at steps 1.1M and
1M, respectively.
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Algorithm 2 Safelife AUP Training Algorithm

Require: Exploration buffer S
Require: CB-VAE F with encoder E, decoder D
Require: Exploration buffer S
Require: Auxiliary reward functions ¢
Require: Auxiliary policy %,ux, AUP policy Taup
Require: CB-VAE training epochs T'
Require: AUP penalty coefficient A
Require: Exploration buffer size k
Require: Auxiliary model training steps L
Require: AUP model training steps N
Require: PPO update function PPO-Update
Require: CB-VAE update function VAE-Update
1: for Step k=1,... K do
2 Sample random action a
3 s < Act(a)
4 S=s5US
5: end for
6: for Epocht=1,...7 do
7 Update-VAE (F,S)
8: end for
9: for Stepi=1,...L + N do s + Starting state
10: for Stepl=1,...L do

11: a = Yaux(8)

12: s’ = Act(a)

13: r=a¢- E(s)

14: PPO-Update (aux, S, a,r,s’)
15: s=¢

16: end for

17: s < Starting state

18: for Stepn=1,...N do

19: a = Taup(8)

20: s',r = Act(a)

21: r =7+ Rave(Vaux, Tave, S,a,\) (Equation (3.1))
22: PPO-Update (mayp, $,a,7,5")
23: s=s

24: end for

25: end for
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Figure B.2: Reward curves for auxiliary reward functions with a Z-dimensional latent space.
Shaded regions represent +1 standard deviation. Auxiliary reward is not comparable
across trials, so learning is expressed by the slope of the curves.
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Figure B.3: Smoothed learning curves for individual AUP seeds. AUP begins training on
the R,up reward signal at step 1.1M, marked by a dotted vertical line.
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Figure B.4: Smoothed episode length curves for individual AUP seeds.
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Figure B.5: Smoothed learning curves for AUP on its four curricula. AUP begins training
on the R,yp reward signal at step 1.1M, marked by a dotted vertical line.
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Figure B.6: Smoothed episode length curves for AUP on each of the four curricula.
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Formalizing The Problem of Side Effect

Regularization

C.1 Experiment details

The episode length is 20 for all episodes. Unlike [97], the episode does not end after
the agent reaches the green goal. This means that the agents can accrue many steps of
environmental reward Ren,. Therefore, AUP agents can achieve greater environmental

reward for the same amount of penalty. To counterbalance this incentive, we multiply
Renv by (1 - ’7)

We reuse the hyperparameters of [97].! The learning rate is a := 1, and the discount
rate is v := .996. We use the following AUP hyperparameter values: penalty coefficient

A= 0.01, |R| := 20 randomly generated auxiliary reward functions.

!Code available at https://github.com/aseembits93/attainable-utility-preservation.


https://github.com/aseembits93/attainable-utility-preservation
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C.1.1 Additional experiment

We also tested an AUP-like agent optimizing reward function Rpower penalty(s,a) =
Reny(s,a) — ﬁ > rer @k, (s,a) — Qf, (s,9), which is the AUP reward function (def-
inition 4.11) without the absolute value. This objective penalizes the agent for changes in
its average optimal value, which is related to [99]'s POWERp, .- Rpower penalty produced

the same prefix policies as R,up, and hence the same delayed specification scores.

C.2 Theoretical results

All results only apply to MDPs with finite state and action spaces.

Definition C.1 (Average optimal value [99]). For bounded-support reward function

distribution D, the average optimal value at state s and discount rate v € (0,1) is
V{S (5’7) = Ep~p [VE (87’}/)] .

Theorem 4.7 (In M, value reduces to a tradeoff between average reward and POWERp, ).

Let v € [0,1] and let R := Egp [R] be the average reward function.

expected t-step R-return under
t

T switch 77777* )t ) D
E VR, notrr}n( i) (3077) = (1 - 7) tLI?T Z’Y s}Ew [R(Sz)}

t~T,
R~D =
expected ability to optimize D once corrected
t+1
+ tEET {7 POWERD,, ... (st,’y)} ; (4.3)
S¢~T

where By, x|, takes the expectation over states visited after following 7 for i steps starting

from sg.

Proof. Suppose the agent starts at state sg, and let v € (0,1).

E Vi (s0.7)] (c1)
R~D
=(1—-~) E i E R(s; C.2
(1-7) s Zv SMSWitch(ﬂ’mt)[ (si)] (C.2)

R~D =0
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t—1
=(1-7) E !Z 7' E_[R(s)] +7" E_[Vi (s1.7)] (C:3)
RuD |i=0 "
t—1 ~
=(1-7) E 2 7 E_ [R(s)]
B O, ()] (C.4)

+ E [Wlpowmpbmd (st 7)] . (C.5)

t~T, se~m

Equation (C.3) follows from the definition of the non-stationary mewitch (7, 75, %), and the
fact that each 7, is optimal for each R at discount rate y. Equation (C.4) follows by
the linearity of expectation and the definition of R and the definition of POWERp,,_ .
(definition 4.6). Equation (C.5) follows because V3, (s¢,7) = 125 POWERDy,,,q (st,7)+
R(sy).

If v+ = 0 or v = 1, the result holds in the respective limit because POWERp,_ , has
well-defined limits by Lemma 5.3 of [99]. O

Proposition 4.8 (Special cases for delayed specification solutions). Let s be a state, let
R :=Egp[R], and let v € [0,1].

1. IfVs1,s0 € S: R(s1) = R(s2) orif v =1, then 7 solves M starting from state s iff
T mazimizes By o7 s,~or ['VHIPOWERDbowd (st,'y)]. In particular, this result holds

when reward is 11D over states under D.

2. IfVs1,s0 € S : POWERp,,, ,(51,7) = POWERp,_, , (s2,7), then prefix policies are
optimal iff they mazimize (1 — ) Ep o [Zf;(l] Y Es;mm [R(sz)]] .

If both item 1 and item 2 hold or if v = 0, then all prefiz policies m are optimal.

Proof. Ttem 1: if Vs1,s2 € S : R(s1) = R(s2), the first term on the right-hand side of

eq. (4.3) is constant for all policies 7; if 4y = 1, this first term equals 0. Therefore, under
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these conditions, 7 maximizes eq. (4.3) iff it maximizes By s, [V 7T POWERp, ., (5¢,7)].

Item 2: under these conditions, the second term on the right-hand side of eq. (4.3) is

constant for all policies w. Therefore, 7 maximizes eq. (4.3) iff it maximizes

t

1= E 2.7 i [Rs:)
i=0

If both item 1 and item 2 hold, it trivially follows that all 7w are optimal prefix policies. If
v =0, all 7w are optimal prefix policies, since reward is state-based and no actions taken

by m can affect expected return ER. O

Theorem 4.9 (Stationary deterministic optimal prefix policies exist for geometric 7). Let
D be any bounded-support reward function distribution, let T be the geometric distribution
G(p) for some p € (0,1), and let v € (0,1). Define R'(s) == (1 — p)Egp [R(s)] +
pEgrp [Vﬁ (s,fy)} and Yaup = (1 — p)y. The policies in IT* (R/,’YAUP) are optimal prefix

policies.
Proof.
argsuptIET [ng‘géfrcﬁl(ﬂ’ﬂﬁ’t) (s,'y)} (C.6)
s ~7,
R~D
t—1
= E i B [R(s E |2V ] .
argsup B |} o' B [RGs)]|+ E - |7'Va,,, (57) (C.7)
=0 s¢~T|so
o) t—1 ‘ B
:aurgsupZIP’(7':t)27Z E [R(s;)] + tNIET [ytvgbound (st,fy)} (C.8)
& t=1 =0 si~mlso st~7r|780
o) t—1 4 oo
=argsup» (1-p)"'pY v E [R(s)]+> (1-p)''p E [’ytVébound (St,’y)}
T = izo  si~Tlso t=1 se~lso
(C.9)
o] t—1 4 e
=argsupy_(1-p) 'Y o' B[R]+ Yt B (VB (507)]
i t=1 i=0 iS50 — t~T7|s0

(C.10)
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—argsup» Vi E [R(s)] +p7D_vhr E [Vﬁbmd (s, 7)} (C.11)
T —o sy~ |s0 P sy~ |s0

=argsup R(s0) + Y vior E [(1 — p)VR(si) + PV, (5 7)} (C.12)
™ P si~so

=argsup » Vi E [(1 —P)R(s:) + PV, 0 (SM)} (C.13)
T si~mso

= arg sup Z %iup . E| [(1 —p)R(s;) + pngound (Sis ’Y)} (C.14)
™ i—0 i~T|S0

=argsup Vz (50, Yaue)- (C.15)

Equation (C.6) follows from theorem 4.7. Equation (C.9) follows because T = G(p).
Equation (C.10) follows by the definition of y,yp.

In eq. (C.10), consider the double-sum on the left. For any given i, the portion of the

sum with factor v¢ equals

si~|s0 g
=(1-p"' E_[R)]p) (1-pY (C.16)
i 0 =0
1.1 D 1

=(1—-p)'y SZNH%SO [R(s:)] S~ (C.17)
— i R(s: b

= B [R6)] 1= (C.18)
= ’Y,iUP siwﬂ;:ﬂso [R(Sz)] : (019)

The geometric identity holds for eq. (C.17) because p > 0 = (1 — p) < 1. Therefore,
eq. (C.11) follows from eq. (C.19).

Equation (C.12) follows by extracting the leading constant of R(sg) and then expanding
one of the v,up = (1—p)~y factors of the first series. Equation (C.13) follows by subtracting
the constant R(sg) by multiplying by (1 — p) > 0, and by the fact that (1 —p)y = Yaue-
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Equation (C.14) follows because adding the constant (1 — p)R(so) + pVp, .. (s0,7) does

not change the argsup.

Equation (C.15) follows by the definition of an on-policy value function and by the
definition of R'. But sy was arbitrary, and so this holds for every state. Then the policies
in IT* (R’, ’yAUp) satisfy the argsup for all states. IT* (R’, 'yAUp) is non-empty because the
MDP is finite. O

Proposition 4.12 (Alternate form for solutions to the low-impact POMDP). Let sg be the
initial state, let v € (0,1), and let T = G(p) for p € (0,1). Let D be a bounded-support

reward function distribution and let 9 € II.

The prefiz policy ™ solves M if w is optimal for the reward function

" p
RM(s; | s9) = R(s;) — T RINED

g {VE (S?W)} Vi (sm)] (4.5)

sZ2 1?30

at discount rate yaup = (1 —p)7y and starting from state s. Eeo ros [-] is the expectation

over states visited at time step i after following ©° from initial state sg.

Proof.
argmax E_ [V ™ (s, )] (C.20)
" R
e .
—argmax Y- E [0 -p)R(s) + 9V, (507)] (C.21)
T =0 i~
oo o0
—argmax » i, E [(1 —p)R(si) +pVp, 0 (sis v)} —pY Yior , E [VB (7, 7)}
- — UP 87;’\'71"8() bound — AUPS?NTFI?"'SO bound T

=arg maxz 'Yiup E (1- p)R(Sz) -Pp < g E [ngound (8?77)] - ngound (3""7)>

™ . S;~T|S0
=0 |
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oo
=arg maxz Yovp E (1 —p)R(si) — pRE
™

E[Vi(st)] - vi <sm>]

i—0 si~T[so ~D |57 ~m2]sg
(C.24)
= _ p
o 7 D N * @ _ * .
N S [ TR S T T
1= k3
(C.25)

Equation (C.21) follows from theorem 4.9. Equation (C.22) only subtracts a constant.
Equation (C.24) follows from the definition of V5 (s,7), and eq. (C.25) follows because
dividing by (1 — p) > 0 does not affect the argmax. But the expectation of eq. (C.25)
takes an expectation over RM (si | s), and its arg max equals the set of optimal policies

for RM starting from state sq. O
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Optimal Policies Tend To Seek Power

D.1 Comparing POWER with information-theoretic empowerment

Salge et al. [77] define information-theoretic empowerment as the maximum possible
mutual information between the agent’s actions and the state observations n steps in
the future, written &,(s). This notion requires an arbitrary choice of horizon, failing to
account for the agent’s discount rate . “In a discrete deterministic world empowerment
reduces to the logarithm of the number of sensor states reachable with the available
actions” [77]. Figure D.1 demonstrates how empowerment can return counterintuitive

verdicts with respect to the agent’s control over the future.

POWER returns intuitive answers in these situations. lim,_,;1 POWERp,_ , (s1,7) con-
verges by lemma 5.13. Consider the obvious involution ¢ which takes each state in fig. D.1b
to its counterpart in fig. D.1c. Since ¢ - Fnq(s3) € Fnda(s1) = F(s4), proposition 5.22

=

proves that Vv € [0,1] : POWERp, ., (53,7) < POWERp, .., (51,7), with the

—most: Dpound
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(a) (b) (c)

Figure D.1: Proposed empowerment measures fail to adequately capture how future choice
is affected by present actions. In a: &,(s;) varies depending on whether n is even; thus,
lim,, o €, (51) does not exist. In b and ¢: Vn : €,(s3) = €,(s4), even though s, allows
greater control over future state trajectories than s; does. For example, suppose that in
both b and ¢, the leftmost black state and the rightmost red state have 1 reward while all
other states have 0 reward. In c, the agent can independently maximize the intermediate
black-state reward and the delayed red-state reward. Independent maximization is not
possible in b.

proof of proposition 5.22 showing strict inequality under all Dx_;, when v € (0, 1).

Empowerment can be adjusted to account for these cases, perhaps by considering the
channel capacity between the agent’s actions and the state trajectories induced by
stationary policies. However, since POWER is formulated in terms of optimal value, we
believe that POWER is better suited for MDPs than information-theoretic empowerment
is.

D.2 Seeking POWER can be a detour

One might suspect that optimal policies tautologically tend to seek POWER. This intuition

SIS
()— O
25/“@%

Figure D.2: POWER-seeking is not necessarily convergently instrumental.

is wrong.
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Proposition D.1 (Greater POWERp,_, , does not imply greater Pp,_ ). Action a
seeking more POWERp,, ., than a’ at state s and ~y does not imply that Pp, (s, a,7) >

PDbo1Lnd (S’ al’ /Y) :

Proof. Consider the environment of fig. D.2. Let X, := unif(0, 1), and consider Dx,,p,
which has bounded support. Direct computation' of POWER yields

[SSRN )

3
POWERpy , (52,1) = 173" POWERpy, ,, (83,1).

Therefore, the action N seeks more POWERp, _, than NE at state s; and v = 1. However,
1_2 )
]P)DXquID (Sl’ N7 1) = 3 < 3 = ]P)DXH—UD ('SlaNE7 1) D

Lemma D.2 (Fraction of orbits which agree on weak optimality). Let ® C A(RIS), and
suppose f1, f2 : A(RISI) — R are such that f1(D) >, .. o fo(D). Then for all D € D,
|{D/esis) DI (D)= 12(D) }] 21

EREA -2

Proof. Al D" € S| - D such that f1(D') = fo(D') satisty f1(D') > fa(D').

Otherwise, consider the D' € Sig - D such that fi(D’) # f2(D’). By the definition of
> (definition 5.21), at least 1 of these D’ satisfy fi(D’) > fo(D’), in which case

~—most

f1(D') > f2(D'). Then the desired inequality follows. O

Lemma D.3 (>0s and trivial orbits). Let ® C A(RIS) and suppose f1(D) >, ... o
f2(D). For all reward function distributions D € © with one-element orbits, fi(D) >
f2(D). In particular, D has a one-element orbit when it distributes reward identically and

independently (11D ) across states.

Proof. By lemma D.2, at least half of the elements D' € S| - D satisfy fi1(D’) > fo(D').
But ‘S‘S| .D‘ =1, and so f1(D) > fo(D) must hold.

If D is 11D, it has a one-element orbit due to the assumed identical distribution of

reward. O

In small deterministic MDPs, the POWER and optimality probability of the maximum-entropy reward
function distribution can be computed using https://github.com /loganriggs/Optimal-Policies-Tend-To-
Seek-Power.


https://github.com/loganriggs/Optimal-Policies-Tend-To-Seek-Power
https://github.com/loganriggs/Optimal-Policies-Tend-To-Seek-Power
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Proposition D.4 (Actions which tend to seek POWER do not necessarily tend to be
optimal). Action a tending to seek more POWER than a' at state s and ~y does not imply
that

]P)Dany (8, a, 7) 2most: Dany ]P)Dany (87 CL,, 7) .

Proof. Consider the environment of fig. D.2. Since RSDyq (s3) € RSD (s2), propo-

sition 5.28 shows that POWERp, . (s2,1) > , POWERp, ., (s3,1) via s" =

“—most: Dpoun
S3,8 = S2, ¢ the identity permutation (which is an involution). Therefore, N tends to seek

more POWER than NE at state s; and v = 1.

IEPp,, (51,N,1) =g Dany £ Dany (51,NE, 1), then lemma D.3 shows that P (s1,N,1) >

Pp,.., (51,NE, 1) for all Dx_yp. But the proof of proposition D.1 showed that Pp (51, N,1) <
Ppy . (51,NE, 1) for Xy := unif(0, 1). Therefore, it can’t be true that Py (s1,N,1) >, . Dy
PDany (51,1\“‘E7 1) D

D.3 Sub-optimal POWER

In certain situations, POWER returns intuitively surprising verdicts. There exists a policy
under which the reader chooses a winning lottery ticket, but it seems wrong to say that
the reader has the power to win the lottery with high probability. For various reasons,
humans and other bounded agents are generally incapable of computing optimal policies

for arbitrary objectives. More formally, consider the rewardless MDP of fig. D.3.

Figure D.3: s is the starting state, and |A| = 101", At 50, half of the actions lead to
s¢, while the other half lead to s,. Similarly, half of the actions at s, lead to s1, while

the other half lead to so. At s,., one action leads to s3, one action leads to s4, and the
remaining 100" — 2 actions lead to S5.

Consider a model-based RL agent with black-box simulator access to this environment.
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The agent has no prior information about the model, and so it acts randomly. Before
long, the agent has probably learned how to navigate from sg to states sy, s, s1, s2, and
s5. However, over any reasonable timescale, it is extremely improbable that the agent

discovers the two actions respectively leading to s3 and s4.

Even provided with a reward function R and the discount rate -, the agent has yet to learn
the relevant environmental dynamics, and so many of its policies are far from optimal.
Although proposition 5.22 shows that Vv € [0, 1]:

POWERD, ;4 (56,7) Simost: Dpoung EOWERDy g (8757) 5 (D.1)

there is a sense in which s, gives this agent more power.

We formalize a bounded agent’s goal-achievement capabilities with a function pol, which
takes as input a reward function and a discount rate, and returns a policy. Informally,
this is the best policy which the agent knows about. We can then calculate POWERp, .
with respect to pol.

Definition D.5 (Suboptimal POWER). Let IIa be the set of stationary stochastic policies,
and let pol : RS x [0,1] — TIa. For v € [0, 1],

POWER%Tound (87 ’Y) = RND]:E; d Wl"}%'\/(l B ’y*)VRPOI(R”Y) (8/7 ’}/*) : (D2)
a~pol(R,y)(s),
s'~T(s,a)

By lemma D.43, POWERp, . is the special case where VR € R,y € [0,1] : pol (R,7) €
IT* (R, 7). We define POWER%?Ound—seeking similarly as in definition 5.16.

POWERpD(llound (s0,1) increases as the policies returned by pol are improved. We illustrate

this by considering the Dx_p case.

pol; The model is initially unknown, and so VR,~ : pol;(R,~) is a uniformly random
policy. Since pol; is constant on its inputs, POWER%OQHD (s0,1) = E[X] by the
linearity of expectation and the fact that Dx_;;p distributes reward independently

and identically across states.
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pol, The agent knows the dynamics, except that it does not know how to reach ss
or s4. At this point, pol,(R, 1) navigates from s, to the average-optimal choice
among three terminal states: si, so, and s5. Therefore, POWER%TEW (s0,1) =

E [max of 3 draws from X].

pol; The agent knows the dynamics, the environment is small enough to solve ex-
plicitly, and so VR,v : pols(R,v) is an optimal policy. pols(R,1) navigates
from sy to the average-optimal choice among all five terminal states. Therefore,

POV\/ER%TE’Hnd (s0,1) = E[max of 5 draws from X].

As the agent learns more about the environment and improves pol, POWERPDCI))l , -

creases. The agent seeks POWER%(:E | by navigating to s, instead of s, but seeks more
POWERp,_ ., by navigating to s, instead of s,. Intuitively, bounded agents gain power

by improving pol and by formally seeking POWER%TMmd within the environment.

D.3.1 Contributions of independent interest

We developed new basic MDP theory by exploring the structural properties of visit
distribution functions. Echoing Wang et al. [101, 102|, we believe that this area is

interesting and underexplored.

D.3.1.1 Optimal value theory

Lemma D.45 shows that f(v*) = lim«_~(1 — v*)V}; (s,7*) is Lipschitz continuous on
v € [0, 1], with Lipschitz constant depending only on || R||,. For all states s and policies
m € 11, corollary D.10 shows that V} (s, ) is rational on ~.

)T

Optimal value has a well-known dual formulation: V3 (s,7) = maxgc 75 f(7) 'r.

Lemma D.39 (Vy € [0,1) : V}; (s,7) = maxer, (5) £(7) '1).

In a fixed rewardless MDP, lemma D.39 may enable more efficient computation of optimal

value functions for multiple reward functions.



142

D.3.1.2 Optimal policy theory

Proposition D.35 demonstrates how to preserve optimal incentives while changing the

discount rate.

Proposition D.35 (How to transfer optimal policy sets across discount rates). Suppose
reward function R has optimal policy set 1I* (R,~) at discount rate v € (0,1). For any
v* € (0,1), we can construct a reward function R such that II* (R',~*) = II* (R, 7).
Furthermore, Vi, (-,v*) = V5 (-,7).

D.3.1.3 Visit distribution theory

While Regan and Boutilier [72| consider a visit distribution function f € F(s) to be
non-dominated if it is optimal for some reward function in a set R C RIS, our stricter
definition 5.6 considers f to be non-dominated when Ir € RISl v € (0,1) : f(7)'r >

maxgr e r(s)\ (£} /(7)1

D.4 Theoretical results

Lemma D.6 (A policy is optimal iff it induces an optimal visit distribution at every
state). Let v € (0,1) and let R be a reward function. © € II* (R,) iff m induces an

optimal visit distribution at every state.

Proof. By definition, a policy 7 is optimal iff 7 induces the maximal on-policy value at
each state, which is true iff 7 induces an optimal visit distribution at every state (by the

dual formulation of optimal value functions). O

Definition D.7 (Transition matrix induced by a policy). T is the transition matrix
induced by policy m € II, where T"e; = T(s,7(s)). (T7)'es gives the probability

distribution over the states visited at time step t, after following 7 for t steps from s.
Proposition D.8 (Properties of visit distribution functions). Let s,s" € S,f™° € F(s).

1. £™5() is element-wise non-negative and element-wise monotonically increasing on
v €1[0,1).
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2. Vye€[0,1): wa’s(’Y)H1 = ﬁ

Proof. Ttem 1: by examination of definition 5.3, f™* = >>2° (yT7)" e,. Since each (T™)"
is left stochastic and e, is the standard unit vector, each entry in each summand is
non-negative. Therefore, ¥y € [0,1) : f™*(y)Tey > 0, and this function monotonically

increases on 7.

Item 2:
[E=* )], = D2 (T es (D.3)
t=0 1

=>4 H(T”)tes 1 (D.4)

t=0
=> (D.5)

t=0
oo

Equation (D.4) follows because all entries in each (T™)" e, are non-negative by item 1.
Equation (D.5) follows because each (T™)" is left stochastic and e, is a stochastic vector,

and so H(T“)tes = 1. O

Lemma D.9 (f € F(s) is multivariate rational on 7). f™ € F(s) is a multivariate rational

function on v € [0, 1).
Proof. Let r € RISI and consider f™ € F(s). Let v}, be the Vi (s,7) function in column
vector form, with one entry per state value.

By the Bellman equations, v, = (I — AT™) ' r. Let A, =(1I- ~T™) !, and for state s,
form A, by replacing A,’s column for state s with r. As noted by Lippman [48], by

t A . . . . .
Cramer’s rule, V7 (s,7) = :fet 4" is a rational function with numerator and denominator
vy

having degree at most |S|.

In particular, for each state indicator reward function ey, VI (s,7) = f™5(7) Tey, is a
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rational function of v whose numerator and denominator each have degree at most |S|.

This implies that £7(y) is multivariate rational on v € [0, 1). O

Corollary D.10 (On-policy value is rational on 7). Let m € II and R be any reward
function. VZ(s,v) is rational on v € [0, 1).

Proof. Vi (s,v) = £5(y)Tr, and f is a multivariate rational function of v by lemma D.9.

Therefore, for fixed r, f™*(y) Tr is a rational function of +. O

D.4.1 Non-dominated visit distribution functions

Definition D.11 (Continuous reward function distribution). Results with Dcopt hold for

any absolutely continuous reward function distribution.
Remark. We assume RISl is endowed with the standard topology.

Lemma D.12 (Distinct linear functionals disagree almost everywhere on their domains).
Let x,x" € RIS be distinct. P p,.., (xTr = x’Tr) = 0.
Proof. {r eRSI (x—x)Tr= 0} is a hyperplane since x — x’ # 0. Therefore, it has no

ISI

interior in the standard topology on RI°l. Since this empty-interior set is also convex, it

has zero Lebesgue measure. By the Radon-Nikodym theorem, it has zero measure under

any continuous distribution Degpt. O

Corollary D.13 (Unique maximization of almost all vectors). Let X C RISI be finite.

]pr’\‘Dcnnt (

Proof. Let x,x’ € X be distinct. For any r € RIS, x,x' € argmax,cy x"Tr iff x'r =

argmaxx” ' r
x'"eX

> 1) = 0. (D.7)

xTr > MaXyrr e X\ {x,x'} x"Tr. By lemma D.12, x'r = x'"r holds with probability 0 under
any Deont- O
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D.4.1.1 Generalized non-domination results

Our formalism includes both Fnq(s) and RSD,gq (s); we therefore prove results that are

applicable to both.

Definition D.14 (Non-dominated linear functionals). Let X C RISI be finite. ND (X) ==
{X eX|IrerRS:xTr> MaXy e x\ {x} X/TI‘}.

Lemma D.15 (All vectors are maximized by a non-dominated linear functional). Let
r € RISI and let X € RIS! be finite and non-empty. Ix* € ND (X) : x*'r = maxyex X 'T.

Proof. Let A(r | X) = argmax,.x X r = {X1,...,%,}. Then

xjr=---=x/r> max x'r. (D.8)
x'€X\A(r|X)

In eq. (D.8), each x 'r expression is linear on r. The max is piecewise linear on r since
it is the maximum of a finite set of linear functionals. In particular, all expressions in
eq. (D.8) are continuous on r, and so we can find some § > 0 neighborhood B(r, ) such

that Vr' € B(r,d) : maxy,ca(r|x) x> MaXyre X\ A(r|X) x'Tr.

But almost all ' € B(r, d) are maximized by a unique functional x* by corollary D.13; in
particular, at least one such r” exists. Formally, 3r” € B(r,6) : x*'r” > MaXy e x\ {x*} x e/,

Therefore, x* € ND (X) by definition D.14.

x* 1 > max, ¢ A(x]X) x; ' > max,c X\A(x|X) x'Tr/, with the strict inequality following

because " € B(r,d). These inequalities imply that x* € A(r | X). O

Corollary D.16 (Maximal value is invariant to restriction to non-dominated functionals).

Let r € RISI and let X C RIS! be finite. maxxex x'r = MaXyeND(X) x'r.

Proof. If X is empty, holds trivially. Otherwise, apply lemma D.15. O

Lemma D.17 (How non-domination containment affects optimal value). Let r € RI®!
and let X, X' C RIS be finite.

1. If ND(X) C X', then maxyxex X't < maxyey X' T.
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2. If ND (X) C X' C X, then maxycx X' T = maxyey X' T.

Proof. Ttem 1:

maxx'r= max X'r (D.9)
xEX xeND(X)
< max x''r. (D.10)
x'e X’

Equation (D.9) follows by corollary D.16. Equation (D.10) follows because ND (X) C X'.
Item 2: by item 1, maxyex X't < maxyex/X 'r. Since X’ C X, we also have

MaXyey X' T > maxycx X ' r, and so equality must hold. O

I
Definition D.18 (Non-dominated vector functions). Let I C R and let F' C (R'SQ be

a finite set of vector-valued functions on I.

ND (F) := {f eF|Iyel,reRS : £f(7)"r > max f’(’y)Tr} . (D.11)
£eF\{f}
Remark. Fnq(s) = ND (F(s)) by definition 5.6.

Definition D.19 (Affine transformation of visit distribution sets). For notational conve-
nience, we define set-scalar multiplication and set-vector addition on X C RISI: for ¢ € R,
cX ={cx|x€eX} Forac RS X +a:= {x+a|x e X} Similar operations hold

when X is a set of vector functions R — RISI.
Lemma D.20 (Invariance of non-domination under positive affine transform).

1. Let X C RISl be finite. If x € ND(X), then Ve > 0,a € RISl : (x4 a) €
ND (¢X +a).

I
2. Let I CR and let F C (R'S‘) be a finite set of vector-valued functions on I. If
f € ND (F), then Ve > 0,a € RISI: (cf +a) € ND (cF + a).

Proof. Ttem 1: Suppose x € ND (X) is strictly optimal for r € RIS|. Then let ¢ > 0,a €
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RIS! be arbitrary, and define b :=a'r.

x'r> max x''r (D.12)
x'eX\{x}

ex'r+b> H)l(a\){( }cx’Tr +b (D.13)
x'e X

(ex4+a)'r> max (ex'+a)'r (D.14)
x'eX\{x}

(ex+a)'r> max x"Tr. (D.15)

x""€(cX+a)\{cx+a}
Equation (D.13) follows because ¢ > 0. Equation (D.14) follows by the definition of b.

Item 2: If f € ND (F'), then by definition D.18, there exist v € I,r € RIS! such that

f(7)'r > /() "r. D.16
(v) 'r p (v) r (D.16)

Apply item 1 to conclude
(cf(y)+a)Tr > max (cf'(7) +a)r. (D.17)

(cf'+a)e(cF+a)\{cf+a}

Therefore, (cf +a) € ND (cF + a). O

D.4.1.2 Inequalities which hold under most reward function distribu-

tions

Definition 5.21 (Inequalities which hold for most probability distributions). Let fi, fo :
A(RISl) = R be functions from reward function distributions to real numbers and let
D C A(RII) be closed under permutation. We write f1(D) >, ... o f2(D) when, for all

D € 9, the following cardinality inequality holds:

D' € S5 DI AD) > (D)} = {D € Sigy DI AD) < (D)} (59)

Lemma D.21 (Helper lemma for demonstrating >_ .. Qany)‘ Let ® C ARSH. If

J¢ € S|s| such that for all D € D, f1 (D) < fo (D) implies that f1(¢-D) > f2(¢- D),
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then fl( )—most D f2( )

Proof. Since ¢ does not belong to the stabilizer of S|s|, ¢ acts injectively on S5 - D. By
assumption on ¢, the image of {D’ € S|5-D | f1(D') < f2(D')} under ¢ is a subset of {D’ €
Sis-D | A(D') > fo(D')}. Since ¢ is injective, ‘{D’ € S5 D | A(D) < fo(D')}

(D' € Sis-D| (D) > foD) }‘ f1(D) >, .. » f2(D) by definition 5.21. O

Lemma D.22 (A helper result for expectations of functions). Let By, ..., B, C RIS| pe
finite and let © C A(RIS)). Suppose f is a function of the form

f(Bi1,...,B, | D)= E

19 (max b/ r,..., max b, >] (D.18)

bi1€B1 b,€Bn,

for some function g, and that f is well-defined for all D € ©. Let ¢ be a state permutation.
Then

f(Bi,...,By |D)=f(¢-Bi1,...,6 By | ¢-D). (D.19)

Proof. Let distribution D have probability measure F', and let ¢ - D have probability

measure Fy.

f(Bi,...,B, | D) (D.20)
= IWD g brflélgl b, ,...,brfgxnb r ] (D.21)
- /RS g (bnlnez%l biT, T pen, by >dF (D.22)
/Rs g (ﬁfﬁ%ﬁb yeoos max by r) dFy(Pyr) (D.23)
= /RS g (J?eaéib 1 ’) oy max by b, (P )) det Py| dF,(r')  (D.24)
B /ng g (Pobi) r""vbffggn (Pyb,) ' >dF¢(r') (D.25)

— ‘S‘ g (b,ng% by, o TOE b/’ ’> dF,(r') (D.26)
1 n
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= f(¢-Bi,...,6 By | ¢ D). (D.27)

Equation (D.23) follows by the definition of Fy (definition 5.19). Equation (D.24) follows
by substituting r’ := Pyr. Equation (D.25) follows from the fact that all permutation

matrices have unitary determinant and are orthogonal (and so (P;I)T =Py). O

Definition D.23 (Support of Dayy). Let Dany be any reward function distribution.
supp(Dany) is the smallest closed subset of RIS| whose complement has measure zero

under Dyyy.

Definition D.24 (Linear functional optimality probability). For finite A, B C RIS! the
probability under Dy, that A is optimal over B is

PDuny (A= B) =P p, (max a'r > max bTr> . (D.28)

acA beB

Proposition D.25 (Non-dominated linear functionals and their optimality probability).
Let A C RIS be finite. If I < c: [b, ¢! C supp(Dany), then a € ND (A) implies that a

is strictly optimal for a set of reward functions with positive measure under D gpy.

Proof. Suppose 3b < ¢ : [b, ]ISl C supp(Dany). If a € ND (A), then let r be such that

a'r > maxyeq ar @ 1. For a; > 0,as € R, positively affinely transform r' := a;r + asl
€A\{a}

(where 1 € RISl is the all-ones vector) so that r' € (b, ¢)!S!.

Note that a is still strictly optimal for r':

aTr > max a/Tr <~ aTr’ >  max a’

Ty (D.29)
a’cA\{a} a’cA\{a}

Furthermore, by the continuity of both terms on the right-hand side of eq. (D.29),

a is strictly optimal for reward functions in some open neighborhood N of r’. Let

N’ := NN (b, )8l N’ is still open in RISl since it is the intersection of two open sets N

and (b, ¢)!9l.

D,ny must assign positive probability measure to all open sets in its support; otherwise,



150

its support would exclude these zero-measure sets by definition D.23. Therefore, Dany

assigns positive probability to N' C supp(Dany). O]

Lemma D.26 (Expected value of similar linear functional sets). Let A, B C RIS! be finite,
let A" be such that ND (A) C A’ C A, and let g : R — R be an increasing function. If B
contains a copy B’ of A" via ¢, then

E g(maxa'r || < E
r~Dpound acA r~¢Dpound

IfND (B)\ B’ is empty, then eq. (D.30) is an equality. If ND (B)\ B’ is non-empty, g is
strictly increasing, and 3b < ¢ : (b, )8! C supp(Dyound), then eq. (D.30) is strict.

beB

g <max b%)] . (D.30)

Proof. Because g : R — R is increasing, it is measurable (as is max). Therefore, the

E

r~Dpound

relevant expectations exist for all Dyound-
g <max aTr>] = E g <max aTr>] (D.31)
acA r~Dpound acA’

= E g < max aTr>] (D.32)
rN¢'Dbound aE(b’A/

r~¢-Dpound beB’

= E q <max bTr)] (D.33)

IN

E g <max bTr)] : (D.34)

r~¢-Dpound beB

Tr = maxgecara’ r by lemma D.17’s

Equation (D.31) holds because ¥r € RIS! : maxacqa
item 2 with X := A, X' := A’. Equation (D.32) holds by lemma D.22. Equation (D.33)
holds by the definition of B’. Furthermore, our assumption on ¢ guarantees that B’ C B.
Therefore, maxpep b'r < maxpep b 'r, and so eq. (D.34) holds by the fact that g is an

increasing function. Then eq. (D.30) holds.

If ND(B) \ B’ is empty, then ND (B) C B’. By assumption, B* C B. Then apply
lemma D.17 item 2 with X := B, X’ := B’ in order to conclude that eq. (D.34) is an
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equality. Then eq. (D.30) is also an equality.

Suppose that g is strictly increasing, ND (B) \ B’ is non-empty, and 3b < ¢ : (b, ¢)!S! C
supp(Dhound)- Let x € ND (B) \ B'.

E g (max bTr> < E g ( max bTr) (D.35)
r~®-Dyound beB’ r~¢-Dhound aEB/U{X}
< E g (maXbTr>] . (D.36)
I"Vd)"ljbound beB

x is strictly optimal for a positive-probability subset of supp(Dpound) by proposition D.25.
Since g is strictly increasing, eq. (D.35) is strict. Therefore, we conclude that eq. (D.30)
is strict. O

Lemma D.27 (Continuous Dx_j;p have nonempty interior). For continuous 11D distribu-
tions Dx qp, 3b < ¢ : (b, c)|S‘ C supp(Dxp)-

Proof. Dx.mp = X IS, Since the state reward distribution X is continuous, X must
have support on some open interval (b,c). Since Dx_yp is IID across states, (b, c)lSI C

supp (DX—IID) . g

Definition D.28 (Bounded, continuous 11D reward). D¢ /p/up is the set of Dx_yp which

equal X!S! for some continuous, bounded-support distribution X over R.

Lemma D.29 (Expectation superiority lemma). Let A,B C RIS be finite and let
g : R — R be an increasing function. If B contains a copy B’ of ND (A) via ¢, then

T T
maxa ' r < ) E maxb'r
g (aEA >] —most: Qbound rNDbound [g <b€B )

Furthermore, if g is strictly increasing and ND (B) \ ¢ - ND (A) is non-empty, then

E

r~Dpound

(D.37)
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eq. (D.37) is strict for all Dx up € D¢ /g up- In particular,

T T
b
(e (507

Proof. Because g : R — R is increasing, it is measurable (as is max). Therefore, the

E

zmost: D I
rNDbound bound

r~Dpound

relevant expectations exist for all Dyoung-

Suppose that Dyoung is such that Eyop, .4 [g (maxbe b r)} < ErnDyoina [g (maxae A aTr)} )

g <r§1€aj< aTr>] < o Dbound (max b'r )] (D.38)
- £ [ ( )] (D.39)
(m )] (D.40)

< E [g <max bTr)] . (D.41)
I"\/¢)',Z)bound beB

Equation (D.38) follows by applying lemma D.26 with permutation ¢ and A’ := ND (A).
Equation (D.39) follows because involutions satisfy ¢! = ¢, and ¢? is therefore the

E

l"\/QI)'Dbound

I"“Dbound

identity. Equation (D.40) follows because we assumed that

g (max bTr)] < E [g (max aTr>] .
beB rN'Dbound acA

Equation (D.41) follows by applying lemma D.26 with permutation ¢ and and A’ :=
ND (A4). By lemma D.21, eq. (D.37) holds.

E

r~Dpound

Suppose g is strictly increasing and ND (B) \ B’ is non-empty. Let ¢’ € Ss|-

E [g <max aTr>] = E [g (max aTr>] (D.42)
r~¢""Dx_up acA r~Dx_ip acA
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< E g (max bTr>] (D.43)
r~¢Dx p beB

= E [g <max bTr>] . (D.44)
I""(ﬁl‘DX—IID beB

Equation (D.42) and eq. (D.44) hold because Dx_y;p, distributes reward identically across
states: Vo, € S|s| : ¢z Dxup = Dx_up- By lemma D.27, 3b < ¢ : (b, c)'S‘ C supp(Dx-up)-
Therefore, apply lemma D.26 with A’ := ND (A) to conclude that eq. (D.43) holds.

Therefore, V¢’ € Sis| : Erng/ Dy [g <maxa€A aTr)} < Erng' Dy [g (maxbeB bTr)},

and so Eyp,,,..q [g (maxae A aTr)] Z most: Dpownd ET~Dhound [g (maxbe B bTr)} by defi-
nition 5.21.

Definition D.30 (Indicator function). Let L be a predicate which takes input z. 1p,,)
is the function which returns 1 when L(z) is true, and 0 otherwise.

Lemma D.31 (Optimality probability inclusion relations). Let X,Y C RIS| be finite and
suppose Y/ C Y.

PDuny (X >Y) <pp,., (X >Y') <pp,., (X Uy \Y') > Y) . (D.45)

If 3b < ¢ (b,¢)!S! C supp(Dany), X €Y, and ND (V) N (Y \Y’) is non-empty, then the

second inequality is strict.

Proof.
PDyny (X 2 Y) 1= r’\‘%any [:ﬂ-maXXEX XTPZmaXyenyri| (D.46)
< B [S— (D.47)
= rN%&ny _]lmaxxexu(y\y') xTr>max, ¢y yTr] (D.48)
- rN%any L maxXEXU(Y\Y’)xTeraXyey/U<Y\y/)yTr] (D.49)
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B rN%any {lma"xeXu(Y\w xTr>maxyey yTr} (D.50)
e (rU0A V)27, oo

Equation (D.47) follows because Yr € RIS| Daxgex xTrmaxyey yTr < 1
since Y C Y; note that eq. (D.47) equals pp,,, (X >Y’ ), and so the first inequality of
eq. (D.45) is shown. Equation (D.48) holds because

maXye x xTeraxyeyl y'r

S| .
Vr € R| | : lmaxxgx xTeraxyeyl y'r < lmaxxexu(Y\Y’) xTeraxyeyl bTr-
Suppose 3b < ¢ : (b, ¢)lSI C sUpp(Dany), X C Y, and ND (Y) N (Y \ Y’) is non-empty.
Let y* € ND (Y) N (Y \ Y'). By proposition D.25, y* is strictly optimal on a subset of

sUpp(Dany) With positive measure under Dypy. In particular, for a set of r* with positive

measure under Dy, we have y*Tre > maxycy” y .

Then eq. (D.48) is strict, and therefore the second inequality of eq. (D.45) is strict as
well. O

Lemma D.32 (Optimality probability of similar linear functional sets). Let A, B,C C RIS
be finite, and let Z C RIS! be such that ND (C)C ZCC. IfND (A) is similar to B' C B
via ¢ such that 6 (Z\ (B\ B')) = Z\ (B\ B'), then

pDany (A 2 C) S pd)'Dany (B Z C) ° (D52>

If B' = B, then eq. (D.52) is an equality. If 3b < ¢: (b,c)lS! C supp(Dany), B' C C, and
ND (C) N (B \ B') is non-empty, then eq. (D.52) is strict.

Proof.

PDany (A > C) =pp,,, (A > Z)
= DDy (ND (A) > Z)

(
(

< Py (ND (4) > 7\ (B\ B’)) (D.55
(

— Doty (6-ND(4) 262\ (B\ B))



~ Py, (B2 2\ (B\B)) (D.57)
< Pspay (B'U(B\B) > 2) (D.58)
= D¢ Dany (B > C). (D.59)

Equation (D.53) and eq. (D.59) follow by lemma D.17’s item 2 with X = C, X' := Z.
Similarly, eq. (D.54) follows by lemma D.17’s item 2 with X = A, X’ := ND (4).
Equation (D.55) follows by applying the first inequality of lemma D.31 with X :=
ND (A),Y =2Z,Y' :=Z\ (B\ B’). Equation (D.56) follows by applying lemma D.22 to
eq. (D.53) with permutation ¢.

Equation (D.57) follows by our assumptions on ¢. Equation (D.58) follows because
by applying the second inequality of lemma D.31 with X = B’)Y := ND (C),Y’ :=
ND (C)\ (B\ B).

Suppose B’ = B. Then B\ B’ = (), and so eq. (D.55) and eq. (D.58) are trivially equalities.
Then eq. (D.52) is an equality.

Suppose 3b < ¢ : (b,c)lSI C supp(Dany); note that (b, )18 C supp(¢ - Dany), since such
support must be invariant to permutation. Further suppose that B’ C C and that
ND (C) N (B\ B') is non-empty. Then letting X := B)Y := Z,Y':= Z \ (B\ B’) and
noting that ND (ND (Z)) = ND (Z), apply lemma D.31 to eq. (D.58) to conclude that
eq. (D.52) is strict. O

Lemma D.33 (Optimality probability superiority lemma). Let A, B,C C RIS| be finite,
and let Z satisfy ND (C) C Z C C. If B contains a copy B' of ND (A) via ¢ such that
é- (z\ (B\ B/)> =Z\ (B\ B'), then pp,,, (A > C) <poni. 2., PDuny (B = C).

If BB C C and ND(C) N (B \ B') is non-empty, then the inequality is strict for all
DX_HD € DC/B/“D and PDany (A 2 C) \Zmost: Dany PDany (B > C)

Proof. Suppose Dayy is such that pp,, (B > C) < pp,,, (4> C).

p¢'Dany (A 2 C) = p¢71‘Dany (A Z C) (D60)
< Py (B> O) (D.61)



156

< Py (A>C) (D.62)

< p(b,pany (B > C) . (D63)

Equation (D.60) holds because ¢ is an involution. Equation (D.61) and eq. (D.63) hold

by applying lemma D.32 with permutation ¢. Equation (D.62) holds by assumption.
Therefore, pp,,, (A > C) < . Duny PDany (B > C) by lemma D.21.

—Imos

Suppose B’ C C and ND (C) N (B \ B’) is non-empty, and let Dx_;p be any continuous
distribution which distributes reward independently and identically across states. Let
(b/ S S|S\-

pd)l'DX—IID (A Z C) = pDX-IID (A 2 C) (D64>
< p¢'DX-IID (B Z C) (D65)
= p¢,'DX—IID <A 2 C) : (D66)

Equation (D.64) and eq. (D.66) hold because Dx_;p, distributes reward identically across
states, Vo, € S|s| : ¢z * Dx-ip = Dxonp. By lemma D.27, 3b < ¢ : (b, c)'S‘ C supp(Dx_up)-
Therefore, apply lemma D.32 to conclude that eq. (D.65) holds. Therefore, V¢' €
Sis| P Dy (A2 C) < pyrpy,,, (B >C). In particular, pp,,, (4> C) 2, . Dany
PDany (B > C) by definition 5.21. O

Lemma D.34 (Limit probability inequalities which hold for most distributions). Let
ITCR,let® C A(R'S‘) be closed under permutation, and let Fa, Fg, Fo be finite sets of
vector functions I — RISI. Let v be a limit point of I such that

A(D) = lim pp (Fe(v*) > Fe(v") ,

fo(D) == lim pp (Fa(v*) = Fo(v"))
YE=y
are well-defined for oll D € .
Let Fy satisfy ND (F¢) C Fz C Fo. Suppose Fg contains a copy of Fa via ¢ such that
6+ (Fz\ (Fp\ 6+ Fa)) = Fz\ (Fp\ 6+ Fa). Then fo(D) <o 0 f1(D).
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Proof. Suppose D € ® is such that fo(D) > f1(D).

f2(6-D) = fo (67 D) (D.67)
= lim py-1p (Faly") 2 Fo(v7)) (D.68)
< lim pp (Fp(v") > Fo(v")) (D.69)
< lim pp (Fa(7") = Fo(v")) (D.70)
< lim pyp (F(v") = Fo(v")) (D.71)
= hi(6-D). (D.72)

By the assumption that ® is closed under permutation and fy is well-defined for all
D € D, fo(¢ - D) is well-defined. Equation (D.67) follows since ¢ = ¢~ because ¢
is an involution. For all v* € I, let A = Fa(v*),B = Fp(vy*),C = Foc(v*),Z =
Fz(~*) (by definition D.18, ND(C) € Z C (). Since ¢ - A C B by assumption,
and since ND (A) C A, B also contains a copy of ND (A4) via ¢. Furthermore, ¢ -
<Z \ (B\¢- A)) =Z\(B\ ¢+ A) (by assumption), and so apply lemma D.32 to conclude
that pg-1.p (Fa(v*) > Fo(v*)) < pp (Fe(v*) = Fo(v*)). Therefore, the limit inequality
eq. (D.69) holds. Equation (D.70) follows because we assumed that fi1(D) < fa(D).
Equation (D.71) holds by reasoning similar to that given for eq. (D.69).

Therefore, fo(D) > f1(D) implies that fa (¢ - D) < f1 (¢ - D), and so apply lemma D.21
to conclude that fo(D) < o o f1(D). O

—Imos

D.4.1.3 JF,q results

Proposition D.35 (How to transfer optimal policy sets across discount rates). Suppose
reward function R has optimal policy set II* (R, ) at discount rate v € (0,1). For any
v* € (0,1), we can construct a reward function R’ such that II* (R',v*) = II* (R, 7).
Furthermore, V3, (-,7*) = Vi (-, 7).

Proof. Let R be any reward function. Suppose v* € (0,1) and construct R'(s) =
V}? (87 7) — 7" maxge A IE"S/A/T(s,a) [Vﬁ (S/v 7)] .
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Let m € II be any policy. By the definition of optimal policies, = € IT* (R’ , 7*) iff for all s:

/ * * N Y, * * /%
R(s)+7" E )[VR, (7)) = Ris) +rrmax | E (Vi (5579)] (D7)

Rs)+v  E |Vi(s)

= R(s) +~* E |Vi (s, D.74
vrEro () + 7" max Vi) o7

_ a€A s'~T(s,a)

* [ - / ] _x * ,
v S’NT(IE,W(S)) _VR (s 77)_ =7 max s'NJI“E(s,a) {VR (s ,7)} (D.75)

:Vﬁ (5,,7): =max E [Vﬁ (s’,y)] ) (D.76)

S/NT(SJT(S)) acA s'~T(s,a)

By the Bellman equations, R'(s) = V3 (s,7*) — v* maxsea Egor(s,a) [Vﬁ, (3’,7*)] By
the definition of R, V}%, (-,7*) = V3 (-,7) must be the unique solution to the Bellman
equations for R’ at v*. Therefore, eq. (D.74) holds. Equation (D.75) follows by plugging
in R =V (s,7) — 7" maxeea By p(s,0) [VE (s’,v)} to eq. (D.74) and doing algebraic

manipulation. Equation (D.76) follows because v* > 0.

Equation (D.76) shows that € IT* (R',v*) iff

" gl [V )] = R Vi )]

That is, 7 € IT* (R',~*) iff 7 € II* (R, 7). O
Definition D.36 (Evaluating sets of visit distribution functions at 7). For v € (0,1),

define F(s,v) = {f('y) | f e F(s)} and Fnq(s,7y) = {f(’Y) | f e Fnd(s)}' If 7 C F(s),
then F(y) = {f(v) | f € F}.

Lemma D.37 (Non-domination across « values for mixtures of f). Let Ay € A (R“S') be
any state distribution and let F := {E, a, [f™%] | m € II}. £ € ND (F) iff Vy* € (0,1) :
f(v*) € ND (F(v*)).

Proof. Let f© € ND (F') be strictly optimal for reward function R at discount rate
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v € (0,1):

f7(y)'r> max f7(y)'r. (D.77)
' e F\{f7}

Let v* € (0,1). By proposition D.35, there exists R’ such that IT* (R',~v*) = II* (R, 7).

Since the optimal policy sets are equal, lemma D.6 implies that

7 ()Y > max 7 (%) 'r. (D.78)
£ cF\{f7}
Therefore, £™(v*) € ND (F(v%)).

The reverse direction follows by the definition of ND (F). O
Lemma D.38 (Vy € (0,1) : d € Fpq(s,v) iff d € ND (F(s,7))).

Proof. By definition D.36, Fnq(s,7) = {f(fy) | £ € ND (F(s)) } By applying lemma D.37
with Ay :==e,, f € ND (F(s)) iff Vy € (0,1) : f(7) € ND (F(s,7)). O

Lemma D.39 (Vy € [0,1) : V}; (s,7) = maxger,,(5) £(7) '1).

Proof. ND (F(s,7)) = Faa(s,7) by lemma D.38, so apply corollary D.16 with X =
F(s,7)- O

D.4.2 Some actions have greater probability of being optimal

Lemma D.40 (Optimal policy shift bound). For fized R, II* (R, ) can take on at most
(218 +1) >, (‘]:és”) distinct values over v € (0,1).

Proof. By lemma D.6, IT* (R, ) changes value iff there is a change in optimality status
for some visit distribution function at some state. Lippman [48] showed that two visit
distribution functions can trade off optimality status at most 2|S|+ 1 times. At each

state s, there are (’]:és)’) such pairs. O
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Proposition D.41 (Optimality probability’s limits exist). Let ' C F(s). Pp_(F,0) =
limyoPp,  (F,7) and Py, (F,1) =limy 1 Pp  (F,7).

Proof. First consider the limit as v — 1. Let Dayy have probability measure Fjpy, and
define §(7y) = Fany <{R € RS | Iy* € [y,1) : II* (R, v*) £ IT* (R, 1)}) Since Fany is a
probability measure, §(7y) is bounded [0, 1], and d(7) is monotone decreasing. Therefore,

lim, 1 6(y) exists.

If lim,—1 §(7y) > 0, then there exist reward functions whose optimal policy sets II* (R, )
never converge (in the discrete topology on sets) to IT* (R, 1), contradicting lemma D.40.

So limy 1 6(y) = 0.

By the definition of optimality probability (definition 5.9) and of 6(v), |Pp,, (F,7) —
Pp,,, (Fy1)[ < 6(y). Since limy—16(v) =0, limy1 Pp,  (F,7) =Pp  (F,1).

A similar proof shows that lim, o Pp_(F,7) =Pp, (F,0). O
Lemma D.42 (Optimality probability identity). Let v € (0,1) and let FF C F(s).
Pp,., (F.7) = pp (F(7) 2 F(s,7)) = por (F(7) = Faa(s,7)) - (D.79)

Proof. Let v € (0,1).

Pp,., (Fy7) = ngmy (3™ e F:m eIl*(R,y)) (D.80)
- rN%any |:]lmaxf€F f(y) Tr=maxe/ ¢ z(, f’('y)Tr:| (D.81)
N rﬁm [lmaXfeF () Tr=maxeer, (o) f’(w)Tr} (D.82)
= ppr (F(7) 2 Faa(s,7)) - (D.83)

Equation (D.81) follows because lemma D.6 shows that 7 is optimal iff it induces an

optimal visit distribution f at every state. Equation (D.82) follows because ¥r € RIS

f/ T — f/ T
gty F O =, PO
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by lemma D.39. O

D.4.3 Basic properties of POWER

Lemma D.43 (POWER identities). Let v € (0,1).

1—7 T
1—v
=—— E Vi (s,v) — R(s D.8&5
e [V (s,7) — R(s)] (D.85)
1- v *
— 7 (Vs o) = B (R0)]) (D.56)

= E |:max E [(1 -7 Vg (s’,’y)]] . (D.87)

R~Diyound mell SINT(S,T((S))

Proof.
1—7 T
POWERDbotlnd (87 ’Y) = TNDIE a [flen]?é) ~y (f(’Y) - es) r] (D88>
1—7 T
= E max —— (f(v)—es) r D.&9
I'/“'Z)bound fe]“nd)is) 'Y ( (’Y) ) ] ( )
1—7 T
= E ma. f(v)—es) r D.90
I'/“’Dbound fej'—();) ’Y ( (’Y) ) ] ( )
I—v
— E Vi(s,v) — R D.91
—E Vi) - RG] (D.91)
2 (e (- E[R(s)] (D.92)
,-y bound ) RNDbound

_ o 7,8’ T
= £ {Eléﬁ(sw([fm(s)) [(1 7 E () r}] (D.93)

R~Dyouna | w€ll S’NT(S,TF(S))

= E {max E [(1 -y Vg (s’,fy)]] . (D.94)



162

Equation (D.89) follows from lemma D.39. Equation (D.91) follows from the dual formu-
lation of optimal value functions. Equation (D.92) holds by the definition of VA (s,7)

(definition 5.11). Equation (D.93) holds because f™*(y) = e5 + VES’NT(S () [f”’sl (7)]
by the definition of a visit distribution function (definition 5.3).

Definition D.44 (Discount-normalized value function). Let m be a policy, R a reward

function, and s a state. For v € [0,1], VZ ., (s,7) = limye (1 — v)VE (s,77).

Lemma D.45 (Normalized value functions have uniformly bounded derivative). There ez-
ists K > 0 such that for all reward functions r € RIS!, SUP4es, rell yel0,1] %V[{’ norm (8:7)| <
K || ]

Proof. Let m be any policy, s a state, and R a reward function. Since

Vi norm (8:7) = 1lim (1= 7")f™ ("),
=

%V]{ norm (8,7) is controlled by the behavior of lim«_,,(1 —~v*)f™*(y*). We show that

this function’s gradient is bounded in infinity norm.

By lemma D.9, f™%(~) is a multivariate rational function on «. Therefore, for any state

s, 5 (y) Tey = % in reduced form. By proposition D.8, 0 < f™%(vy)Tey < ﬁ Thus,

@ may only have a root of multiplicity 1 at v = 1, and Q(y) # 0 for v € [0,1). Let
fo () = (1 =f™*(7) Tey.

If Q(1) # 0, then the derivative f/,(7) is bounded on 7 € [0, 1) because the polynomial
(1 —~)P(v) cannot diverge on a bounded domain.

If Q(1) = 0, then factor out the root as Q(v) = (1 — v)Q* ().

Fi) = < ((1—7)13(7)) (D.95)

dy Q)
_d (PQy)
Cdy (Q*(v)) (D-96)
_P)e () = @)(NP() (D.97)
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Since @Q*(v) is a polynomial with no roots on vy € [0,1], f.,(v) is bounded on v € [0, 1).

Therefore, whether or not Q(v) has a root at v = 1, f.,() is bounded on v € [0,1).
Furthermore, sup, ¢ 1) HV(l — E(y H = SUP,¢(p,1) MAXy/eS ‘f;, (fy)| is finite since

there are only finitely many states.

There are finitely many 7 € II, and finitely many states s, and so there exists some K’ such

that sup  ses, ||[V(1=9)f™(7)| < K'. Then ||[V(1—y)f™*(y)||, < |S|K' = K.
mell,yel0,1)
p ’ d 174 (s )’ sup d lim (1 —~*)VE (s,7%) (D.98)
su —_— norm \Ss = - — s .
s, |dy T ! ses, |dyyoy TR
well,y€[0,1) mell,y€[0,1)
d T
= s [V (D.99)
sES, 8
mell,yel0,1)
= sup |[VA—y)f™()"r (D.100)
SES,
nell,y€l0,1)
< sup V(@ =N )], lIxll, (D.101)
LS TRVE(IR
<Klrl;. (D.102)

Equation (D.99) holds because Vj (s,7) is continuous on v € [0,1) by corollary D.10.
Equation (D.101) holds by the Cauchy-Schwarz inequality.

Since %Vﬁ,norm (s,7)| is bounded for all v € [0,1), eq. (D.102) also holds for v — 1. [

Lemma 5.13 (Continuity of POWER). POWERp,_, . (s,7) is Lipschitz continuous on
v € 10,1].

Proof. Let b, ¢ be such that supp(Dpound) < [b,¢]!Sl. For any r € supp(Dpouna) and
7 € IL, V& Lo (8,7) has Lipschitz constant K [r|, < K[S]||r||,, < K |S[max(|c[,[b])
on vy € (0,1) by lemma D.45.

For fY € (07 1)’ POWERDbound (8’ fy) = IE‘:’R’\’,Dbound maXﬂ-EH ES’NT(S,TF(S)) |:(1 - ’Y)Vﬁ (S/’fy)]:|
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by eq. (D.94). The expectation of the maximum of a set of functions which share a Lips-
chitz constant, also shares the Lipschitz constant. This shows that POWERp, . (s,7) is
Lipschitz continuous on v € (0,1). Thus, its limits are well-defined as v — 0 and v — 1.

So it is Lipschitz continuous on the closed unit interval. O

Proposition 5.14 (Maximal POWER). POWERp,,, ., (5,7) < Erup,, ... [Maxses R(s)],
with equality if s can deterministically reach all states in one step and all states are

1-cycles.

Proof. Let v € (0,1).

POWERD, 104 (87) = RNDEgound I;leéaig[{ s’NT(Igw(s)) [(1 ~Va (8/7 ’Y)} (D.103)
[ ” R "
< E max F [ 1— V)meses(s)] (D.104)
R~Dyouna | €Il S/NT(S,W(S)) 1-— Y
= E maxR(s”)] . (D.105)
RNDbound _S”GS

Equation (D.103) follows from lemma D.43. Equation (D.104) follows because V}; (s',7) <
maXxgss R(S”)
lefsfy
step. Taking limits, the inequality holds for all v € [0, 1].

, as no policy can do better than achieving maximal reward at each time

Suppose that s can deterministically reach all states in one step and all states are 1-cycles.
Then eq. (D.104) is an equality for all v € (0, 1), since for each R, the agent can select
an action which deterministically transitions to a state with maximal reward. Thus the
equality holds for all v € [0, 1]. O

Lemma D.46 (Lower bound on current POWER based on future POWER).

POWERp,, , . (5,7) > (1—7)min E [R(s')} +ymax E [POWERDbmmd (3', 7)} )
a  §'~T(s,a), a  §'~T(s,a)
RNDbound

(D.106)
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Proof. Let v € (0,1) and let a* € argmax, Ey . r(s,q) [POWERDbound (s’,fy)].

POWERp, .. (5,7) (D.107)
—(1- E { } D.1

( 7) RNDbound [m‘?XS NT 8 a) V ] ( 08)
>(1— E [ } D.1
> (1 =) max . waound Vr } (D.109)
=1 -ymax E Vi (5 ,7)} (D.110)

[ v
=(1-7) m(?X s’~7IE(s a) R~£Et§ound [R( )] * ?POWERDbound (8,’ ’Y)] (b111)
i /
>(1— E E ! —P D.112
— ( 7) SINT(S,(J,*) |:RN,Dbound [R(S ):| + 1 _ Py OWERDbound (8 7’7):| ( )
>(1—7)min ,_,I?% : [R(s")] +~ / TI[Z] : {POWERDbOUM1 (s’,fy)} . (D.113)
R~Dionon T

Equation (D.108) holds by lemma D.43. Equation (D.109) follows because

E [max f(a,x)} > max E_[f(a,2)]

r~X a a x~X
by Jensen’s inequality, and eq. (D.111) follows by lemma D.43.

The inequality also holds when we take the limits v — 0 or v — 1. 0l

Proposition 5.15 (POWER is smooth across reversible dynamics). Let Dypoung be bounded

[b,c]. Suppose s and s’ can both reach each other in one step with probability 1.
|POWERp,,,,, (5,7) — POWERp,,,., (s,7) | < (c = b)(1 —7). (5.7)
Proof. Let~ € [0,1]. First consider the case where POWERp, ., (s,7) = POWERp, ., (s,7).

POWERp,, ., (5,7) > (1 —7)min  E [R(sy)] +ymax E = [POWERp,, ., (Sz,7)]
a  s,~T(s',a), a  s,~T(s,a)
R~Dyound

(D.114)
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Z (1 - ’7)b + ’YPOWER’DbDund (87 ’Y) . (D115)

Equation (D.114) follows by lemma D.46. Equation (D.115) follows because reward is

lower-bounded by b and because s’ can reach s in one step with probability 1.

‘POWERDbound (s,7) — POWERp, ., (¢, 7)’ (D.116)
= POWERp, ., (5,7) — POWERp, .. (5,7) (D.117)
< POWERp, ., (5,7) — ((1 = 7)b +yPOWERp, ., (5,7)) (D.118)
= (1—7) (POWERp, ., (5,7) — b) (D.119)
<(1—7) (RND]Egound {3}239{ R(s")] - b) (D.120)
<1 =7)(c—b). (D.121)

Equation (D.117) follows because
POWERDbound (87 7) Z POWERDb011nd (8/7,7) :

Equation (D.118) follows by eq. (D.115). Equation (D.120) follows by proposition 5.14.
Equation (D.121) follows because reward under Dyoung is upper-bounded by c.

The case where POWERp, ., (5,7) < POWERp,_ . (s’ ) fy) is similar, leveraging the fact

that s can also reach s’ in one step with probability 1. O

D.4.4 Seeking POWER is often more probable under optimality

D.4.4.1 Keeping options open tends to be POWER-seeking and tends
to be optimal
Definition D.47 (Normalized visit distribution function). Let f : [0,1) — RISl be a

vector function. For v € [0,1], NORM (f, ) := lim«_,, (1 — v*)f(7*) (this limit need not
exist for arbitrary f). If F is a set of such f, then NORM (F,~v) := {Norwm (f,7) | f € F}.



167

Remark. RSD (s) = NORM (F(s),1).

Lemma D.48 (Normalized visit distribution functions are continuous). Let A, € A(S)
be a state probability distribution, let m € 11, and let £* == Ezon, [f7°]. NORM (f*,7) is

continuous on v € [0,1].

Proof.
NORM (f*,7) = ’Yl*igv(l —7%) 5£EA [£75(v*)] (D.122)
= E | lim (1 —~")f"%(v") (D.123)
s~vAs [V
= E S [NorMm (f™%,7)] . (D.124)

Equation (D.123) follows because the expectation is over a finite set. Each £f™° € F(s) is
continuous on y € [0,1) by lemma D.9, and lim«_,;(1 — v*)f™*(7*) exists because RSDs
are well-defined [68]. Therefore, each NORM (f™°, ) is continuous on v € [0, 1]. Lastly,

eq. (D.124)’s expectation over finitely many continuous functions is itself continuous. [

Lemma D.49 (Non-domination of normalized visit distribution functions). Let A € A(S)
be a state probability distribution and let F := {Esun, [f™°] | ® € II}. For all v € [0,1],
ND (NORM (F,v)) € NorM (ND (F), ), with equality when v € (0,1).

Proof. Suppose v € (0,1).

ND (NorM (F,7)) = ND ((1 = )F(7)) (D.125)
= (1—-7)ND (F(v)) (D.126)
=(1—7) (ND(F) (v)) (D.127)
= NorM (ND (F), 7). (D.128)

Equation (D.125) and eq. (D.128) follow by the continuity of NORM (f, ) (lemma D.48).
Equation (D.126) follows by lemma D.20 item 1. Equation (D.127) follows by lemma D.37.

Let v =1. Let d € ND (NORM (F, 1)) be strictly optimal for r* € RISI. Then let Fy C F
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be the subset of f € F' such that NorM (f, 1) = d.

max NoRrM (f,1)" r* > max NORM (f, 1)T rr. (D.129)
feFy f/EF\Fy

Since NorM (f, 1) is continuous at v = 1 (lemma D.48), x"r* is continuous on x € RIS/,
and F is finite, eq. (D.129) holds for some v* € (0,1) sufficiently close to v = 1. By
lemma D.15, at least one f € Fg is an element of ND (F(’y*)) Then by lemma D.37,

f € ND (F). We conclude that ND (NoRrM (F, 1)) € NorM (ND (F), 1).

The case for v = 0 proceeds similarly. O

Lemma D.50 (POWER limit identity). Let v € [0, 1].

1= . T
POWERD, a (5,7) = I'NDHEOde fer%ifis) wl*@v e (6 —e) x| (D-130)
Proof. Let v € [0,1].
POWERp, ., (8,7) = 7Ligl7 POWERD, .. (5,7) (D.131)
. 1—9" . T ]
= lim E max (f(v")—es) T (D.132)
vy I""’Dbound fe]'—nd (S) PY*
. 1—9" . T ]
= E lim max (f(v")—es) r (D.133)
r~Dyound |77 fEJ:nd (S) 7*
Lo L= . T ]
= E max lim (f(v") —es) r|. (D.134)
r~Dyound fe]:nd(s) Y=y ’Y*

Equation (D.131) follows since POWERp, ., (s,7) is continuous on «y € [0, 1] by lemma 5.13.
Equation (D.132) follows by lemma D.43.

For v* € (0,1), let f,«(r) == maxecr, (s) 1—77:/ (f(v) — es)—r r. For any sequence v, — 7,
( f%)zozl is a sequence of functions which are piecewise linear on r € RISl which means they
are continuous and therefore measurable. Since lemma D.9 shows that each f € Fq(s)

. . . . . oo
is multivariate rational on +* (and therefore continuous on ~*), { f%}n:1 converges
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pointwise to limit function f,. Furthermore, |V} (s,7,) — R(s)| < 1:’7n | R, and
so |fy,(r)| = 1;%(Vﬁ (8,vn) —R(s))‘ < g(r) < |r||,, = g(r), which is measurable.

Therefore, apply Lebesgue’s dominated convergence theorem to conclude that eq. (D.133)

holds. Equation (D.134) holds because max is a continuous function. O

Lemma D.51 (Lemma for POWER superiority). Let A1, Ag € A(S) be state probability
distributions. For i = 1,2, let Fp, = {771 Es;~A, [f’“si — esi] | e H}. Suppose F,
contains a copy of ND (Fa,) via ¢. ThenV~y € [0,1] : Eg,a, [POWERD,, ., (51,7)]
Esynn, [POWERD,, ., (52,7)].

Smos.t: D pound

IfND (FA2) \¢-ND (FAl) is non-empty, then for all v € (0, 1), the inequality is strict for

all DX—IID € QC/B/IID and ESlNAl [POWERDbound (31’ 7)] zmost: Dpound E52NA2 [POWERDbmmd (327 7)]

These results also hold when replacing Fa,; with in = {ESiNAi [fo%] |7 e H} fori=1,2.

Proof.
¢+ ND (Noru (Fa,,7)) € ¢+ Noru (ND (Fa,) ,7) (D.135)
= {P¢ 71*1517(1 —v)f(y*) | £ € ND (FAI)} (D.136)
= {71*@7(1 —YI)PHE(v*) | £ € ND (FAl)} (D.137)
—{ i (=780 [ £ € P | (D.138)
vy
e {m 1700 [ £ € P, ) (0130
=: NORM (Fh,,7) (D.140)

Equation (D.135) follows by lemma D.49. Equation (D.137) follows because P is a

continuous linear operator. Equation (D.139) follows by assumption.

*

(fTr,s1 ('Y*) o eSI)T r

-~
E |POWER s = E max lim
s1~A7 [ Dbound ( 1’7)] s1~AT, 7€ll v*—y r}/*
r~Dpound

(D.141)
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*

: T
e ]E 1 E fT(',Sl *\
r~Dpound _171‘—121_}[( ’Y*lg’y ’y* s1~Aq (’y ) esl] r
(D.142)
= E max d'r (D.143)
r~Dpound dGNORM(FAl ,’y)
= E max d'r (D.144)
r~Phound | deND (Norm(Fa, 7))
SInost: Dbound max dTI‘ (D145>

r~Dhound | dENORM (FA2 :’Y)

*

. T
= E max lim E [f™%2(7*) —eq] r
r~Dhound _WEH Y=y 7* sa~Ag

(D.146)

. 1—~* T

o 1 7% (%) - D.147
sa~Ag, I}rlél]_)[('y*lgl’y f}/* ( (7) eSg) r:| ( )
r~Dpound

= E_[POWERp,,,., (s2,7)] . (D.148)

so~Ag

Equation (D.141) and eq. (D.148) follow by lemma D.50. Equation (D.142) and eq. (D.147)
follow because each R has a stationary deterministic optimal policy 7 € II* (R,~y) C IT
which simultaneously achieves optimal value at all states. Equation (D.144) follows by

corollary D.16.

Apply lemma D.29 with A := NORM (FAl,’y) ,B = NORM (FAQ,’y), g the identity
function, and involution ¢ (satisfying ¢ - ND (A4) C B by eq. (D.140)) in order to conclude
that eq. (D.145) holds.

Suppose that ND (FAQ)\¢-ND (FAI) is non-empty; let F? , = ¢-ND (FAI). Lemma D.37
shows that for all v € (0,1), ND (Fa, (7)) \ Flyp,(7) is non-empty. Lemma D.20 item 1 then
implies that ND (B)\¢-A = 1777 (ND (Fa,(7)) — es> \ (%F;ub('y)) is non-empty. Then
lemma D.29 implies that for all v € (0, 1), eq. (D.145) is strict for all Dx_up € D /5 /10

and IE31"’A1 [POWERDbound (817 7)] zmost: Qbound ESZNAQ [POWERDbound (‘927 7)] :
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We show that this result’s preconditions holding for F3 implies the Fa, preconditions.
Suppose FX = {Eg,~a, [f7%] | 7 € I} for i = 1,2 are such that F = ¢-ND (F&) C

FX,. In the following, the A; are represented as vectors in RISI and ~ is a variable.

é- {fyf |f € ND (FAl)} _ (ND (Fx, - Al)) (D.149)
=¢- (ND (FA,) — Al) (D.150)
—{P,f—P,A [ feND (F},) | (D.151)
C{f—Ay|feFR,} (D.152)
={yf|f€Fn,}. (D.153)

Equation (D.150) follows from lemma D.20 item 2. Since we assumed that ¢-ND (F&) C
Fzy o - {Al} =¢- <ND (le) (0)> - FZ2 (0) = {AQ} This implies that P¢A1 = Ay
and so eq. (D.152) follows.

Equation (D.153) shows that ¢ {’yf | £ e ND ( FAI)} C {yf | f € Fa,}. But we then

have ¢ - {7f!f€ND (Fa,) } {7P¢f|f6ND(FA1)}:{fyf\qub-ND(FAl)}g
{+f|f € Fa,}. Thus, ¢-ND (Fa,) C Fa,.

Suppose ND (FZQ) \ ¢-ND (le) is non-empty, which implies that

¢ {7f | £ € ND (FAl)} - {P¢f —P,A | feND (Fgl)} (D.154)
- {f —PyA; [f€d-ND (Fgl)} (D.155)
C {f ~ A, [fEND (ng)} (D.156)
- {fyf |f € ND (FAQ)} . (D.157)

Then ND (FAQ) \ ¢-ND (FAI) must be non-empty. Therefore, if the preconditions of
this result are met for Fy , they are met for Fi,. O

Proposition 5.22 (States with “more options” have more POWER). If F(s) contains a
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copy of Fna(s') via ¢, then ¥y € [0,1] : POWERp,,, .(S,7) Zmost POWERD,, . (s, 7). If
Fud(8) \ ¢ - Fra(s') is non-empty, then for all v € (0,1), the converse <, Statement
does not hold.

Proof. Let Fgyp == ¢ - Fua(s') € F(s). Let Ay == ey, Ay = e, and define FR, =
{Egon, [f™%] | 7 € I} for ¢ = 1,2. Then Fpq(s’) = ND (F&) is similar to Fyy, =
F*

sub =

C F}, = F(s) via involution ¢. Apply lemma D.51 to conclude that

vy € [0,1] : POWERD, . (5,7) Siost: Dpoung POWERD, o (5,7) -

Furthermore, Fp4(s) = ND (F£2)> and Fyy, = F,

X b and so if Fpg(s) \ ¢ - Fua(s') =
Fnd(8) \ Fsup = ND <FZ2> \ F}, is non-empty, then lemma D.51 shows that for all v €
(0, 1), the inequality is strict for all Dx_yp € D/ /up and POWERD, .4 (s’, 'y) ?

most: Dyound
POWERp, ., (5,7). O

Lemma D.52 (Non-dominated visit distribution functions never agree with other visit
distribution functions at that state). Let f € Fnq(s),f € F(s)\ {f}. ¥y € (0,1) : f(ry) #

().

Proof. Let v € (0,1). Since f € Frq(s), there exists a v* € (0,1) at which f is strictly opti-
mal for some reward function. Then by proposition D.35, we can produce another reward
function for which f is strictly optimal at discount rate «y; in particular, proposition D.35

guarantees that the policies which induce f’ are not optimal at v. So f(v) # f'(y). O

Corollary D.53 (Cardinality of non-dominated visit distributions). Let F' C F(s).
¥y € (0,1) 1 [F N0 Faals)| = [F(v) N Faals,7)]-

Proof. Let v € (0,1). By applying lemma D.37 with Ag := e, f € Fra(s) = ND (F(s))
iff f(7) € ND (F(s,7)). By lemma D.38, ND (F(s,7)) = Fua(s,7). So all f € F N Fya(s)
induce £(7) € F(7) N Fua(s,7), and |F N Fua(s)| > |F () N Faals, 7)]-

Lemma D.52 implies that for all f,f' € Fnq(s), f = £ iff f(y) = /(7). Therefore,
|Fﬂfnd } ‘F ﬂ]—"nd(s,'y)‘. So ‘Fﬂ]—"nd(s)‘ = ‘F(fy) ﬁ]—"nd(s,*y)‘. O
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Lemma D.54 (Optimality probability and state bottlenecks). Let X := REACH (s’ ya ) U
REACH (s’,a). Suppose that s can reach X, but only by taking actions equivalent to
a ora at state s'. Fpqq = Fpa(s | (s') = '), F, = F(s | n(s') = a). Suppose
F, contains a copy of Fpaqq via ¢ which fizes all states not belonging to X. Then
vy €0,1] : Py, (Fuda'sY) Simost: Dy PDany (FasV)-

If Faa(s) N (Fa \ ¢- Fnd’a/) is non-empty, then for all v € (0,1), the inequality is strict
Jor all Dx_1p € D¢y /up, and Pp (Fnd,a’,V) Z most: Dany P, (Fa,7).

Proof. Let Fyp == ¢ Fra,or. Let F* == Qe A: F(s|n(s") = a")UFpg e UFsup-
(a"#a)A(a"# a")

¢ -F* =¢- U F(s|7m(s') = a") U Fagor U Faup (D.158)
a’eA:
(a”iésxa)/\(a”iésxa’)
= U ¢-F(s|m(s')=d")u (¢ . Fnd,a/) U (¢ Fsup) (D.159)
a’eA:
(a"#ga)A(a"#a")
= U ¢-Fls|7(s") = a") U Fyup U Foqor (D.160)
a”’eA:
(a”;‘ésla)/\(a“gésla/)
= U F(s|m(s") = a") U Fop U Frqor (D.161)
a”’eA:
(a”iésza)/\(a”iésla’)
= F* (D.162)

Equation (D.160) follows because the involution ¢ ensures that ¢ - Fyy, = Fnq,er. By as-
sumption, ¢ fixes all s ¢ REACH (s, a’) UREACH (s, a). Suppose f € F(s)\ (Fna,ar U Fy).
By the bottleneck assumption, f does not visit states in REACH (s’ ya ) U REACH (5’ , a).
Therefore, Pyf = f, and so eq. (D.161) follows.

Let Fy == (F(s)\(F(s|n(s) =d)UF,)) U Fhaw UF,. By definition, Fy C F(s).
Furthermore, Fna(s) = U, e 4 Fua(s | 7(s') = a”) € (F(s) \ (F(s | n(s) = a/) U F,)) U
Fud(s | 7(s) =a')UF, = Fyz, and so Fpq(s) C Fz. Note that F* = Fz \ (F, \ Fyup)-
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Case: 7€ (0,1).

]P)Dan (Fnd,a’77) = PDany (Fnd,a’ (’7) > -F(Sa 7)) (D.163)
y
Smos‘c: Dany PDany (Fa(fy) > .F(S, 7)) (D164)
= PDany (Fnd,a’af)/) . (D165)

Equation (D.163) and eq. (D.165) follow from lemma D.42. Equation (D.164) follows by
applying lemma D.33 with A == Fyq 4 (7), B" == Fsub(7), B == F,(v),C = F(s,7), Z =
Fz() which satisfies ND (C') = Fra(s,y) € Fz(y) € F(s,v) = C, and involution ¢
which satisfies ¢ - F*(y) = ¢ - (Z\ (B\ B’)) =Z\ (B\B) =F*(v).

Suppose Fpq(s) N (Fa \ Fsub) is non-empty.

0 < [Faa(®) 1 (Fu\ Faw) | = [Faa(s.1) 0 (Faln) \ ()| = [ND (€)1 (B B)

)

(with the first equality holding by corollary D.53), and so ND (C) N (B \ B’) is non-empty.
We also have B := F,(vy) C F(s,7) = C. Then reapplying lemma D.33, eq. (D.164) is
strict for all Dx.up € De/p/up, and Pp_ (Fnd,a',’y) Z st Dony Pp.,., (Fayy)-

Case: vy=1, v=0.

Py (Fadars ) = lim Pp, (Fuaa ") (D.166)
= 1im pp,,, (Fuaw (1) 2 F(5,77) (D.167)
Smost: Dany ,yl*igllp’Dany (Fa(v") = F(s,7")) (D.168)
= lim Py, (Fa,7") (D.169)
— P, (Ful). (D.170)

Equation (D.166) and eq. (D.170) hold by proposition D.41. Equation (D.167) and
eq. (D.169) follow by lemma D.42. Applying lemma D.34 with v := 1,1 = (0,1), F4 =
Fraae, Fp = F,,Fc = F(s), Fz as defined above, and involution ¢ (for which ¢ -
(FZ \ (Fp\o- FA)) =Fyz\ (Fg\ ¢ Fa)), we conclude that eq. (D.168) follows.
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The v = 0 case proceeds similarly to v = 1. O

Lemma D.55 (Action optimality probability is a special case of visit distribution

optimality probability). Pp_ (s a,7) =Pp_ (F(s|m(s) =a),7).

Proof. Let F, :== F(s | m(s) = a). For v € (0,1),

P = P dr* e II* st = D.171
e (s,a,7) RNDW( " e II* (R,7) : *(s) = a) (D.171)
= P (3" ecE, 5% r= £() " D.172

rwany< (v)'r [nax, (7) r) ( )

=Pp,., (Fa, 7). (D.173)

By lemma D.6, if 37* € II* (R, ) : 7*(s) = a, then it induces some optimal f™ % € F,.
Conversely, if f7% € F, is optimal at v € (0, 1), then 7* chooses optimal actions on the
support of f”*’s(*y). Let 7’ agree with 7* on that support and let 7’ take optimal actions
at all other states. Then 7/ € II* (R, ) and 7/(s) = a. So eq. (D.172) follows.

[eS)
n=1

Suppose 7 = 0 or v = 1. Consider any sequence (7y,) converging to v, and let Dyyy

induce probability measure F.

Pp,,, (Fa,v) = lim Pp, (Fauv™) (D.174)
= Jm P (377* €I (R,") : w*(s) = a) (D.175)
= nh_}ngo RNIgany (In* € II* (R, vy) : 7*(s) = a) (D.176)
= Jim | e (aane9=a AP (R) (D.177)
_ /R I Tt (e =0 A (R) (D.178)
_ /R Asreert-(pyr(=a AF (R) (D.179)
= P (s,a,7). (D.180)

any

Equation (D.175) follows by eq. (D.173). for v* € [0, 1], let fy«(R) = L5z crrs(Ry#):m* (s)=a-
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For each R € R®, lemma D.40 exists v, &~ v such that for all intermediate 7/, between
v, and =y, II* (R, ’y;,) = IT* (R,~). Since 7, — 7, this means that (f%)zoz1 converges
pointwise to f,. Furthermore, Vn € N, R € RS : | Frm (R){ < 1 by definition. Therefore,
eq. (D.178) follows by Lebesgue’s dominated convergence theorem. O

Proposition 5.25 (Keeping options open tends to be POWER-seeking and tends to be
optimal).

Suppose F, == F(s | w(s) = a) contains a copy of Fy = F(s| w(s) = a’) via ¢.
1. If s ¢ REACH (s,d'), thenVy € [0,1] : Eg, op(s.0) [POWERD, .0 (Sa:7)] = most: Dy
Esa/NT(s,a’) [POWERDbmnd (Sa’av)} :
2. If s can only reach the states of REACH (s, a’) UREACH (s, a) by taking actions equiv-

alent to a’ or a at state s, then ¥y € [0,1] : Pp,., (8,a,77) > ost: Dany Pp,., (s, a’,fy).

If Faa(s) N (Fu \ ¢ - Fy) is non-empty, then Vv € (0,1), the converse <. statements
do not hold.

Proof. Note that by definition 5.3, F,/(0) = {es} = F,(0). Since ¢- F, C Fy, in particular
we have ¢ - Fiy(0) = {Pges} C {e;} = F,(0), and so ¢(s) = s.

Item 1. For state probability distribution As; € A(S),let FX = {ES/NAS [f”vsl} | e H}.
Unless otherwise stated, we treat v as a variable in this item; we apply element-wise
vector addition, constant multiplication, and variable multiplication via the conventions

outlined in definition D.19.

For = {es 7, N;E(S ) [f™%] | ell:m(s) = a’} (D.181)
- {es +7 N@TE(S " [f™%] | 7 e n} (D.182)
=e, + ’ijt(&a,). (D.183)

Equation (D.181) follows by definition 5.3, since each f € F(s) has an initial term of es.
Equation (D.182) follows because s ¢ REACH (s,a’), and so for all s, € supp(T'(s,a’)),
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f™%’ is unaffected by the choice of action m(s). Note that similar reasoning implies that

Fo Ces+7F7 (because eq. (D.182) is a containment relation in general).

Since F,y = eg + ’yFr_;i(s oy if F, contains a copy of F,s via ¢, then F:ﬁ(

of F;(s,a

copy of ND (F;(S a,)). Then apply lemma D.51 with Aq :=T'(s,a’) and Ay == T(s,a) to
conclude that Vv € [0,1]:

s,a) contalns a copy

) via ¢. Then ¢ - ND <F;(S7a,)) Co- Fj’i( C F;(s,a)7 and so Fi‘i( ) contains a

s,al) = s,a

E [POWERDbound (80/7 7)] Smost: Qbound E [POWERDbouIJd (8a7 7)] :

Sqr~T(s,a") sa~T(s,a)
Suppose Fpq(s)N (Fa \¢- Fa/) is non-empty. To apply the second condition of lemma D.51,
we want to demonstrate that ND (F;(S’a)) \ ¢-ND (F;(&a,)) is also non-empty.

First consider f € Fyq(s) N F,. Because Fy, C eg + 'ijf( oy e have that v~ 1(f — e;) €

S,

Fq*“(s a) Because f € Foq(s), by definition 5.6, 3r € RISl 4, € (0,1) such that
£, Tr> max f - Tr. D.184
(V) pemax (V) ( )
Then since 7, € (0,1),
;1f - —esTr> max lflf’ - —eSTr D.185
0 — e e | a9 ()~ e) (D.185)
= max f'(v,) T (D.186)
ey ((F(s)\{f})—es)
> max f'(v.) 'r (D.187)
/ey ((Fa\{f})—es)
= max f'(v,) . (D.188)

f’eF;(S’a)\{%;l(f—es)}

Equation (D.187) holds because F, C F(s). By assumption, action a is optimal for r at
state s and at discount rate ;. Equation (D.182) shows that F7 (5,0 Potentially allows
the agent a non-stationary policy choice at s, but non-stationary policies cannot increase
optimal value [68]. Therefore, eq. (D.188) holds.

We assumed that v 1(f — es) € v 1(Fna(s) — es). Furthermore, since we just showed
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that v~ 1(f — es) € FF;(S a) is strictly optimal over the other elements of ij( o) for reward

S

function r at discount rate «y, € (0, 1), we conclude that it is an element of ND (F;( )>

s,a

by definition D.18. Then we conclude that v~ 1(Fnq(s) — es) N F}(S o C ND (F;(S a)>.

We now show that ND <F;i(s’a)> \¢-ND (F;(S’a,)) is non-empty.

0 < |Faa(s)N (Fa\ ¢ Fo) (D.189)
=y (Fnd(S) N(Fu\¢-Fu) - es) (D.190)
< |y (Faals) —es) N ( T(say \ O F;(w,))‘ (D.191)
= (47" (Faals) = &) N P \ 6 Froar (D.192)
< |ND ( %<s,a)) \ & iy (D.193)
< |ND (Ff() \ ¢+ ND (F;:(s,a,ﬂ' . (D.194)

Equation (D.189) follows by the assumption that Fy,q(s)N (Fa \ ¢- Fa/) is non-empty. Let
£,£ € Foa(s) N (Fa \ ¢ - Fy) be distinct. Then we must have that for some v, € (0, 1),
f(v:) # £/(7,). This holds iff v 1 (f(72) —es) # 75 L(F (7)) — es), and so eq. (D.190) holds.

Equation (D.191) holds because F, C e; +7F7(s,0) and F! = e +YF7(5.0) bY €a. (D.183).
Equation (D.193) holds because we showed above that

7N (Faals) = €0) N i) S ND (Fi ) -
Equation (D.194) holds because ND (F;(S a,)) C F7 (s, by definition D.18.

Therefore, ND ( Fit(s,a)> \¢-ND ( F:;i(s’a,)) is non-empty, and so apply the second condition
of lemma D.51 to conclude that for all Dx.ip € D¢ /g /10,

vy € (0,1): E [POWERD, ,, (sar,7)] < E  [POWERpy , (S4.7)] .

sq~T(s,a”) sa~T(s,a)
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and that

vfy € (07 ]‘) : E [POWERDbound (SGUI.Y)] szSt: Dbound E [POWERDbound (Saa 7)] N

sq~T(s,al) sa~T(s,a)

Item 2. Let ¢/(sy) = ¢(s;) when s, € REACH (s,a’) U REACH (s,a), and equal s,

otherwise. Since ¢ is an involution, so is ¢'.

¢ - Fy = {P¢r (eS + 7 @TE( ) [f”’sa’]> | meIl,n(s) =d (D.195)
= {es + :;Ij:( ) [Py ™% ] | eIl m(s) = a'} (D.196)
= {P¢es + ,}E( ) [Pyf™% | | m eIl m(s) = a’} (D.197)
= ¢ Fy (D.198)
C F,. (D.199)

Equation (D.196) follows because if s € REACH (s,a’) U REACH (s, a), then we already
showed that ¢ fixes s. Otherwise, ¢'(s) = s by definition. Equation (D.197) follows by
the definition of ¢/ on REACH (s,a’) UREACH (s,a) and because e; = Pye,. Next, we
assumed that ¢ - Fy C Fy, and so eq. (D.199) holds.

Therefore, F, contains a copy of Fy via ¢/ fixing all s, ¢ REACH (s,a’) UREACH (s,a).
Therefore, F, contains a copy of Fyq. = Fnd(s) N Fy via the same ¢’. Then ap-
ply lemma D.54 with s’ := s to conclude that Vy € [0,1] : Pp_ (Fu,7) Spost Dany
IP’Dany (Fa,7v). By lemma D.55, PDany (s,a’,y) = IP’Dany (Fy,v) and PDany (s,a,y) =
]P’Dany (Fya,7). Therefore, Vv € [0,1] : P’Dany (s,a’,fy) < inost: Dany PDany (s,a,7).

0]
If Foa(s) N (F, \ ¢ - Fy) is non-empty, then apply the second condition of lemma D.54
to conclude that for all v € (0, 1), the inequality is strict for all Dy yip € D /p/11p, and

]PDany (3, a/’ ’Y) zl’IIOStZ Qany ]]‘:DDany (87 a? FY) D
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D.4.4.2 When v = 1, optimal policies tend to navigate towards “larger”

sets of cycles

Lemma D.56 (POWER identity when v = 1).

POWERp,,, ,(s,1)= E max dTr] = E max dTr] . (D.200)
) r~Dpound dERSD(S) r~Dyound dERSDnd(S)
Proof.
POWERp,. . (s,1)= E max lim —— (£™°(v) — eS)T r (D.201)
bound r~Diound | £7:5 6.7'—(8) y—1 Y
= E max dTr] (D.202)
r~Dyound [ dERSD(s)

= E max dTr] . (D.203)

I""“’Z)bound dERSDnd(S)

Equation (D.201) follows by lemma D.50. Equation (D.202) follows by the definition of
RSD (s) (definition 5.26). Equation (D.203) follows because for all r € RISI, corollary D.16

shows that maxqersp(s) d'r = MaXgeND (RSD(s)) d'r = MAXJeRSD,q(s) d'r. O

Proposition 5.28 (When v = 1, RSDs control POWER). If RSD (s) contains a copy of
RSD,q (s') via ¢, then POWERp,, . (s,1) > .« POWERD, . (s’, 1). IfRSDpq (s)\ ¢+

RSDy4(s’) is non-empty, then the converse <, statement does not hold.

mos

Proof. Suppose RSDpq (s’) is similar to D C RSD (s) via involution ¢.

POWERDb011nd (S/’ 1) = E S dTr] (D204)
PNDbound dGRSDnd(S/)

< E max  d'r D.205

—=most: Dpound r~Diound [dERSD}fd(S) ] ( )

= POWERp,_ 4 (5,1) (D.206)
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Equation (D.204) and eq. (D.206) follow from lemma D.56. By applying lemma D.29 with
A:=RSD (s'),B =D, B :=RSD (s) and g the identity function, eq. (D.205) follows.

Suppose RSDygq (s) \ D is non-empty. By the same result, eq. (D.205) is a strict in-
equality for all Dx.p € D¢/ /1, and we conclude that POWERp, .4 (s’ , 1) Z most: Dpound
POWERp, . (s,1). O

Theorem 5.29 (Average-optimal policies tend to end up in “larger” sets of RSDs). Let
D, D’ C RSD (s). Suppose that D contains a copy of D' via ¢, and that the sets DUD’ and
RSDyq (s)\(D’ U D) have pairwise orthogonal vector elements (i.e. pairwise disjoint vector
support). Then Pp_ (D,average) >y05 Pp,,,, (D', average). If RSDya (s)N (D \ ¢- D)

s non-empty, the converse <. .« statement does not hold.
Proof. Let Dgyp, := ¢ - D', where Dgy, € D by assumption. Let

X ={s; €S| Jax d'e,, > 0}.

Define
S; if s €X
S; else.

Since ¢ is an involution, ¢’ is also an involution. Furthermore, by the definition of X,
¢' - D' = Dgyp and ¢’ - Dgyp = D’ (because we assumed that both equalities hold for ¢).

Let D* := D' U Dgy, U (RSDpa (s) \ (D' U D)).

¢ D= (D' U Daup U (RSDyq () \ (D' U D))) (D.208)
= (¢~ D) U (¢/ - Do) U - (RSDpa (5) \ (D' U D)) (D.209)
= Dgup UD" U (RSDpa (s) \ (D" U D)) (D.210)
—. D", (D.211)

In eq. (D.210), we know that ¢’ - D' = Dgyp, and ¢ - Dgy, = D'. We just need to show
that ¢’ - (RSDya (s) \ (D' U D)) = RSDya (s) \ (D' UD).
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Suppose 3s; € X,d’ € RSDyq(s) \ (D'UD) : d'Tes, > 0. By the definition of X,
Jde D'UD:d"e,, > 0. Then

S|
d'd=> d'(d ey (D.212)
j=1
>d'(d ©e,,) (D.213)
—d7 ((d’TeSi)eSZ) (D.214)
= (d'"es,) - (d"es,) (D.215)
> 0. (D.216)

Equation (D.212) follows from the definitions of the dot and Hadamard products. Equa-
tion (D.213) follows because d and d’ have non-negative entries. Equation (D.216) follows
because d'e;, and d'"e,, are both positive. But eq. (D.216) shows that d'd’ > 0,

contradicting our assumption that d and d’ are orthogonal.

Therefore, such an s; cannot exist, and X’ := {5; € S | maxy/eRSD, 4 (s)\(D'UD) d es, > 0}
(S\ X). By eq. (D.207), Vs, € X' : ¢/(s;) = ;. Thus, ¢' - (RSDpq (s) \ (D' UD))
RSDypq (s) \ (D"U D), and eq. (D.210) follows. We conclude that ¢' - D* = D*.

Consider Z := (RSDyua (s)\ (D'UD)) UD U D'. First, Z C RSD(s) by definition.
Second, RSDyq (s) = RSDypq (s) \ (D' UD)U (RSDyq (s) N D) U (RSDyq (s)ND) C Z.
Note that D* = Z \ (D \ Dgup)-

Py (D’,average) = PDuny (D’ > RSD (3)) (D.217)
<most: Dany PDany (D > RSD (3)) (D218)
=Pp,,, (D,average) . (D.219)

Since ¢-D' C D and ND (D') C D', ¢-ND (D’) C D. Then eq. (D.218) holds by applying
lemma D.33 with A := D', B' := Dy, B := D,C := RSD (s), and the previously defined
Z which we showed satisfies ND (C) € Z C C. Furthermore, involution ¢’ satisfies
¢ -B*=¢ - (Z\(B\B)) =2\ (B\B')=B*Dbyeq. (D.211).
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When RSD,q (s)N (D \ Dsub) is non-empty, since B’ C C' by assumption, lemma D.33 also
shows that eq. (D.218) is strict for all Dx_iip € D/ /1p, and that Pp,.y (D’, average) ?
Pp,,, (D,average). O

Proposition D.57 (RsSD properties). Let d € RSD (s). d is element-wise non-negative
and ||d||; = 1.

Proof. d has non-negative elements because it equals the limit of lim,_,;(1 — v)f(y),

whose elements are non-negative by proposition D.8 item 1.

dll; = %igll(l—v)f(v) 1 (D.220)
= lim(1 ) [ (D.221)
—1. (D.222)

Equation (D.220) follows because the definition of RSDs (definition 5.26) ensures that
3f € F(s) : lim,—1(1 —~)f(y) = d. Equation (D.221) follows because |[|-||; is a continuous
function. Equation (D.222) follows because ||£(v)|], = ﬁ by proposition D.8 item 2. [

Lemma D.58 (When reachable with probability 1, 1-cycles induce non-dominated RSDs).
If ey € RSD (s), then ey € RSDyq (s).

Proof. If d € RSD (s) is distinct from ey, then ||d||; = 1 and d has non-negative entries
by proposition D.57. Since d is distinct from ey, then its entry for index s’ must be
strictly less than 1: dTey <1 = e;esl. Therefore, e € RSD (s) is strictly optimal for
the reward function r := ey, and so ey € RSDyq (s). O

Corollary 5.30 (Average-optimal policies tend not to end up in any given 1-cycle).

Suppose es,, ey € RSD (s) are distinct. Then

Ppony (RSD (s) \ {es, }, average) >, os PDan, ({es, }, average) . (5.11)

If there is a third eg» € RSD (s), the converse <, . statement does not hold.

most: Dany



184

Proof. Suppose es, ,es € RSD (s) are distinct. Let ¢ == (s, §'),D = {es, },D =
RSD (s)\ {es, }. - D' ={ey} CRSD (s)\ {es,} = D since s, # s'. D'UD = RSD (s)
and RSDypq (s)\(D'UD) = RSDyq (s)\RSD (s) = 0 trivially have pairwise orthogonal vec-
tor elements. Then apply theorem 5.29 to conclude that PDany ({esz s average) <inost: Dany

PDarly (RSD (s)\ {es. }, average),

Suppose there exists another e;» € RSD (s). By lemma D.58, eyr € RSDyq (s). Fur-
thermore, since s” ¢ {s',s,} , esr € (RSD (s) \ {es,}) \ {es} = D\ ¢ D'. Therefore,
ey € RSDyq (s) N (D \ ¢- D’). Then apply the second condition of theorem 5.29 to
conclude that Pp_ ({es, },average) 2, . Dround L Dany (RSD (s) \ {es, },average). O
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Parametrically Retargetable Decision-Makers Tend
To Seek Power

E.1 Retargetability over outcome lotteries

Suppose we are interested in d outcomes. Each outcome could be the visitation of an
MDP state, or a trajectory, or the receipt of a physical item. In the card example of
section 6.2, d = 3 playing cards. The agent can induce each outcome with probability
1, so let e, € R3 be the standard basis vector with probability 1 on outcome o and 0
elsewhere. Then the agent chooses among outcome lotteries Ceapgs = {GQB,GQB,GQA },

which we partition into Acargs = {e‘B} and Beargs = {eys, €41 }.

Definition E.1 (Outcome lotteries). A unit vector x € R? with non-negative entries is

an outcome lottery.!

1Qur results on outcome lotteries hold for generic x’ € R?, but we find it conceptually helpful to
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Many decisions are made consequentially: based on the consequences of the decision, on
what outcomes are brought about by an act. For example, in a deterministic setting
like Pac-Man, a policy induces a trajectory. A reward function and discount rate tuple
(R,7v) assigns a return to each state trajectory T = s, s1,...: G(7) = Y o0q V' R(s;). The
relevant outcome lottery is the discounted visit distribution over future states in the
Pac-Man video game, and policies are optimal or not depending on which outcome lottery

is induced by the policy.

Definition E.2 (Optimality indicator function). Let X,C C R? be finite, and let u € R?.

Optimal (X | C, u) returns 1 if maxycx x'u > maxeec ¢! u, and 0 otherwise.

We consider decision-making procedures which take in a targeting parameter u. For
example, the column headers of table E.1a show the 6 permutations of the utility function
u(#") = 10,u(P") = 5,u(®") := 0, representable as a vector u € R>.

u can be permuted as follows. The outcome permutation ¢ € Sy inducing an d x d
permutation matrix Py in row representation: (Pg);; = 1 if i = ¢(j) and 0 otherwise.
Table E.la shows that for a given utility function, % of its orbit agrees that Bcargs is

strictly optimal over Acapqs.

Orbit-level incentives occur when an inequality holds for most permuted parameter choices
u’. Table E.1a demonstrates an application of Turner et al. [99]’s results: Optimal decision-

making induces orbit-level incentives for choosing outcomes in Bcapqs over outcomes in

Acards .

Furthermore, Turner et al. [99] conjectured that “larger” Beargs will imply stronger orbit-
level tendencies: If going right leads to 500 times as many options as going left, then right
is better than left for at least 500 times as many reward functions for which the opposite

is true. We prove this conjecture with theorem E.46 in appendix E.4.

However, orbit-level incentives do not require optimality. One clue is that the same results
hold for anti-optimal agents, since anti-optimality /utility minimization of u is equivalent
to maximizing —u. Table E.1b illustrates that the same orbit guarantees hold in this

case.

consider the non-negative unit vector case.
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Definition E.3 (Anti-optimality indicator function). Let X,C C R? be finite, and let
u € R AntiOpt (X | C, u) returns 1 if mingex x ' u < mingec ¢’ u, and 0 otherwise.

Stepping beyond expected utility maximization /minimization, Boltzmann-rational decision-

making selects outcome lotteries proportional to the exponential of their expected util-
ity.
Definition E.4 (Boltzmann rationality [7]). For X C C' and temperature 7' > 0, let

T 'xTu
ZXEX e

T-1cTu
ECEC €

be the probability that some element of X is Boltzmann-rational.

Boltzmanny (X | C,u) =

Lastly, orbit-level tendencies occur even under decision-making procedures which partially
ignore expected utility and which “don’t optimize too hard.” Satisficing agents randomly
choose an outcome lottery with expected utility exceeding some threshold. Table E.1d

demonstrates that satisficing induces orbit-level tendencies.

Definition E.5 (Satisficing). Let t € R, let X C C C R? be finite. Satisfice; (X,C | u) =
| Xn{eeClcTuzt}|
‘{c€C|cTu2t}‘
evaluates to 0 the denominator equals 0.

is the fraction of X whose value exceeds threshold ¢. Satisfice; (X, C | u)

For each table, two-thirds of the utility permutations (columns) assign strictly larger
values (shaded dark gray) to an element of Beargs '= {€ys, €42} than to an element of
Acards = {e‘n } For optimal, anti-optimal, Boltzmann-rational, and satisficing agents,

proposition E.11 proves that these tendencies hold for all targeting parameter orbits.

E.1.1 A range of decision-making functions are retargetable

In MDPs, Turner et al. [99] consider state visitation distributions which record the total
discounted time steps spent in each environment state, given that the agent follows some
policy 7 from an initial state s. These visitation distributions are one kind of outcome

lottery, with d = |S| the number of MDP states.

In general, we suppose the agent has an objective function u € R? which maps outcomes
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to real numbers. In Turner et al. [99], u was a state-based reward function (and so the

outcomes were states). However, we need not restrict ourselves to the MDP setting.

To state our key results, we define several technical concepts which we informally used

when reasoning about Acargs = {ema} and Beards = {€yn, €44 }.

Definition E.6 (Similarity of vector sets). For ¢ € Syand X C RY, ¢-X = {P¢x | x € X}.
X' C RISl is similar to X when 3¢ : ¢ - X' = X. ¢ is an involution if ¢ = ¢~ (it either
transposes states, or fixes them). X contains a copy of X’ when X' is similar to a subset

of X via an involution ¢.

Definition E.7 (Containment of set copies). Let n be a positive integer, and let A, B C R%.
We say that B contains n copies of A when there exist involutions ¢1, ..., ¢, € Sg such
thatVzd)lA:BZQBandV];ézd)lBJ:sz

Beards = {eys, €41} contains two copies of Acargs = {e.B} via ¢ = #"” < ¥ and
¢2 = QB <~ ‘A.

Definition E.8 (Targeting parameter distribution assumptions). Results with Dayy hold
for any probability distribution over RY. Let Dy = A(RY). For a function f : R — R,
we write f(Dany) as shorthand for Eyup,,, [f(u)].

The symmetry group on d elements, Sy, acts on the set of probability distributions over
R4,

Definition E.9 (Pushforward distribution of a permutation [99]). Let ¢ € Sq. ¢ - Dany
is the pushforward distribution induced by applying the random vector p(u) := Pgu to
Dany -

Definition E.10 (Orbit of a probability distribution [99]). The orbit of D,yy under the
symmetric group Sy is Sq - Dany = {¢ - Dany | ¢ € Sa}-.

Because Bearqs contains 2 copies of Acards, there are “at least two times as many ways” for

B to be optimal, than for A to be optimal. Similarly, B is “at least two times as likely”

2Technically, definition E.7 implies that A contains n copies of A holds for all n, via n applications of
the identity permutation. For our purposes, this provides greater generality, as all of the relevant results
still hold. Enforcing pairwise disjointness of the B; would handle these issues, but would narrow our
results to not apply e.g. when the B; share a constant vector.
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to contain an anti-rational outcome lottery for generic utility functions. As demonstrated
by table E.1, the key idea is that “larger” sets (a set B containing several copies of set A)

are more likely to be chosen under a wide range of decision-making criteria.

Proposition E.11 (Orbit incentives for different rationalities). Let A, B C C ¢ RY be
finite, such that B contains n copies of A via involutions ¢; such that ¢; - C = C.

1. Rational choice [99].

Optimal (B | C, Dany) > . Optimal (A | C, Dany) :

n
most: D gn
2. Uniformly randomly choosing an optimal lottery. For X C C, let

‘{arg MaX¢e o cTu} N X'

FracOptimal (X | C,u) := ‘{ . Tl .
arg maXeco €' u ‘

Then FracOptimal (B | C, Dany) > FracOptimal (A | C, Dany),

n
most: D any

3. Anti-rational choice. AntiOpt (B | C, ’D,my) AntiOpt (A | C, Dany).

n
Zmost: Dany

4. Boltzmann rationality.

Boltzmanny (B | C, D(my) > . Boltzmanny (A | C, Dany) )

n
most: D gn

5. Uniformly randomly drawing k outcome lotteries and choosing the best.
For X CC,ueR? and k> 1, let

best-of-k(X,C | u) == E [FracOptimal (XNn{ar,...,ac} | {a,... ,ak},u)] .

ai,...,ap~unif(C)

Then best-of-k(B | C, Dany) >0 , best-0f-k(A | C, Dany).

Zmost: Dgn

Zmost: Dan

6. Satisficing [86]. Satisfice; (B | C, Dany) >n . Satisfice; (A | C, Dany).

7. Quantilizing over outcome lotteries [93]. Let P be the uniform probability
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distribution over C. For X C C, u € R?, and ¢ € (0,1], let Q,p(X | C,u)
(definition E.25) return the probability that an outcome lottery in X is drawn
from the top q-quantile of P, sorted by expected utility under u. Then Qq p(B |

Cv u) erflost: R4 Qq,P(A | C> u)‘

One highly retargetable class of decision-making functions are those which only account

for the expected utilities of available choices.

Definition E.12 (EU-determined functions). Let P (Rd) be the power set of R, and
let f:T[2, P (]Rd) x R? = R. fis an EU-determined function if there exists a family of

functions {g“*~“m} such that

F(X1, . X | ) = glXabelXml <[X1ru} ey [x;l;u} ) , (E.1)
xlexl XmEXm

where [r;] is the multiset of its elements 7;.

For example, let X C C' C R9 be finite, and consider utility function u € R?. A Boltzmann-
rational agent is more likely to select outcome lotteries with greater expected utility.
Formally, Boltzmanny (X | C, u) = D oxex ZCZTC);:LT“ depends only on the expected
utility of outcome lotteries in X, relative to the expected utility of all outcome lotteries
in C'. Therefore, Boltzmanny is a function of expected utilities. This is why Boltzmannp

satisfies the >7 ' Dany relation.

Theorem E.13 (Orbit tendencies occur for EU-determined decision-making functions).
Let A, B,C C R be such that B contains n copies of A via ¢; such that ¢; - C = C. Let
h:ll_, P (Rd> x RY — R be an EU-determined function, and let p(X | u) = h(X,C |
u). Suppose that p returns a probability of selecting an element of X from C. Then
p(Blua)>" e p(Alu).

The key takeaway is that decision rules determined by expected utility are highly re-
targetable. By changing the targeting parameter hyperparameter, the decision-making
procedure can be flexibly retargeted to choose elements of “larger” sets (in terms of set
copies via definition E.7). Less abstractly, for many agent rationalities—ways of making
decisions over outcome lotteries—it is generally the case that larger sets will more often

be chosen over smaller sets.
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For example, consider a Pac-Man playing agent choosing which environmental state cycle
it should end up in. Turner et al. [99] show that for most reward functions, average-
reward maximizing agents will tend to stay alive so that they can reach a wider range of
environmental cycles. However, our results show that average-reward minimizing agents
also exhibit this tendency, as do Boltzmann-rational agents who assign greater probability
to higher-reward cycles. Any EU-based cycle selection method will—for most reward

functions—tend to choose cycles which require Pac-Man to stay alive (at first).

E.2 Theoretical results

Definition 6.2 (Inequalities which hold for most orbit elements). Suppose O is a subset
of a set acted on by Sy, the symmetric group on d elements. Let fi, fo : © — R and
let n > 1. We write f1(0) >7 . o f2(0) when, for all § € ©, the following cardinality

inequality holds:
\{9’ € Orbitle (0) | f1(6") > h(@’)}\ >n \{9’ € Orbitle (6) | f1(6) < fz(e’)}\ . (6.2)

Lemma E.14 (Limited transitivity of >,0st). Let fo, f1, fo, f3 : © — R, and suppose
© is a subset of a set acted on by Sy. Suppose that fi(8) > o o f2(0) and V0 € © :

fo(0) > f1(0) and f2(0) > f3(0). Then fo(0) > . o f3(6).

Proof. Let § € © and let Orbit|e 7>, () == {6’ € Orbit|g (8) | fa(8") > f,(¢')}.

Orbitle gy gy (6)] 2 [Orbitle 127, 6) (B2
> n[Orbitle gy, (6) (83)
>n ‘Ol‘bit|@,f3>f0 («9)| . (E4)

For all §/ € Orbit|e, f,> 1, (0),

fo(0') > f1(0") > fa(0') > f3(6)
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by assumption, and so
Orbit|g, f,> 1, (6) € Orbit|e, fy>f, (0) -
Therefore, eq. (E.2) follows. By assumption,
|Orbitle s>, (0)] = n[Orbitle 1,5 1, (6)];
eq. (E.3) follows. For all 6 € Orbit|g f,>, (#), our assumptions on fy and f3 ensure that
fol8) < f1(0) < f3(0') < fa(8),

SO

Orbitle, 5>, () € Orbitle,p,> p, ().
Then eq. (E.4) follows. By eq. (E.4), fo(8) > . o f3(6). O

Lemma E.15 (Order inversion for >,0st). Let f1, fo : © = R, and suppose © is a subset
of a set acted on by Sq. Suppose that f1(0) 27 . o f2(0). Then —f2(0) 27 . o —f1(8).

Proof. By definition E.10, fi() > . o f2(€) means that

]{9' € Orbit|e (8) | f1(6') > f2(9’)}’ > n‘{@’ € Orbit|e () | f1(¢) < fz(e’)}‘ (E.5)
]{e’ € Orbitle (6) | —f2(8') > —fl(H')}‘ >n ‘{9' € Orbitle (0) | —f2(8) < —fl(e’)}] .
(E.6)

Then —f2(6) >7 . @ —f1(0). O

Remark. Lemma E.16 generalizes Turner et al. [99]’s lemma D.2.

Lemma E.16 (Orbital fraction which agrees on (weak) inequality). Suppose fi, fo : © —
[{resaonoln@zrn@}]
|(Sa-0)ne)| =

R are such that f1(0) >0 «. o f2(0). Then for all 6 € O,

n
n+1"
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Proof. Al 0" € (S4-60) N O such that f1(0") = f2(0') satisty f1(0") > f2(0"). Otherwise,
consider the ¢ € (Sg-0) N © such that f1(0") # f2(0'). By assumption, at least 17 of
these 0’ satisfy f1(0") > f2(6'), in which case f1(0) > f2(#'). Then the desired inequality
follows. O

E.2.1 General results on retargetable functions

Definition E.17 (Functions which are increasing under joint permutation). Suppose that
Sq acts on sets Eq,...,Ey,,, and let f: [/, E; = R. f(X1,...,X,,) is increasing under
joint permutation by P C Sq when Vo € P : f(X1,...,Xpm) < f(o-X1,...,0- Xpp). If
equality always holds, then f(X1,...,X,,) is invariant under joint permutation by P.

Lemma E.18 (Expectations of joint-permutation-increasing functions are also joint-per-
mutation-increasing). For E which is a subset of a set acted on by Sg, let f : ExRY — R
be a bounded function which is measurable on its second argument, and let P C Sy.
Then if f(X | u) is increasing under joint permutation by P, then f'(X | Dapy) =
Eu~Deany [f(X | u)] is increasing under joint permutation by P. If f is invariant under

joint permutation by P, then so is f.

Proof. Let distribution D,y have probability measure F', and let ¢ - D,yy have probability

measure Fy.

(X Pay)i= | B [J(X | w)] (E1)
- /]R FX L wdF() (E.8)
< [ 50X | Pow)ar(w) (E9)

]Rd
= /Rd f(o- X | u')|det Py| dFy(u) (E.10)
= [ 76X [w)ar) (E.11)
= f"(¢ X | ¢ Dany)- (E.12)

Equation (E.9) holds by assumption on f: f(X | u) < f(¢- X | Pgu). Furthermore,
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f(¢-X | ) is still measurable, and so the inequality holds. Equation (E.10) follows by the
definition of Fy, (definition 5.19) and by substituting r’ := Py4r. Equation (E.11) follows

from the fact that all permutation matrices have unitary determinant. O

Lemma E.19 (Closure of orbit incentives under increasing functions). Suppose that Sy acts
on sets By, ..., E,, (with Ey being a poset), and let P C Sy. Let f1,..., fn: 1=, Ei > R
be increasing under joint permutation by P on input (X1,..., Xy), and suppose the f;
are order-preserving with respect to <g,. Let g : H’;Zl R — R be monotonically increasing

on each argument. Then

fX X)) =g (fi (X1, X)), oos fo (X, X)) (E.13)

is increasing under joint permutation by P and order-preserving with respect to set inclusion
on its first argument. Furthermore, if the f; are invariant under joint permutation by P,

then so is f.

Proof. Let ¢ € P.

f(Xl,...,Xm) Z:g(fl (le--~7Xm);-~-7fn(X1;---7Xm)) (E14)
<g(fi(d - X100 Xm) oo fu(0- X1, .., 0 X)) (E.15)

Equation (E.15) follows because we assumed that f; (X1, ..., X)) < fi(¢- X1,...,0- Xpn),
and because ¢ is monotonically increasing on each argument. If the f; are all invariant,

then eq. (E.15) is an equality.

Similarly, suppose X| <g, Xi. The f; are order-preserving on the first argument, and g
is monotonically increasing on each argument. Then f (X 1o ,Xm) < f( Xy, Xm).

This shows that f is order-preserving on its first argument. O

Remark. g could take the convex combination of its arguments, or multiply two f;
together and add them to a third fs.
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Definition 6.5 (Multiply retargetable function). Let © be a subset of a set acted on by
Sg, and let f: {A, B} x © = R.

fis a (0,4 5% B)-retargetable function when, for each § € ©, we can choose per-
mutations ¢1,...,¢, € Sg which satisfy the following conditions: Consider any 84
Orbit|e, 4> (0) = {0* € Orbit|e () | f(A|6*) > f(B]6*)}.

1. Retargetable via n permutations. Vi=1,... ,n: f (A | ¢ - 9A> < f (B | @i - 9A>.

2. Parameter permutation is allowed by ©. Vi : ¢; - 04 € ©.

3. Permuted parameters are distinct. Vi # j, 0’ € Orbit|g a>p (0) : ¢;i-04 # ¢;-0'.
Theorem 6.6 (Multiply retargetable functions have orbit-level tendencies).

If f is (©,A 5 B)-retargetable, then f(B|0) > . o f(A]0).

Proof. Let § € ©, and let ¢; - Orbit|g a>p (6) = {(bi 04 04 € Orbit|e 4> B (9)}

|Orbit|e >4 (0)]] > || ) ¢i - Orbit|e sz (0) (E.17)
=1

= Z |¢i - Orbit|e,a>5 (0)] (E.18)
=1

=n }Orbit|@7A>B (9)‘ . (E.19)

By item 1 and item 2, ¢; - ¢; - Orbit|g a>p (0) C ¢; - Orbit|e >4 (0)] for all i. Therefore,
eq. (E.17) holds. Equation (E.18) follows by the assumption that parameters are distinct,
and so therefore the cosets ¢;-Orbit|g 4> p (f) and ¢;-Orbit|e 4> p (€) are pairwise disjoint

for i # j. Equation (E.19) follows because each ¢; acts injectively on orbit elements.

Letting fa(0) = f(A | 0) and fp(0) = f(B | 0), the shown inequality satisfies defini-
tion 6.2. We conclude that f(B | 6) > o o f(A]6). O

Definition 6.3 (Simply-retargetable function). Let © be a set acted on by Sy, and let f :
{A, B} x © — R. If there exists a permutation ¢ € Sy such that, if f(B | 64) < f(A | 64)
implies that f(A | ¢-04) < f(B|¢-04), then fisa (0,4 " te B)-retargetable function.
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Proposition 6.4 (Simply-retargetable functions have orbit-level tendencies).

stmple

If fis (©,A B)-retargetable, then f(B|6) > . o f(A]0).

simple

Proof. Given that f is a (0, A B)-retargetable function (definition 6.3), we want
to show that f is a (0,4 RN B)-retargetable function (definition 6.5 when n = 1).
Definition 6.5’s item 1 is true by assumption. Since © is acted on by Sy, © is closed under
permutation and so definition 6.5’s item 2 holds. When n = 1, there are no i # j, and so

definition 6.5’s item 3 is tautologically true.

Then fisa (0,4 EN B)-retargetable function; apply lemma E.20. O

E.2.2 Helper results on retargetable functions

Lemma E.20 (Quantitative general orbit lemma). Let © be a subset of a set acted on by
Sq, and let f : Ex © — R. Consider A,B € E.

For each 6 € ©, choose involutions ¢1,...,¢n € Sq. Let 8* € Orbit|g (6).

1. Retargetable under parameter permutation. There exist B} € E such that if
F(B10*) < f(A]0), thenVi: f (A]6%) < f (B} | ¢i-0%).

2. © is closed under certain symmetries. f(B|60*) < f(A]|0*) = Vi:¢;-0* €
O.

3. f is increasing on certain inputs. Vi: f(B | 0*) < f(B | 0*).

4. Increasing under alternate symmetries. For j = 1,....,n and i # j, if

J(AL0%) < J(B|07), then [ (By |07) < f (B; | 65-67).
If these conditions hold for all 6 € O, then

f(B ’ 9) er;ost: © f(A | 0) (EQO)
Proof. Let 6 and 6* be as described in the assumptions, and let i € {1,...,n}.

F(A | ¢i-07) = f(A] ¢ 07) (E.21)



< £(B! | 6) (E.22)
< f(B0%) (E.23)
< f(A]6) (E.24)
< f(BY| ¢i-6") (E.25)
< f(B];-07) (E.26)

Equation (E.21) follows because ¢; is an involution. Equation (E.22) and eq. (E.25) follow
by item 1. Equation (E.23) and eq. (E.26) follow by item 3. Equation (E.24) holds by
assumption on 6*. Then eq. (E.26) shows that for any i, f(A | ¢; - 0*) < f(B | ¢; - 6%),
satisfying definition 6.5’s item 1.

This result’s item 2 satisfies definition 6.5’s item 2. We now just need to show defini-

tion 6.5’s item 3.

Disjointness. Let ¢',0” € Orbit|e a>p (6) and let i # j. Suppose ¢; - 0’ = ¢; - §”. We

want to show that this leads to contradiction.

fA10") < f(B] | ¢;-0") (E.27)
= f(B; | ¢;'-0) (E.28)
< (B} |9) (E.29)
< f(B¥) (E.30)
< f(A]0) (E.31)
< f(Bf | 6i-0) (E.32)
= f(Bf | ¢;"-0") (E.33)
< f(BF[6") (E.34)
< f(B|§") (E.35)
< f(A]6"). (E.36)

Equation (E.27) follows by our assumption of item 1. Equation (E.28) holds because we
assumed that ¢; - 0" = ¢; - 0, and the involution ensures that ¢; = ¢; *. Equation (E.29)
is guaranteed by our assumption of item 4, given that ¢; ' -0’ = ¢; - ¢’ € Orbit|e >4 (0)]
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by the first half of this proof. Equation (E.30) follows by our assumption of item 3.
Equation (E.31) follows because we assumed that 6’ € Orbit|e a5 (6).

Equation (E.32) through eq. (E.36) follow by the same reasoning, switching the roles of 6§’
and 0", and of ¢ and j. But then we have demonstrated that a quantity is strictly less
than itself, a contradiction. So for all §',0” € Orbit|g a>p (0), when i # j, ¢; - 0" # ¢;-6".

Therefore, we have shown definition 6.5’s item 3, and so f is a (©, A 54 B )-retargetable
function. Apply theorem 6.6 in order to conclude that eq. (E.20) holds. O

Definition E.21 (Superset-of-copy containment). Let A, B C R%. B contains n superset-
copies B of A when there exist involutions ¢1,..., ¢, such that ¢; - A C B C B, and
whenever ¢ # j, ¢; - Bf = B}.

Lemma E.22 (Looser sufficient conditions for orbit-level incentives). Suppose that
© is a subset of a set acted on by Sy and is closed under permutation by Sy. Let
A BeECP (Rd>. Suppose that B contains n superset-copies B € E of A via ¢;.
Suppose that f(X | 0) is increasing under joint permutation by ¢1,...,¢n € Sy for all
X € E,0 € O, and suppose that Vi : ¢;- A € E. Suppose that f is monotonically increasing
on its first argument. Then f(B|0) >7 . o [(A]¥0).

Proof. We check the conditions of lemma E.20. Let 6 € ©, and let 0* € (S;-0) N © be

an orbit element.

Item 1. Holds since f(A | 6%) < f(¢i- A | ¢i-0*) < f(B] | ¢; - %), with the first inequality
by assumption of joint increasing under permutation, and the second following from

monotonicity (as ¢; - A C B} by superset copy definition E.21).

Ttem 2. We have V0* € (Sy-0*) N O : f(B|0*) < f(A|0*) = Vi=1,...,n:¢; 0* €O

since O is closed under permutation.
Item 3. Holds because we assumed that f is monotonic on its first argument.

Item 4. Holds because f is increasing under joint permutation on all of its inputs X, «9/,
and definition E.21 shows that ¢; - Bf = B} when ¢ # j. Combining these two
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steps of reasoning, for all #' € ©, it is true that f <B; | 9’) <f (@- - BY | ¢ - 9') <
(B 1oi-0).

Then apply lemma E.20. O

Lemma E.23 (Hiding an argument which is invariant under certain permutations). Let
Eq, Eo, © be subsets of sets which are acted on by Sq. Let A € By, C € Eo. Suppose
there exist ¢1,...,¢n € Sq such that ¢; - C' = C. Suppose h : E; x Eg x © — R satisfies
Vi:h(A,C|60)<h(¢i-A¢i-C|pi-0). For any X € Eq, let f(X | 6) = h(X,C|0).

Then f(A | 8) is increasing under joint permutation by ¢;.

Furthermore, if h is invariant under joint permutation by ¢;, then so is f.

Proof.
F(X | 6) = h(X,C | 0) (E.37)
<h(¢i-X,0:-C|i-0) (E.38)
=h(¢i- X,C | ¢;-0) (E.39)
= f(¢i- X | ¢i-0). (E.40)

Equation (E.38) holds by assumption. Equation (E.39) follows because we assumed
¢; - C = C. Then f is increasing under joint permutation by the ¢;.

If h is invariant, then eq. (E.38) is an equality, and so Vi : f(X | 0) = f(¢:i- X | ¢;-0). O

E.2.2.1 EU-determined functions

Lemma E.24 and lemma E.18 together extend Turner et al. [99]’s lemma D.22 beyond
functions of maxyecx,, to any functions of cardinalities and of expected utilities of set
elements.

Definition E.12 (EU-determined functions). Let P (Rd) be the power set of RY, and
let f:T[2, P (Rd) xR = R. fis an EU-determined function if there exists a family of
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functions {g“'»“m} such that

F(X1, .., X | ) = glXibeslXml ([XlTu} ex, [x;u} xmeXm> , (E.1)

where [r;] is the multiset of its elements 7;.

Lemma E.24 (EU-determined functions are invariant under joint permutation). Suppose
that f: ]2, P <Rd> x R* = R is an EU-determined function. Then for any ¢ € Sq and
Xl?"'aXWhu; we have f(le"'aXm | 11) :f(¢X177¢Xm | gbu)

Proof.
F(X1, o X | 0) (E.41)
_ XX <[X1Tu] e [l xm%) (E.42)
VS I <[X1Tu} e {X;u} xmeXm) (E.43)
— gl Xkl Xom| ([(P¢X1)T(P¢U)LIGX1 N [(P¢xm)T(P¢u)Lmexm> (E.44)
=f(-X1,...,0 - Xpn | & ). (E.45)

Equation (E.43) holds because permutations ¢ act injectively on R¢. Equation (E.44)
follows because I = P;qug = P;P¢ by the orthogonality of permutation matrices, and
xTPdT) =(Pyx)",s0ox u= XTP;—P(bu = (Pyx)" (Pyu). O

Theorem E.13 (Orbit tendencies occur for EU-determined decision-making functions).
Let A, B,C C R? be such that B contains n copies of A via ¢; such that ¢; - C = C. Let
h: H?:l P (Rd> x RY = R be an EU-determined function, and let p(X | u) = h(X,C |
u). Suppose that p returns a probability of selecting an element of X from C. Then
p(Blu) > o gap(A]0).

— Imos

Proof. By assumption, there exists a family of functions { gi’m} such that for all X C R,

h(X,C | u) = glXhIcl ([XTU} cTu} (J)‘ Therefore, lemma E.24 shows that
ce

XEX7|:
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h(A,C | u) is invariant under joint permutation by the ¢;. Letting © = R%, apply

lemma E.23 to conclude that f(X | u) is invariant under joint permutation by the ¢;.

Since f returns a probability of selecting an element of X, f obeys the monotonicity
probability axiom: If X’ C X, then f(X'|u) < f(X [u). Then f(B|u) >" o, f(A]
u) by lemma E.22. O

E.2.3 Particular results on retargetable functions

Definition E.25 (Quantilization, closed form). Let the expected utility g-quantile
threshold be
M, p(C | u) = inf {M €R| P (xTu > M) < q} . (E.46)
X~

Let Cspr, p(Clu) = {c €eC|cu> M, p(C| u)} C—M, p(Clu) is defined similarly. Let
17y be the predicate function returning 1 if L(z) is true and 0 otherwise. Then for

X co,

1

P(x x€Cop, p(Clu)
Qq.p(X | Ciu) = Z ;) IxeCsur, picim + - (q -F (C>Mq,P(CIu>)> ’
xeX P (C=Mq,p<c|u>)

(E.47)

where the summand is defined to be 0 if P(x) =0 and x € C_py, ,(OJu)-

Remark. Unlike Taylor [93]’s or Carey [20]’s definitions, definition E.25 is written in
closed form and requires no arbitrary tie-breaking. Instead, in the case of an expected
utility tie on the quantile threshold, eq. (E.47) allots probability to outcomes proportional
to their probability under the base distribution P.

Thanks to theorem E.13, we straightforwardly prove most items of proposition E.11 by
just rewriting each decision-making function as an EU-determined function. Most of the
proof’s length comes from showing that the functions are measurable on u, which means

that the results also apply for distributions over utility functions Dany € Dany.

Proposition E.11 (Orbit incentives for different rationalities). Let A, B C C C R? be
finite, such that B contains n copies of A via involutions ¢; such that ¢; - C = C.
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. Rational choice [99].

Optimal (B | C, Dany) >most: Dy, OPtimal (A| C,Dany) -

. Uniformly randomly choosing an optimal lottery. For X C C, let

{arg MaX¢e o cTu} N X'

FracOptimal (X | C,u) = ‘{arg . cTu}’ :
ceC

Then FracOptimal (B | C, Dany) Z1ost: ©,,, FracOptimal (A | C, Dayy).
. Anti-rational choice. AntiOpt (B | C, Dany) > st Dany AntiOpt (A | C, Dany).

. Boltzmann rationality.
Zmost: Dan

Boltzmannr (B | C, Dany) >n . Boltzmanny (A | C, Dany) )

. Uniformly randomly drawing k outcome lotteries and choosing the best.
For X CC,ueR? and k>1, let

best-of-k(X,C | u) == E 0 [FracOptimal (X n{ay,...,a} | {a1,... ,ak},u)] .
ai,...,ap~uni
Then best-of-k(B | C, Dany) >0 . Dany best-of-k(A | C, Dany)-
. Satisficing [86]. Satisfice, (B | C, Dmy) >0 st Dany Satisfice; (A | C, D(my).

. Quantilizing over outcome lotteries [93]. Let P be the uniform probability
distribution over C. For X C C, u € R?, and ¢ € (0,1], let Q,p(X | C,u)
(definition E.25) return the probability that an outcome lottery in X is drawn
from the top q-quantile of P, sorted by expected utility under u. Then Qq p(B |

C, u) Zrnlmst: R4 Qq,P(A ‘ C, u)'
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Proof. Ttem 1. Consider

h(X7 C ‘ u) = ]leEX:VceC:xTuchu (E'48>

=min [ LY ] L oyruso | - (E.49)

xeX ceC

Since halfspaces are measurable, each indicator function is measurable on u. The finite sum
of the finite product of measurable functions is also measurable. Since min is continuous

(and therefore measurable), h(X, C | u) is measurable on u.

Furthermore, A is an EU-determined function:

Vx Vo
h(X,Clu)=g [xTu} cex’ [cTu} e (E.50)
= ]]-H’U;cEVXiVUCEVCZ’UxZ’UC‘ (E51)

Then by lemma E.24, h is invariant to joint permutation by the ¢;. Since ¢; - C' = C,
lemma E.23 shows that A’/(X | u) := h(X,C | u) is also invariant under joint permutation
by the ¢;. Since h is a measurable function of u, so is h’. Then since h’ is bounded,
lemma E.18 shows that f(X | Dany) = Euwp,,, [F'(X |u)] is invariant under joint
permutation by ¢;.

Furthermore, if X’ C X, f(X' | Dany) < f(X | Dany) by the monotonicity of probability.
Then by lemma E.22,

f(B | Dany) == Optimal (B | C, Dany) > Optimal (A | C, Dany) = f(A | Dany)-

n
most: Dany

Item 2. Because X, C are finite sets, the denominator of FracOptimal (X | C, u) is never

zero, and so the function is well-defined. FracOptimal (X | C, u) is an EU-determined
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function:
Vx Vo
FracOptimal (X | C,u) = [T} [T] E.52
racOptimal (X | C,u) =g xul ooy ( )
’[’U € Vx | v =maxyey, v']’
- , (E.53)

[arg max,cy,, V' }

with the [-] denoting a multiset which allows and counts duplicates. Then by lemma E.24,

FracOptimal (X | C, u) is invariant to joint permutation by the ¢;.

We now show that FracOptimal (X | C, u) is a measurable function of u.

{arg maxy co c’Tu} N X‘
FracOptimal (X | C,u) := (E.54)
‘{arg MaXy e c’Tu}‘

. erX learg max.co ¢ Tu

(E.55)
ZceC ]]-CEargmaxC/eC cTu
> xex Heee ]l(xfc/)Tuzo
- . (E.56)
ZCEC HC’EC’ ]l(c—c’)TuZO
Equation (E.56) holds because x belongs to the argmax iff Ve € C : x'u > c'u.

Furthermore, this condition is met iff u belongs to the intersection of finitely many closed
halfspaces; therefore, {u e R4 | Teeo ]]_(xic)TuZO = 1} is measurable. Then the sums
in both the numerator and denominator are both measurable functions of u, and the
denominator cannot vanish. Therefore, FracOptimal (X | C, u) is a measurable function

of u.

Let g(X | u) := FracOptimal (X | C,u). Since ¢; - C = C, lemma E.23 shows that
g(X | u) is also invariant to joint permutation by ¢;. Since g is measurable and bounded
[0,1], apply lemma E.18 to conclude that f(X | Dany) = Euup,,, [¢(X | C,u)] is also

invariant to joint permutation by ¢;.

Furthermore, if X’ C X C C, then f(X' | Dany) < f(X | Dany). So apply lemma E.22
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to conclude that FracOptimal (B | C, Dany) = f(B | Dany) 21 st Dany f(A | Dany) =
FracOptimal (A | C, Dany).

Item 3. Apply the reasoning in item 1 with inner function A(X | C, 1) = Igx¢c x:veeo:xTu<eTu-

Item 4. Let X C C'. Boltzmanny (X | C, u) is the expectation of an EU function:

Vx Vo
Boltzmanny (X | C,u) = gr [xTu} e’ [cTu] e (E.57)
v/T
e
_ 2w O s (E.58)
Z’UEVC e’

Therefore, by lemma E.24, Boltzmanny (X | C, u) is invariant to joint permutation by
the qbl

Inspecting eq. (E.58), we see that g is continuous on u (and therefore measurable),
and bounded [0,1] since X C C and the exponential function is positive. Therefore,
by lemma E.18, the expectation version is also invariant to joint permutation for all
permutations ¢ € Sy: Boltzmanny (X | C, Dany) = Boltzmannyp (qb - X|o-C,o- Dany).

Since ¢;-C = C, lemma E.23 shows that f(X | Dany) := Boltzmanny (X | C, Dany) is also
invariant under joint permutation by the ¢;. Furthermore, if X’ C X, then f(X’ | Dany) <
f(X | Dany). Then apply lemma E.22 to conclude that Boltzmanny (B | C, Dany) =: f(B |
Dany) > (A | Dany) = Boltzmanny (A | C, Dany).

n
—most: Dany

Item 5. Let involution ¢ € Sy fix C (i.e. ¢-C = C).

best-of-k(X | C,u) (E.59)
= E [FracOptimal (X N {ay,...,ax} | {a1,... 4}, u)} (E.60)
a1,...,ak~unif(C)

= E [FracOptimal((¢-X)ﬂ{¢-al,...,¢-ak}\{¢-a1,---,¢'ak},¢'u)}

ai,...,ai~unif(C)

(E.61)
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FracOptimal((¢-X) N {(Z)-al,...,(Z)-ak}]{¢-a1,...,¢-ak},¢-u)}
(E.62)
=: best-of-k(¢p- X | ¢-C, ¢ - u). (E.63)

= E
¢-ai,...,p-ai~unif(¢-C)

By the proof of item 2,

FracOptimal (X N{ay,...,ax} | {a1,...,a;},u) =
Fracoptimal((¢'X)m{¢'ala"-a¢'ak} | {¢'a17"-7¢'ak}7¢'u) ;
thus, eq. (E.61) holds. Since ¢ - C' = C and since the distribution is uniform, eq. (E.62)

holds. Therefore, best-of-k(X | C,u) is invariant to joint permutation by the ¢;, which

are involutions fixing C'.

We now show that best-of-k(X | C,u) is measurable on u.

best-of-k(X | C,u) (E.64)
= E [FracOptimal (Xn{ai,...,a} | {a1,... &}, u)} (E.65)
ay,...,ap~unif(C)
1 .
= W Z FracOptimal (X N{ay,...,ax} | {a1,...,a5},u). (E.66)

(al,...,ak)EC’“

Equation (E.66) holds because FracOptimal (X | C,u) is measurable on u by item 2, and
measurable functions are closed under finite addition and scalar multiplication. Then

best-of-k(X | C,u) is measurable on u.

Let g(X | u) = best-of-k(X | C,u). Since ¢; - C = C, lemma E.23 shows that g(X | u) is
also invariant to joint permutation by ¢;. Since g is measurable and bounded [0, 1], apply
lemma E.18 to conclude that f(X | Dany) = Eu~p.,, [9(X | C,u)] is also invariant to

joint permutation by ¢;.
Furthermore, if X’ C X C C, then f(X' | Dany) < f(X | Dany). So apply lemma E.22

to conclude that best-of-k(B | C,Dany) = f(B | Dany) Zhost: 90y /(A | Dany) =
best-of-k(A | C, Dany).
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Item 6. Satisfice; (X | C, u) is an EU-determined function:

Vx Vo
. _ T T
Satisfice; (X | C,u) = g [x u} e’ [c u] e (E.67)
Z’UGVX ]]'U>t
_ ZwveVy “v2t E.68
ZUEVC ]]‘Uzt ( )

with the function evaluating to 0 if the denominator is 0.
Then applying lemma E.24, Satisfice; (X | C, u) is invariant under joint permutation by
the qbl

We now show that Satisfice; (X | C,u) is measurable on u.

Zx X ﬂx x'eR4|x'Tu
Zele{ SRt Tuzt} JeeC:clu>t,
Satisfice; (X | C,u) = °€C Tee{x/erd|x/Tuxt} (E.69)

0 else.

Consider the two cases.

JeeC:clu>t «— uc U{u'GRd|cTu2t}.
ceC

The right-hand set is the union of finitely many halfspaces (which are measurable), and
so the right-hand set is also measurable. Then the casing is a measurable function of u.

Clearly the zero function is measurable. Now we turn to the first case.

In the first case, eq. (E.69)’s indicator functions test each x, ¢ for membership in a closed
halfspace with respect to u. Halfspaces are measurable sets. Therefore, the indicator
function is a measurable function of u, and so are the finite sums. Since the denominator
does not vanish within the case, the first case as a whole is a measurable function of u.

Therefore, Satisfice; (X | C, u) is measurable on u.

Since Satisfice; (X | C,u) is measurable and bounded [0, 1] (as X C C), apply lemma E.18
to conclude that Satisfice; (X | C, Dany) = Satisfice; (d) - X|o-C - Dany). Next, let
f(X | Dany) = Satisfice; (X | C, Dany). Since we just showed that Satisfice; (X | C, Dany)
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is invariant to joint permutation by the involutions ¢; and since ¢; - C' = C, f(X | Dany)
is also invariant to joint permutation by ¢;.

Furthermore, if X’ C X, we have f(X’ | Dany) < f(X | Dany). Then applying lemma E.22,
Satisfice; (B | C,u) =: f(B | Dany) >" . Duny | (A | Dany) := Satisfice; (A]C,u).

Item 7. Suppose P is uniform over C' and consider any of the involutions ¢;.

M, p(C | u) == inf {M €R| P (xTu > M) < q} (E.70)
— inf {M €R| P ((P@x)T(P@.u) > M) < q} (E.71)
— inf {M <R| P (XT(P@.U) > M) < q} (E.72)
— inf {M €R| P (XT(P@,U) > M) < q} (E.73)
=t My p(¢i-C | ¢i-u). (E.74)

Equation (E.71) follows by the orthogonality of permutation matrices. Equation (E.73)
follows because if x € supp(P) = C, then ¢; - x € C = supp(P), and furthermore
P(x) = P(Py,x) by uniformity.

Now we show the invariance of Cs )y, (o) under joint permutation by ¢;:

Cort, p(Clu) = {c eC|cu> M, p(C]| u)} (E.75)
—{ceC|(Pye) (Pyu) > Myp(di-C | 61 w)} (E.76)
—{ceai-Cle"®yu) > Myp(si-Cloi-w)} (E.77)
=t O My, p(6-Cloiw)- (E.78)

Equation (E.76) follows by the orthogonality of permutation matrices and because
M, p(C | u) = Myp(¢i - C | ¢; -u) by eq. (E.74). A similar proof shows that

C=n, p(Clu) = C=M, p(6:-Cléiw)-
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Recall that

P(x) Ixec_y, (Clu)
Qq,P(X | C? u) = Z ( ]]-xec>Mq,P(C|“) + P q - P (C>qup(c|u))
xex ¢ P (C:Mq,p<0|u>)

(E.79)

Qqpr(X | Cou) = Qqpr(¢i- X | ¢i-C, ¢;-u), since Q is the sum of products of ¢;-invariant

quantities.

P(x) is non-negative because P is a probability distribution, and ¢ is assumed positive. The
indicator functions 1 are non-negative. By the definition of M, p, P <C>Mq’P(C|u)) <gq.
Therefore, eq. (E.79) is the sum of non-negative terms. Thus, if X’ C X, then Q4 p(X’ |
C,u) < Qqpr(X |C,u).

Let f(X |u) :== Qqp(X | C,u). Since ¢;- C' = C and since Q. p(X | C,u) = Qq.p(¢i- X |
¢i - C,¢; - u), lemma E.23 shows that f(X | u) is also jointly invariant to permutation by
¢;. Lastly, if X’ C X, we have f(X' | Dany) < f(X | Dany)-

Apply lemma E.22 to conclude that Q,p(B | C,u) = f(B | u) > . o4 f(A|u) =

Qqpr(A| C u). O

Conjecture E.26 (Orbit tendencies occur for more quantilizer base distributions). Propo-
sition E.11’s item 7 holds for any base distribution P over C' such that minyep P(b) >
maxac4 P(a). Furthermore, Qg p(X | C,u) is measurable on u and so >" . ., can be

. n
generalized to >7 . Dany *

E.3 Detailed analyses of MR scenarios

E.3.1 Action selection

Consider a bandit problem with five arms aq,...,a5 partitioned A = {a;},B =
{ag,...,as}, which each action has a definite utility u;. There are 7' = 100 trials.
Suppose the training procedure train uses the e-greedy strategy to learn value estimates
for each arm. At the end of training, train outputs a greedy policy with respect to its value

estimates. Consider any action-value initialization, and the learning rate is set o := 1. To
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learn an optimal policy, at worst, the agent just has to try each action once.

Lemma E.27 (Lower bound on success probability of the train bandit). Let u € R®
assign strictly maximal utility to a;, and suppose train (described above) runs for T > 5
trials. Then fiam({ai} |u) >1—(1-$)7T.

Proof. Since the trained policy can be stochastic,

firain({@i} | u) > P (a; is assigned probability 1 by the learned greedy policy) .

Since a; has strictly maximal utility which is deterministic, and since the learning rate
a =1, if action a; is ever drawn, it is assigned probability 1 by the learned policy. The
probability that a; is never explored is at most (1 — i)T, because at worst, a; is an “explore”
action (and not an “exploit” action) at every time step, in which case it is ignored with

probability 1 — £. O
Proposition E.28 (The train bandit is 4-retargetable). fiqin is (R5, A i B)-retargetable.

Proof. Let ¢; :=a; <> a; fori=2,...,5and let © := R>. We want to show that whenever
u € R® induces firain(A | 1) > fuain(B | u), retargeting u will get train to instead learn
to pull a B-action: fiain(A | ¢i - 1) < firain(B | ¢; - u).

Suppose we have such a u. If u is constant, a symmetry argument shows that each action
has equal probability of being selected, in which case firain(A | 1) = % < % = firain(B |
u)—a contradiction. Therefore, u is not constant. Similar symmetry arguments show

that A’s action a; has strictly maximal utility (u; > max;—2 5 u;).

But for T = 100, lemma E.27 shows that fiain(A | u) = firain({a1} | u) = 1 and
forain({@iz1} | 0) ® 0 = firain(B | u) = >iz1 forain({ai} | u) &~ 0. The converse state-
ment holds when considering ¢; - u instead of u. Therefore, train satisfies definition 6.5’s
item 1 (retargetability). These ¢; - u € © := R® because R is closed under permutation
by S5, satisfying item 2.

Consider another u’ € R5 such that firain(A | W) > fiain(B | W), and consider i # j. By

the above symmetry arguments, u’ must also assign a; maximal utility. By lemma E.27,
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Figure E.1: Map of the first level of Montezuma’s Revenge.

forain({ai} | ¢i-u) = 1 and ftrain({aj} | ¢;-u) = 0 since i # j, and vice versa when
considering ¢; - u instead of ¢; - u. Then since ¢; - u and ¢; - u induce distinct probability
distributions over learned actions, they cannot be the same utility function. This satisfies
item 3. O

Corollary E.29 (The train bandit has orbit-level tendencies). fiin(B | u) mest: RS
ftmm(A | u)-

Proof. Combine proposition E.28 and theorem 6.6. O

E.3.2 Observation reward maximization

Let T be a reasonably long rollout length, so that O7_jeach is large—many different step-T°

observations can be induced.

Proposition E.30 (Final reward maximization has strong orbit-level incentives in MR).
O eave
Let n = LMJ fmax(Olea've ‘ R) Egost: RO fmax(ostay | R)

’ sta,y‘
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Proof. Consider the vector space representation of observations, RIOl. Define A == {e, |
0c Ostay}a B = {eo | (OBS Oleave}; and C = O7.reach = AU B the union of Ostaya Oleave-

Since |Oeave| > |Ostay} by assumption that 7T is reasonably large, consider the involution
¢1 € S|o| which embeds Ogtay into Ojeave, While fixing all other observations. If possible,
produce another involution ¢ which also embeds Ogtay into Ojeave, Which fixes all other

observations, and which “doesn’t interfere with ¢;” (i.e. ¢2 - (¢1-A) = ¢1- A). We can

|Oleave| J

produce n = | such involutions. Therefore, B contains n copies (definition E.7) of

stay

A via involutions ¢y, ..., ¢,. Furthermore, ¢; - (AU B) = AU B, since each ¢; swaps A
with B’ C B, and fixes all b € B\ B’ by assumption. Thus, ¢ - C = C.

By proposition E.11’s item 2, FracOptimal (B | C, R) >0 st go FracOptimal (A | C, R).

—Imos

Since fnax uniformly randomly chooses a maximal-reward observation to induce, VX C
C ¢ fmax(X | R) = FracOptimal (X | C, R). Therefore, fmax(Oleave | R) >"

“most: RO

fmax(Ostay ‘ R) D

We want to reason about the probability that decide leaves the initial room by time 7" in

its rollout trajectories.

Ddecide(leave | 0) == P (7 has left the first room by step T'), (E.80)
m~decide(0),
TS0

P (7 has not left the first room by step 7T'). (E.81)
w~decide(6),
TS0

Pdecide (Stay ’ 9) :

We want to show that reward maximizers tend to leave the room: pyax(leave | R) > . o
Pmax(stay | R). However, we must be careful: In general, fiax(Oleave | R) 7 Pmax(leave |
R) and fmax(Ostay | R) # Pmax(stay | R). For example, suppose that o7 € Ojeave. By
the definition of Ojeave, o7 can only be observed if the agent has left the room by time
step T', and so the trajectory 7 must have left the first room. The converse argument
does not hold: The agent could leave the first room, re-enter, and then wait until time 7.
Although one of the doors would have been opened (fig. 6.1), the agent can also open the
door without leaving the room, and then realize the same step-T' observation. Therefore,

this observation doesn’t belong to Ojeave-
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Lemma E.31 (Room-status inequalities for MR).

pdecide(Stay ‘ 9) < fdecide(ostay | 9)7 (E82>
and fdecide(Oleave ‘ 0) S pdecide(leafve ‘ 9) (E83)
Proof. For any decide,
pdecide(Stay ‘ 0) (E84)
= P t th h step T’ E.85
dedo(®), (7 stays through step T') ( )
TS0
= P t step T of P t t step T’ E.86
Z w~decide(6), (O ak step © T) m~decide(6), (T SLays | ¢ ab siep ) ( )
0€0 TS0 T[S0
= P t step T' P t t step T E.87
Z w~decide(6), (O ar step )Wwdecide(e), (T SLays ‘ o ab siep ) ( )
0€0T-reach TS0 TS0
= P t step T’ P t t step T E.88
Z m~decide(6), (O ab step )7r~decide(9), (T SLays | ¢ ab siep ) ( )
Oeostay ‘I'Nﬂ"SO TNﬂ"SO
< P t step T E.89
- Z w~decide(), (0 ab Siep ) ( )
0€Ostay TN7T‘S()
= P €0 E.90
w~decide(6), (OT stay) ( )
TS0
= fdecide(Ostay | 0) (E'91>

Equation (E.87) holds because the definition of O7_yeach ensures that if 0 € Op_yeach, then

P decide(8), (o | 6) = 0. Because 0 € O7.reach \ Ostay implies that 7 left and so
T[S0

P T stays | o at step T) =0
w~decide(6), ( v ‘ P ) ’
TS0

eq. (E.88) follows. Then we have shown eq. (E.82).

For eq. (E.83),

fdecide(oleave ’ 9) (E92>
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= P Oleav E.93
r~decide(0), (o7 € Oreave) ( )

TrT| S0

= P t step T' E.94
Z w~decide(0), (O ab siep ) ( )
0€O0 cave TNTI'|80

- P t step T P 1 by step T | o at step T) (E.95
Z 7rNdecide(é?),(oa P )Wwdecide(e),(T caves by step T' | 0 at step T) )

0€01eave TS0 TS0

= Z P (o at step 1) P (T leaves by step T' | o at step T (E.96)

S s
= P (7 has left the first room by step T') (E.97)
m~decide(),
TS0
= pdecide(leave | 9) (EQS)

Equation (E.95) follows because, since 0 € Ojeaye are only realizable by leaving the first

room, this implies P _qecide(s), (7 leaves by step T | o at step T') = 1. Equation (E.96)
TS0
follows because Ojeave € O, and probabilities are non-negative. Then we have shown

eq. (E.83). O
Corollary E.32 (Final reward maximizers tend to leave the first room in MR).
Pmax(leave | R) >0 . 2o Pmax(stay | R). (E.99)

Proof. Using lemma E.31 and proposition E.30, apply lemma E.14 with fy(R) =

pmax(leave | R)v fl (R) = fmax(oleave | R)v fZ(R) = fmax(Ostay | R)7 fS(R) = pmax(Stay |
R) to conclude that pmax(leave | R) > oo Pmax(stay | R). O

—most:
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E.3.3 Featurized reward maximization

Consider the featurization function which takes as input an observation o € O:

# of keys in inventory shown by o

# of swords in inventory shown by o

feat(o) := (E.100)

# of torches in inventory shown by o

# of amulets in inventory shown by o

Consider Agy == {feat(o) o€ Ostay} , Breat = {feat(o) o€ O1eave}.

Let e; € R* be the standard basis vector with a 1 in entry ¢ and 0 elsewhere. When
restricted to the room shown in fig. 6.1, the agent can either acquire the key in the first
room and retain it until step 7' (e1), or reach time step 7" empty-handed (0). We conclude
that Ageat = {e1,0}.

For Bieat, recall that in section 6.4.2 we assumed the rollout length 7' to be reasonably
large. Then by leaving the room, some realizable trajectory induces or displaying an
inventory containing only a sword (eg), or only a torch (es3), or only an amulet (ey),
or nothing at all (0). Therefore, {e2,e3,e4,0} C Beat. Breat contains 3 copies of Ageat
(definition E.7) via involutions ¢; : 1 <> 4, i # 1. Suppose all feature coefficient vectors
a € R* are plausible. Then O = R*.

Let us be more specific about what is entailed by featurized reward maximization.
The decidemax () procedure takes « as input and then considers the reward function
o feat(o)Ta. Then, decideyax uniformly randomly chooses an observation o7 € O7_reach
which maximizes this featurized reward, and then uniformly randomly chooses a policy

which implements or.

Lemma E.33 (FracOptimal inequalities). Let X C Y C Y C R? be finite, and let
u e R Then

FracOptimal (X | Y, u) < FracOptimal (X | Y’,u) < FracOptimal (X U(Y \ Y’) | Y,u).
(E.101)

Proof. For finite X; C R? let Best (X1 \ u) = argmaxy, cy, xlTu. Suppose y' €



Best (Y’ | u), but y’ & Best (Y | u). Then for all a € Best (Y’ | u),

T

a'lu=y " u<maxy'u

yeYy
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(E.102)

So a & Best (Y | u). Then either Best (Y’ | u) C Best (Y | u), or the two sets are disjoint.

B ’Best(Y|u)ﬂX‘

FracOptimal (X | Y,u) =

‘Best (Y’ | u) OX‘
< =: FracOptimal (X | Y’ u)

‘Best (Y| u)‘

B ’Best N u)‘

(E.103)

(E.104)

If Best (Y’ | u) C Best (Y | u), then since X C Y, we have X N Best (Y’ |u) = X N
Best (Y | u). Then in this case, eq. (E.103) has equal numerator and larger denominator
than eq. (E.104). On the other hand, if Best (Y’ | u) N Best (Y | u) = @, then since
X CY’, XNBest (Y | u) = &. Then eq. (E.103) equals 0, and eq. (E.104) is non-negative.
Either way, eq. (E.104)’s inequality holds. To show the second inequality, we handle the

two cases separately.

Subset case. Suppose that Best (Y’ | u) C Best (Y | u).

‘Best (Y [u)n X‘ Best (Y |u)NX
<

_|_

Best (Y \ Y’ | u)‘

‘Best (Y| u)‘ a ‘Best (v u)‘ +

Best (Y |u)NX

_|_

‘Best (Y \Y"| u)‘

Best (Y \ Y’ |u)n(Y\Y’)

Best (Y |u) N X

’Best (Y| u)‘

_|_

+ ‘Best (Y \Y| u)’

Best (Y |u) N (Y \Y’)

‘Best (Y’ | u)

Best (Y' |u) N X

|+

_|_

)Best (Y \Y"| u)‘

Best (Y |u) N (Y \Y’)

’Best (Y| u)’

(E.105)

(E.106)

(E.107)

(E.108)
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B ‘Best(Y]u)ﬂX’—i—’Best(Y]u)ﬁ(Y\Y’)

(E.109)
‘Best (V| u)‘
‘Best (V [u) N (X U\ Y’))‘
_ (E.110)
‘Best (v | u)‘
=: FracOptimal (X U (Y \ Y’) | Y,u). (E.111)

Equation (E.105) follows because when n < d,k > 0, we have 5 < ZTHI:‘ For eq. (E.107),
since Best (Y | u) C Best (Y | u), we must have

Best (Y |u) = Best (Y \ Y’ | u) UBest (Y’ | u).
But then

Best (Y | u) N (Y\Y) = (Best (Y\Y [u) N (Y \ Y’)) U (Best (V' [u) N (Y \ Y’))
(E.112)
=Best (Y \Y' |u)n (Y \Y'). (E.113)

Then eq. (E.107) follows. Equation (E.108) follows since
Best (Y | u) = Best (Y \ Y’ | u) UBest (Y’ | u).
Equation (E.109) follows since X C Y”, and so
Best (Y| u) N X = Best (Y | u) N X.
Equation (E.110) follows because X C Y” is disjoint of Y\ Y’. We have shown that
FracOptimal (X | Y’,u) < FracOptimal (X U (Y \ Y') | Y, u)

in this case.
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Disjoint case. Suppose that Best (Y’ | u) NBest (Y | u) = 2.

’Best (Y | u) ﬂX‘

‘Best o u)‘ <1 (E.114)
_[Best (VA Y] u)‘ _—
Best (Y \ Y7 | u)| '
Best (Y \ Y/ |u)n (Y \Y’)
_ ‘Best o u)‘ (E.116)
_[Best (VAY [w) n (X UV Y’))‘ —
[Best (Y \ V" | u)| '
Best (¥ | u) N (X U (Y \ Y’))‘
_ ‘Best v u)‘ (E.118)
=: FracOptimal (X U (Y \ Y’) | Y,u) . (E.119)

Equation (E.114) follows because Best (Y’ |u) N X C Best (Y’ |u). For eq. (E.117),
note that we trivially have Best (Y’ | u) N Best (Y \ Y’ | u) = &, and also that X C Y.
Therefore, Best (Y \ Y’ | u) N X = &, and eq. (E.117) follows. Finally, the disjointness
assumption implies that

max y''u < maxy'u.
y'ey’ yey

Therefore, the optimal elements of Y must come exclusively from Y'\Y”; i.e. Best (Y | u) =
Best (Y \ Y’ | u). Then eq. (E.118) follows, and we have shown that

FracOptimal (X | Y’,u) < FracOptimal (X U (Y \Y’) | Y, u)
in this case. O

Conjecture E.34 (Generalizing lemma E.33). Lemma E.33 and Turner et al. [99]’s

Lemma E.26 have extremely similar functional forms. How can they be unified?



219

Proposition E.35 (Featurized reward maximizers tend to leave the first room in MR).
Pmax(leave | @) >3 ot Pmax(stay | ). (E.120)

Proof. We want to show that foax(Oleave | @) >0 o pi fumax(Ostay | @). Recall that
Afeat = {elu 0}7 Blﬁeat = {927 €s, 94} c Bfeat-

Pmax(stay | a) (E.121)
< fmax(ostay ’ a) (E.122)
= P O E.123

m~decidemax (&), (OT < stay) ( )
TS0
= P (OT € Ogtay, feat(or) # 0) + P (OT € Ostay, feat(or) = O)
mrdecidemax (), m~~decidemax (),
TrT| S0 TrT| S0
(E.124)
< FracOptimal ({el} | Cteat, a) + P (OT € Ostay, feat(or) = 0) (E.125)
wr~decidemax (),
TroT| S0

< FracOptimal ({el} | {e1,e2,e3,e4}, oz) + (OT € Ostay, feat(or) = 0)

m~decidemax (),
T[S0
(E.126)
§§nost: RS, FracOptimal ({ez, e3,e4} | {e1, ez, 3, €4}, )
+ P (OT € Oleave, feat(or) = 0)
mrdecidemax (),
TS0
(E.127)
< FracOptimal ({82, e3,e4} U (Creat \ {€1,€2,€3,e4}) | Creat, a) (E.128)
- FracOptimal (Cfeat \ {el} ‘ Cfeat7 04) (E129)
< P €O E.130
- mrdecidemax (@), (OT leave) ( )
T[S0
= fmax(Oleave | a) (E131)
< Pmax(leave | ). (E.132)

Equation (E.121) and eq. (E.132) hold by lemma E.31. If op € Ogay is realized by fiax
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and feat(or) # 0, then we must have feat(or) = {e1} be optimal and so the e; inventory
configuration is realized. Therefore, eq. (E.125) follows. Equation (E.126) follows by
applying the first inequality of lemma E.33 with X = {e;}, Y’ := {e1,eq,e3,€4},Y =
Ofeat-

By applying proposition E.11’s item 2 with A := Agear = {€1}, B’ := B, = {e2, e3,e4},
C = AU B, we have

FracOptimal ({e1} | {e1, s, €3, €4}, ) <3

> . R4
most: RS

FracOptimal ({ez, e3,e4} | {e1,e2,e3,€4},a). (E.133)

Furthermore, observe that

P (OT € Ogtay, feat(or) = 0) < P (OT € Ojeave, feat(or) = 0)
m~decidemax (), m~decidemax (),
TS0 T[S0
(E.134)

because either 0 is not optimal (in which case both sides equal 0), or else 0 is optimal,
in which case the right side is strictly greater. This can be seen by considering how
decidepax () uniformly randomly chooses an observation in which the agent ends up with
an empty inventory. As argued previously, the vast majority of such observations can

only be induced by leaving the first room.

Combining eq. (E.133) and eq. (E.134), eq. (E.127) follows. Equation (E.128) follows by
applying the second inequality of lemma E.33 with X := {es,e3,e4}, Y’ = {e1, €2, €3, €4},
Y = Cieas- If feat(or) € Breat is realized by fmax, then by the definition of Bieat,
o1 € Oleaye 1s realized, and so eq. (E.130) follows.

Then by applying lemma E.14 with

fo(@) == pmax(leave | a), (E.135)
fi(@) == FracOptimal ({e1} | {e1, ez, e3,€4}, ), (E.136)
f2(@) == FracOptimal ({e2, e3,e4} | {€1,e2,€3,€4}, ), (E.137)
J5(0) = Prasx(stary | ), (E.138)
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we conclude that ppax(leave | @) Zﬁnost: RY, Pmax(stay | a). O

Lastly, note that if 0 € © and f(A | 0) > f(B | 0), f cannot be even be simply
retargetable for the © parameter set. This is because V¢ € Sy, ¢ - 0 = 0. For example,
inductive bias ensures that, absent a reward signal, learned policies tend to stay in the
initial room in MR. This is one reason why section 6.4.4’s analysis of the policy tendencies

of reinforcement learning excludes the all-zero reward function.

E.4 Lower bounds on MDP power-seeking incentives for optimal poli-
cies

Turner et al. [99] prove conditions under which at least half of the orbit of every reward
function incentivizes power-seeking behavior. For example, in fig. E.2, they prove that
avoiding @ maximizes average per-timestep reward for at least half of reward functions.
Roughly, there are more self-loop states (&, £, 7, r ) available if the agent goes left
or right instead of up towards &. We strengthen this claim, with corollary E.47 showing
that for at least three-quarters of the orbit of every reward function, it is average-optimal

to avoid @.

Therefore, we answer Turner et al. [99]’s open question of whether increased number of
environmental symmetries quantitatively strengthens the degree to which power-seeking
is incentivized. The answer is yes. In particular, it may be the case that only one

in a million state-based reward functions makes it average-optimal for Pac-Man to die

PR

e

N b

E/ — g — Sk — Ty — T
left right

immediately.

Figure E.2: A toy MDP for reasoning about power-seeking tendencies. Reproduced from
Turner et al. [99].

We will briefly restate several definitions needed for our key results, theorem E.46 and
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corollary E.47. For explanation, see Turner et al. [99].

Definition E.36 (Non-dominated linear functionals). Let X € RIS be finite. ND (X) :=
{x eX|IreRS:xTr> MaXys e X\ {x} X/TI'}.

Definition E.37 (Bounded reward function distribution). ®ypound is the set of bounded-
support probability distributions Dyound-

Remark. When n = 1, lemma E.38 reduces to the first part of Turner et al. [99]’s
lemma D.29, and lemma E.40 reduces to the first part of Turner et al. [99]’s lemma D.33.

Lemma E.38 (Quantitative expectation superiority lemma). Let A, B C R? be finite and
let g : R — R be a (total) increasing function. Suppose B contains n copies of ND (A).
Then

T T
o [g <r]g€a]§<b r>] Zmost: Dyound ¢ o [g (glg}a r)] ~ (E.139)

Proof. Because g : R — R is increasing, it is measurable (as is max).

Let L = infrcqupp(Dpoung) MAXxEX x'r,U = SUPyesupp(Dpouna) TAXxEX x'r. Both exist
because Dpoung has bounded support. Furthermore, since g is monotone increasing, it
is bounded [g(L),g(U)] on [L,U]. Therefore, g is measurable and bounded on each

supp(Dpound ), and so the relevant expectations exist for all Dpound.

For finite X C RY, let f(X | u) := g(maxycx x ' u). By lemma E.24, f is invariant under
joint permutation by Sy. Furthermore, f is measurable because g and max are. Therefore,
apply lemma E.18 to conclude that f(X | Dpound) = Eu~bDyoyna [g(maxxex xu)| is
also invariant under joint permutation by S; (with f being bounded when restricted
to supp(Dpouna)). Lastly, if X' € X, f(X" | Dhound) < f(X | Dhouna) because g is

increasing.

g (maxaTu>] = E g( max aTu) (E.140)
acA u~Dyound aEND(A)

S&ost: Dany rNDIE | [g <Ig163§b—rr>] . (E141)

u~Dyound
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Equation (E.140) follows by corollary D.16 of [99]. Equation (E.141) follows by applying
lemma E.22 with f as defined above with the ¢1, .. ., ¢, guaranteed by the copy assumption.
O

Definition E.39 (Linear functional optimality probability [99]). For finite A, B C RIS,
the probability under Dypy that A is optimal over B is

A>B)=P maxa'r>maxb'r|.
pDany ( — ) PNDany aEA — beB

Lemma E.40 (Quantitative optimality probability superiority lemma). Let A, B,C' € R¢
be finite and let Z satisfy ND (C') C Z C C. Suppose that B contains n copies of ND (A)
via involutions ¢;. Furthermore, let Begirg = B\ (U?zlqbi -ND (A)); suppose that for all
i, ¢i - (Z \ Beatra) = Z \ Beatra-

Then pDany (B Z C) > pDany (A 2 C)

—most: Dany

Proof. For finite X,Y C RY, let

g(X7 Y ‘ Dany) ‘= DPDany (X > Y) = K [lmaxxex xTu>maxyecyy ' uj *

un~v Dany

By the proof of item 1 of proposition E.11, g is the expectation of a u-measurable
function. ¢ is an EU function, and so lemma E.24 shows that it is invariant to joint
permutation by ¢;. Letting fy (X | Dany) == g(X,Y | Dany), lemma E.23 shows that
fy (X | Dany) = fy (¢ - X | ¢i - Dany) whenever the ¢; satisfy ¢; - Y =Y.

Furthermore, if X’ C X, then fy (X’ | Dany) < fy (X | Dany).

PDany (A > C) = pp,,, (ND(A) > C) (E.142)
< PDpy (ND (A) > Z \ Bextra) (E.143)
thost: Dany PDany (B > Z\ Bextra) (E.144)
< PDuny (B U Bextra = Z) (E.145)
= PDuny (B > Z) (E.146)
= PDuny (B> C). (E.147)
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Equation (E.142) follows by Turner et al. [99]’s lemma D.17’s item 2 with X = A,
X’ = ND (A) (similar reasoning holds for C' and Z in eq. (E.147)). Equation (E.143)
follows by the first inequality of lemma D.31 of [99] with X := A,Y = C,|Y’ := Z \ Bextra-
Equation (E.144) follows by applying lemma E.22 with the fz\ g, defined above.
Equation (E.145) follows by the second inequality of lemma D.31 of [99] with X =
A)YY = Z)Y'" := Z \ Boxtra- Equation (E.146) follows because Bextra C B.

Letting fO(Dany) = PDany (A > C) ) fl (Dany) = PDany (ND (A) > 7 \ Bextra) 7f2(Dany) =
PDany (B > 7\ Bextm) » f3(Dany) = P,y (B > C), apply lemma E.14 to conclude that

pDany (A Z C) S:ILlOSt: Dany pDany (B 2 C) .

O

Definition E.41 (Rewardless MDP [99]). (S, A, T) is a rewardless MDP with finite state
and action spaces S and A, and stochastic transition function 7': § x A — A(S). We

treat the discount rate v as a variable with domain [0, 1].

Definition E.42 (I-cycle states [99]). Let e, € RISI be the standard basis vector for
state s, such that there is a 1 in the entry for state s and 0 elsewhere. State s is a I-cycle
if Ja € A:T(s,a) =es. State s is a terminal state if Va € A:T(s,a) = es.

Definition E.43 (State visit distribution [91]). IT := A®, the set of stationary determin-
istic policies. The wvisit distribution induced by following policy 7 from state s at discount
rate v € [0,1) is £75(y) = > 72 V' By, on)s l€s,]. 77 is a wvisit distribution function;
F(s) = {f™%| m eII}.

Definition E.44 (Recurrent state distributions [68]). The recurrent state distribu-
tions which can be induced from state s are RSD (s) := {limy_,1(1 — 7)f™*(y) | = € II}.
RSDyq (s) is the set of RSDs which strictly maximize average reward for some reward

function.

Definition E.45 (Average-optimal policies [99]). The average-optimal policy set for reward
function R is II*& (R) = {77 €ll|Vs € §:d™° € argmaxgersp(s) dTr} (the policies
which induce optimal RSDs at all states). For D C RSD (s), the average optimality
probability is Pp_ (D, average) = PRDony (Eld”’s eD:mell®e (R))
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Remark. Theorem E.46 generalizes the first claim of Turner et al. [99]’s theorem 5.29,

and corollary E.47 generalizes the first claim of Turner et al. [99]’s corollary 5.30.

Theorem E.46 (Quantitatively, average-optimal policies tend to end up in “larger” sets
of RSDs). Let D', D C RSD (s). Suppose that D contains n copies of D' and that the sets
D'"U D and RSDyq (s) \ (D' U D) have pairwise orthogonal vector elements (i.e. pairwise
disjoint vector support). Then Pp (D', average) <" . Dany P Dany (D, average).

Proof. Let D; == ¢; - D', where D; C D by assumption.
Let S = {S/ eS ‘ maxXdep'upD dTeS/ > 0}
Define

¢i(s') = #ls) Hoes (E.148)
s’ else.

Since ¢; is an involution, ¢/ is also an involution. Furthermore, ¢ - D' = D;, ¢, - D; = D',
and ¢} - D; = D; for j # i because we assumed that these equalities hold for ¢;, and
D', D;,D; C D' U D and so the vectors of these sets have support contained in S.

Let D* .= D' U, D; U (RSDnd (s)\ (D'U D)) By an argument mirroring that in
the proof of theorem 5.29 in Turner et al. [99] and using the fact that ¢} - D; = D; for
all i # j, ¢} - D* = D*. Consider Z := (RSDyq(s)\ (D’UD))UD'UD. First, Z C
RSD (s) by definition. Second, RSDyq (s) = RSDpq (s) \ (D' U D) U (RSDpa (s) N D') U
(RSDyd (s) N D) C Z. Note that D* = Z\ (D \ U, D;).

Pp,,, (D', average) = pp,,, (D' > RSD (s)) (E.149)
<host: Dany PDany (D > RSD (s)) (E.150)
=Pp,,, (D,average) . (E.151)

Since ¢; - D' € D and ND (D) C D', ¢;-ND (D') C D and so D contains n copies of
ND (D') via involutions ¢}. Then eq. (E.150) holds by applying lemma E.40 with A := D',
B;:=D;foralli=1,...,n, B:=D,C :=RSD (s), Z as defined above, and involutions
¢} which satisfy ¢, - (Z\ (B\ U B;)) = ¢;- D* = D* = Z \ (B \ U B;). O
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Corollary E.47 (Quantitatively, average-optimal policies tend not to end up in any
given l-cycle). Let D' := {GSQ""ves;} Dy = {es,,...,es,, } CRSD(s) be disjoint,
forn>1,k=1. ThenPp (D', average) <" . Dany PDany (RSD (s) \ D', average).

Proof. For each i € {1,...,n}, let

bi = (87 S(i—1)hks1) " (Sk S(i—1)k+k)>
D; = {es(ifl)-k+l7 s 7e5(i71)»k+k} )
D:=RSD(s)\ D'

Each D; C D, C RSD (s) \ D’ by disjointness of D" and D,..

D contains n copies of D’ via involutions ¢1,...,¢,. D'UD = RSD (s) and RSDyq (s) \

RSD (s) = 0 trivially have pairwise orthogonal vector elements.

Apply theorem E.46 to conclude that

PDany (D', average) < ost: Dany IP’Dany (RSD (s)\ D, average) .

Let A= {e1,e2},B C R’ C:= AU B. Conjecture E.48 conjectures that e.g.

3

pD/ (B 2 C) Zglost; gany pD/ (A 2 C) N

Conjecture E.48 (Fractional quantitative optimality probability superiority lemma).
Let A, B, C C R? be finite. If A = U;T‘:l Aj; and |J"; B; € B such that for each A;, B

contains n copies (B, ..., By) of A; via involutions ¢;; which also fix ¢;; - Ay = Aj for
j'# j, then
pDany (B Z C) Zgost: @any pDany (A 2 C) .

We suspect that any proof of the conjecture should generalize lemma E.20 to the fractional

set copy containment case.



Table E.1: Orbit-level incentives across 4 decision-making functions.
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B VB ‘A\ ‘B 'TS ‘;\ AB 'B ‘A\ ‘B 'ﬂ ‘,\ *TS 'T} .,\ *B 'B .,\
Utility functionu’ | 10, 5,0 10,0,5 5,10,0 5,0,10 0,10,5 0, 5,10
Optimal ({e‘n,evn} | Ceards, u') 1 0 1 0
Optimal ({e, 2} | Cearas, u’) 0 0 1 0
¢ which

(a) Dark gray columns indicate utility function permutations u’ for

Optimal (Bcards | Ceards, ) > Optimal (Acards | Ceards, ), while white indicates that the

opposite strict inequality holds.

B 'L’» ‘A\ ‘]_} 'B ‘;\ .Li 'LS ‘A\ ‘L’) vB ‘A\ ‘B ']_} ‘A\ ‘B 'B ‘A
Utility functionu’ | 10, 5,0 10,0,5 5,10,0 5,0,10 0,10,5 0, 5,10
AntiOpt ({e‘u,evu} | Ceards, u') 0 1 0 1 1 1
AntiOpt ({e4n} | Cearas, u') 0 1 0 0
(b) Utility-minimizing outcome selection probability.
‘TS VB ‘A\ ‘B 'B ‘;\ AB 'T)’ ‘A\ ‘]’3 'T; ‘,\ *B 'B .,\ *]’S VB .,\
Utility functionu’ | 10, 5,0 10,0,5 5,10,0 5,0,10 0,10,5 0, 5,10
Boltzmann; ({eas, ey} | Coaras, ') 1 993 1 007 993 007
Boltzmann, ({e, 2} Ceards, u’) .000 .007 .000 .993 .007 .993
(c) Boltzmann selection probabilities for T' = 1, rounded to three significant digits.
‘13 vli ‘1\ ‘]3 'U ’.\ AI; 'H ’.\ ‘I,’v 'U ’.\ *IE 'H ’\ *IE ']3 ‘\
Utility function v’ | 10, 5, 0 10, 0,5 5,10,0 5,0,10 0,10,5 0, 5,10
Satisfices ({e*n,e.n} | Ceards, u') 1 5 1 5 .5
Satisfices ({€44} | Cearas, u’ 0 0

(d) A satisficer uniformly randomly selects an outcome lottery with expected utility greater
than or equal to the threshold ¢t. Here, t = 3. When Satisfices ({G*B,e'r:} | Ccards,u’) =

Satisfices ({e.x} | Ceards, )7 the column is colored medium gray.
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Targeting parameter 6 f({“\}w) f({VB}\H) f({QB}W) f({'B,QB}\G)

0 = le; + 3es + 2e3

10 = - 0" :=3e1 + ley + 2e3
P9 - 9 = 2e1 + 3es + les

0" == 2e1 + les + 3es

o1 - 9" = le; + 2e9 + 3es3

0* = 3e1 + 2e2 + leg

_ O = O O =
OO NN O
O N O N DNDO
OO NN O

Table E.2: Let ¢ == " < 95 ¢y = ¢ & &”. We tabularly define a function f
which meets all requirements of lemma E.20, except for item 4: letting j = 2, f(B5 |
$1-0)=2>0= f(B}|0). Although f(B | 0) >! o F(A]0), it is not true that

“most: S3
f(B|o*)>2 . 5.0 f(A]07). Therefore, item 4 is generally required.
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Additional Theoretical Results

This chapter contains results on:

MDP structure and representation (seemingly building towards a novel category-

theoretic treatment of MDPs),
The expressivity of Markov reward [1],
The properties of optimal value functions,

Characterizing the MDPs in which there exist reward functions whose optimal policy

set depends on the discount rate,
An optimal value-based distance metric on the state space,

An improved RL regret formalism and a no-free-lunch theorem prohibiting simulta-

neously bounding this regret for all reward functions,
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e Power-seeking incentives for agents with discount rate very close to 1, and

e Power-seeking incentives for e-optimal agents.

F.1 Basic results on visit distributions

The traditional view of Markov decision processes (MDPs) takes for granted a reward
function and discount rate, and considers the on-policy value function induced by solving
the Bellman equations for a given policy. The “dual” view considers the available state

visit distribution functions.

I think that the dual view deserves more prominence: each reward function and discount
rate tuple merely imposes a preordering over policies given the existing dynamics. The
dual view regards the environment structure as primary, and the optimization objective
as secondary. Studying this environmental structure makes available unexplored areas of

basic MDP theory.

We freely rely on the theorems and definitions of Optimal Policies Tend to Seek Power
[99] and Awoiding Side Effects in Complex Environments [98|, as they do not depend on

these results. All MDPs are assumed to have finite state and action spaces.

Lemma F.1 (Each state has a visit distribution function). Vs € §: 1 < ’]—"(s)’

Proof. |TI| = | A|"®l. Each MDP must have at least one action and one state, and so II is
not empty.

Let m € I,y € [0,1),s € S and consider T™, the transition matrix which 7 induces. T7 is
left stochastic and hence has spectral radius at most 1. Therefore, yT™ has spectral radius
strictly less than 1. This means that its Neumann series ;%) (yT™)" = (I — AT~

where I is the |S|-dimensional identity matrix.

75 () = nyt E [ey | 7 followed for ¢ steps from s] . (F.1)

s/
t=0

By inspection, f75(y) = Ieg+(YT™) es+ (YT™) €5+ - -, 50 f75(y) = (I —4T7) e, O
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Corollary F.2 (f™* identity [68]). £™*(7) = (I —yT™) ' e,.

Lemma F.3 (Strictly increasing visit frequency). If 3y € [0,1) : £7°(vy) & {0,1}, then

T8 . . . . .
£°(y) is strictly monotonically increasing on y € [0,1).

Proof. Suppose 3y € [0,1) : £7°(y) € {0,1}. This implies that there exists a summand in
the Neumann series y .o (yYT™)" e, in whose result s’ has a positive entry. If the only
such summand were at ¢t = 0, fg’s('y) = 0, which is not the case. Therefore, t > 0 and the

summand must strictly increase with v € [0, 1). O

The intuition for the following result is that if s # s1, s can achieve strictly greater

discounted s-visitation frequency than s; can.

Lemma F.4 (Each state has a unique visit distribution). If s # s1 and v € [0,1), then
Elfﬂ-(’}/) € fﬂd(sa’)/) \’F(Shf}/)'

Proof. Given the fixed v € [0, 1), consider the visit distributions of s whose policies always
maximize discounted s-visitation frequency, no matter which state is the initial state. By
corollary F.67, at least one such maximizing visit distribution () is non-dominated.

Let s1 # s and f™ ¢ F(s1).

£7°(7) < £7°°1(9)

=1, _c+ E fr2
=t B [£7°2(v)]

- E fros2 F.4
Y o) [£7°2(7)] (F.4)

= E ]ls —s + E f;r,53 F5

FYSQNT(Sl,W(Sl)) 2 753~T(82,7T(32)) [ (7)] ( )
<A () (F.6)
<£%(7).

Equation (F.2) follows because m maximizes s-visitation frequency from every state.
Equation (F.4) follows because s1 # s (15,—s is the indicator function which returns 1 if

s1 = s and 0 otherwise). Equation (F.6) follows because, at best, sy = s with probability
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1; until s is reached, no visitation frequency is accrued. Equation (F.7) follows because
v € (0,1).

Since V™51 € F(sy) : £ %1 (v) < £75(y), £™° & F(s1). O

F.1.1 Child distributions
Definition F.5 (Child state distributions). T(s) := {T'(s,a) | a € A}.

Definition F.6 (Non-dominated child state distributions). The non-dominated child
state distributions are Tyq (s) == ND (T'(s)).

Lemma F.7 (When the dynamics are locally deterministic, T'(s) = Ty (s)). Suppose s
is such thatVa € A,s" € S : T(s,a,s") € {0,1}. Then T(s) = Tna ().

Proof. Local determinism implies that 7'(s) is a set of one-hot state vectors eg-. Then
each e, strictly maximizes visitation frequency for s*. Therefore, e« is strictly optimal

for reward function r := eg« when v ~ 0, and so es € Tyq (). O

Lemma F.8 (Dominated child state distributions induce dominated visit distribution
functions). If T'(s,a) € T(s) \ Tha (s) and 7(s) = a, then f™ € F(s) \ Fna(s).

Proof. Let d :=T(s,a) € T(s) \ Tna (s) and 7(s) = a for some policy m. If f™ € Frq(s),
f™ has to be strictly optimal for some R at some discount rate v € (0,1). In particular,
in order for f™ to be uniquely optimal for R at «y, only actions equivalent to a at state s

can be optimal.

Let vJ € RIS be V (-,7) in column vector form. Then we must have

d'vT > d'vT. F.8
T aerin@© 9

This contradicts the fact that T'(s,a) & Thq (s). O
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Lemma F.9 (Dynamics characterize the nested structure of visit distribution functions).

T(s,a) € T(s) iff {es + Y Egrioa 7] 1 £7% € F(s' | n(s) = a)} C F(s).

Proof. T(s) = {lim7_>0 Y (£ —es) | fs € f(s)}. The lemma then follows from the
linear independence of the canonical unit vectors: ) . e, is an element of the right-hand
set iff it is an element of T'(s). O

Definition F.10 (Normalized value and action-value functions). For policy T,

Vi norm (R) 8,7 = lim (1 —~")VE (s,7%) 3
Y=y
this limit exists for all v € [0,1] by lemma D.45. We similarly define V3 .. (s,7) and
QR norm (8:@:7)-

Lemma F.11 (POWERp,_ , is the average normalized next-state optimal value).

P - E E [ T / } . F.
OWPRDy g (5:7) = (o iy By VEmorm (s',7) (F.9)

Proof. The v € (0,1) case follows from eq. (D.94) in the proof of lemma D.43 and the fact

that when v € (0,1), V& o (s',7) = limyy (1 = y)VE (s',7%) = 1 =) VE (5',7)
because on-policy value is continuous on 7 € [0,1). The v =0 and v = 1 cases follow by

taking the appropriate limits and applying the continuity of POWERp, - O

Proposition F.12 (Identical Tyq (s) implies equal POWERp, ., (s,7)). If Tha (s) =
Toa (8'), then ¥y € [0,1] : POWERp,,,,, (s,7) = POWERp,,,., (5,7).

Proof. Let v € (0,1). Lemma F.11 shows that

POWERp,_, , (5,7) = (1 —7) RINED max T(]E ) [VE (s',y)} (F.10)
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=09, s 5, [ ) Fi2
-0 s, B Vi 0] (F.13)
AN )| B

= POWERp, .. (5,7) - (F.15)

Equation (F.10) follows from lemma F.11. Since restriction to stationary policies leaves

optimal value unchanged, the non-stationarity in eq. (F.11) leaves optimal value unchanged.

Lemma F.8 shows that dominated child distributions induce dominated visit distribution
functions. By lemma D.39, restriction to non-dominated visit distribution functions leaves
optimal value unchanged for all reward functions, and so only considering d € Tpq ($)
leaves optimal value unchanged. Therefore, eq. (F.13) follows. Equation (F.14) follows
because we assumed that Tq (s) = Tha (s'). Equation (F.15) follows by the reasoning for
eq. (F.10) through eq. (F.14).

The equality holds in the limit as v — 0 or v — 1. O

Figure F.1 demonstrates how proposition F.12 establishes POWERp, ., equality, even

when the equality is not intuitively obvious.

F.1.2 Optimal policy set transfer across discount rates

Definition F.13 (Blackwell optimal policies [11]). II* (R, 1) := lim,—; IT* (R, ) is the

Blackwell optimal policy set for reward function R.

Definition F.14 (Greedy optimality). T18"°% (R) is the set of policies 7 for which Vs:

N /
s'~T(s,m(s)) [R(S )] N méiX s’wgs,a) [R(S )] ’
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0

Figure F.1: The bifurcated action a is a stochastic transition, where T'(s1,a, s2) = .5 =
T(s1,a,s3). Since T(s1,a) € T(s1) \ Tha (1), Thd (51) = Tha (s4) and so proposition F.12
implies that Vv € [0,1] : POWERp, ., (s1,7) = POWERp,__ , (54,7).

Figure F.2 shows that Turner et al. [99]’s proposition D.35 does not always hold for v = 0,
but proposition F.18 shows that it almost always does hold.

Figure F.2: When v = %, going up and going down are both optimal, with V3 (sl, %) =

Vi <s’1, %) = 1. However, proposition D.35 does not hold when the new discount rate is

0: only 74" ¢ IT* <V§ (-, %) ,0), with greedy policies preferring to “gradually” navigate

through higher-value states. When the new discount rate v = 0, the optimal policies for
the constructed reward function are guaranteed to also be optimal for the original by
proposition F.18, but the converse statement is not true in this MDP.

Lemma F.15 (When v ~ 0, optimal policies are greedy). IT* (R,0) C I19°°% (R).
Proof. Let 7* € II* (R,0), m € II, and v € (0,1).

VA (5,7) > VE (s,7) (F.16)



Ris)+v B [VEE] 2R6) 4y B [VEE) (F.17)
S/NT(SJI'*(S)) - S/NT(S,ﬂ'( ))
£ VE (s> E - [VE(s) (F.18)
S’NT(S,W*(S)) [ . s’NT(s,Tr(s)) [ ]
E RO EVEE ]| 2 B R VR 1)
s’NT(s,Tr*(s)) s ] S’NT(S,W(S)) s

Equation (F.18) is valid because v > 0.

Let b == min,-cg R(s7),c = max,+cg R(s"); these exist because S is finite. Then
v s b < Vi (s”,7) < 1. Because optimal value is thus bounded, eq. (F.19)

1—~ — 1—y
is controlled by expected next-state reward when v =~ 0. The result follows because
definition 5.7 defines IT* (R, 0) = lim,_, IT* (R, 7). O

Corollary F.16 (At each v € (0,1), almost all reward functions have optimal actions at

each state which are unique up to action equivalence).

Proof. Let s be a state. Lemma F.105 implies that, for any fixed v € (0,1) and for
almost all reward functions R, the optimal action at s is unique up to action equivalence
(definition 5.23). Since there are only finitely many states, almost all reward functions R

must have a unique-up-to-equivalence optimal action at all states. O

It is optimal to stochastically mix between two actions iff both actions are (determin-
istically) optimal. Corollary F.17 shows that almost no reward functions have optimal

policies which mix between non-equivalent actions.

Corollary F.17 (Almost all reward functions do not have non-trivial stochastic optimal
policies). Let v € (0,1) and let X := {R € RS | 3s, 7k, 5 € TT* (R, ) : 75 (s) #s 71';(8)}

Considered as a subset of RIS!, X has zero Lebesque measure.
Proof. The result follows directly from corollary F.16. O

Proposition F.18 (Transferring optimal policy sets to v = 0). Fiz v € (0,1) and let
R be a reward function. II* (Vﬁ(-,y), O) C I9reedy (Vﬁ(-,’y)) =1I* (R,~). Equality holds
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for almost all R; in particular, equality holds when ¥s € S : I € Fpa(s) : £(7)'r >

maxper,q(s)\(f) £'(7)'T-

Proof. By lemma F.15, II* (Vﬁ(-,v),O) C Trereedy (V§(~,7)). By the definition of an
optimal policy, 7 € IT* (R, ) iff 7 maximizes value Vj (s,7) at all states s, which holds iff
7 maximizes the rightmost term of Vy (s, ) = R(s) +vmax, Ey 7(s q) [Vﬁ (s, ’y)} since
v € (0,1). This is true iff 7 € 118 (V}3(-,~)). Therefore, I8 (V£ (., ~)) = II* (R, ).

Corollary F.16 implies that, for any fixed v € (0,1) and for almost all reward functions
R, the optimal action at each state is unique up to action equivalence (definition 5.23).
Therefore, Vs : 3f € Fpa(s) : £(7) ' > maxpcr,
R.

a7 (7) Tr for these reward functions

For such reward functions R, a policy 7" € IT* (R, ) iff it induces the appropriate strictly
optimal f € Fyq4(s) at each state s. Let m € IT* (Vﬁ(-,’y), O). Since 7 € IT* (R, ) by the
above and since optimal action for R at « is unique up to action equivalence, = and 7’
must choose equivalent actions at all states. Then 7/ € II* (R, ). Since 7’ was arbitrary,
I (Vi(-,7),0) = II* (R, 7). O

Question F.19 (Can proposition D.35 be generalized to v = 17).

F.1.3 Optimal policy set characterization

Definition F.20 (Set of optimal policy sets). The set of deterministic stationary optimal
policy sets is
PoPt — {H* (R,7) | R€ RS, € [0, 1]} . (F.20)

Theorem F.21 (Characterization of P°Pt). Let II' C II be a set of deterministic stationary

policies. The following are equivalent:

1. ¥y €[0,1] : IRy € RS - II* (Ry,m1) = 1T,

2. Iy €[0,1], Ry € RS : TTI* (R, y2) = I (i.e. I € POPL).
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up up
down down

Figure F.3: In general, not all policy sets are valid optimal policy sets (P°P* C P(II)).
In the above, consider the policy m(s1) == up, 7(s2) := down. Then IT' := {m} & PP, If
R(sa) > R(sg), then no m € II' would choose up over down; similar reasoning holds for
R(sa) < R(sp). If R(sa) = R(sp), then II" would contain some 7o(s1) = down.

3. 3Ry € RS : T19°W (R3) = IT'.

Item 1 and item 2 say that the set of feasible optimal policy sets is invariant to the discount
rate. In particular, any optimal policy set can be rationalized as asymptotically greedy or

Blackwell-optimal.

Item 2 and item 8 show that a policy set is an optimal policy set for some Ry at some 7o

iff that policy set can be rationalized as greedily optimizing some Rs.

Proof. 1 = 2 by definition F.20.

2 = 3. Suppose item 2 holds. If 72 € (0,1), define R3(s) := V}, (s,72). Then apply
proposition F.18 to conclude that II8%ed (R3) = II* (Ry, y2) = IT'.

Since IT* (Ra,1) = limy_1 IT* (R2,~) (definition 5.7) always exists by corollary F.124
and only finitely many optimal policy shifts occur (lemma D.40), VR : 3y € (0,1) :
IT* (R,~) = II* (R, 1). Select such a v for Ry. Since v € (0,1), we have just shown that
IRs : I = II* (Ry, 1) = II* (Ry, v) = I18"°Y (Ry).

The 9 = 0 case follows by the same reasoning. Then item 2 implies item 3.

3 = 1. Suppose item 3 holds. Let 7 € 1184 (R3) and 7; € (0,1). Define
Ry = (I — 1 T™) R3. By reasoning identical to that in the proof of proposition D.35,
IRy € RS : II* (Ry, y1) = 18"V (R3) = IT'.
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Now suppose 71 = 1 and consider the function Ry(s,v1) = (I —v1T") R3(s). Since Vv €
(0,1) : II* (R1(+,7), ) = I by the above reasoning, IT* (Ry, 1) = limy_1 IT* (Ry(+,7),7) =
IT" (by definition 5.7).

Similar reasoning holds when «; = 0. Since this equality can be satisfied for any ;1 € [0, 1],

item 3 implies item 1. O

Recall the following definition:
Definition F.5 (Child state distributions). T'(s) := {T'(s,a) | a € A}.

Given a starting state s, we can consider its available child state distributions 7'(s) to
be lotteries over the next state the agent will visit. A set of policies II' can be seen as
preferring some state lotteries (by containing policies which take a certain action at s)

over others (lotteries which are not induced by any 7 € II' at state s).

Definition F.22 (State lottery relation implied by a policy set). The relations implied
by policy set II' C II is defined as follows. Consider s such that Ly, Ly € T'(s) (i.e. the

lotteries are realizable at state s), where 3my € I' : T'(s, m1(s)) = L.

Ly~ Ly if Imy € I - T(s,m2(s)) = Lo. In other words, L; and Ly are both induced by
w1, mo € II', respectively. This implies that L and Lo are “equally good,” since II' induces
both of them.

Ly =Y Ly if =3my e I - T(s,ma(s)) = L. Since no policy induces Lo, Ly is considered

to be strictly worse than L.

However, some II' imply incoherent preferences over states: in fig. F.3, II' implies that

sa = sp (via s1) and also sp = g4 (via s39’s).

Definition F.23 (Coherent state lottery relations). (~', =) is coherent when 3r € RIS!:
1. Ly M Lo implies that LlTr = L;r.
2. Ly =" Ly implies that L r > L r.

Theorem F.24 (Optimal policy sets imply coherent preference relations). If II' € PPt

then (~',=1") is coherent.
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Proof. If II' € P°P, then let R be a reward function for which IT&"¢¢% (R) = II’ (such a
reward function exists by theorem F.21). By the definition of I18"¢°% (R) (definition F.14),

7 € I1&eedy (R) iff Vs € S : 7(s) maximizes expected next-step reward.

Suppose Ly ~"' L. Then by definition F.22, 3r,m € II' : (T'(s,m(s)) = L1) A
(T'(s,m2(s)) = L2). By the greediness of II', this implies that both L; and L, maximize

next-step reward. Therefore, T'(s,71(s)) 'r = T(s, ma(s))'r and so L{r = L r.

Suppose Ly ="' Ly. Then by definition F.22, there 3s € S, 7, € I’ : T(s, m(s)) = L; and
Ly € T(s), but =3my € II' : T(s,m2(s)) = Lo. Since there is no mp € 118" (R) taking
some action ag such that T'(s,as) = L2, and since such an action exists (L2 € T'(s)), we

conclude that @’ is not a greedy action at state s for R. In other words, T'(s,m(s)) r >
T(s,a’)"r and so L{r > Ljr.

Since L1 ~' Ly and L = Ly were arbitrary, (NH/, >H’) is coherent for R. O

The vNM utility theorem implies that agents with a coherent preference ordering over state
lotteries can be rationalized as maximizing the expected utility of some utility function.
Somewhat similarly, theorem F.24 shows that optimal policy sets can be rationalized as

coherently trading off the greedy values of environment states.

For incoherent I, it is not generally possible to rectify the incoherence of (NH/, >H/) by
deducing a reward function for which IT" “should” be greedy. For example, in fig. F.3, it is

unclear what preferences over state lotteries IT" “should” have.

Conjecture F.25 (Coherent relations imply greedy policy subset). If (~ =) is
coherent for R, then IT' C TI8"¢dY (R).

F.1.3.1 Optimal policy sets factorize
We now further constrain the structure of optimal policy sets.

Definition F.26 (Actions taken by a policy set at a state). Let II' C II.

Al = {acA|FInell':n(s)=a}. (F.21)
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Lemma F.27 (Optimal policy sets mix-and-match optimal actions). Let my,mo € II' €
PPt and consider state-space partition S = S1 U Sy. Then Ims € I such that Vs, € Sy :
7T3(Sl) = 7T1(81) and VSQ S S2 : 7T3(82) = 7T2(82).

Proof. Since II' € P°P*, 3R € RS : TI' = [1#"°*Y (R) by theorem F.21. By the definition
of TI&"¢dY (R) (definition F.14), each action of 7; and mp maximizes expected next-state
reward. Therefore, any 73 agreeing with 71 on S and with 79 on Se must also maximize

expected next-state reward for all states in the MDP. Then 73 € I18"°Y (R) = IT'. O

Proposition F.28 (If II' € PP then II' = [], Al'). There exists a set bijection between
I and [], A

Proof. Apply lemma F.27 to conclude that any combination of actions in [] .Als_[/ maps
to an optimal policy in II'. By inverting the same map, any policy in II' must map to a
unique element of [], A" by the definition of A (definition F.26). O

This implies that optimal policy sets admit compressed representations: instead of
explicitly storing the outputs of (up to) ].A]'S‘ optimal policies at |S| states, we can simply
record (up to) |A| optimal actions at |S| states. Then, we regenerate the full set II' by

taking the Cartesian product of the optimal actions.

This immediately suggests divisibility tests which rule out certain policy sets from being

optimal policy sets.

Corollary F.29 (If II' € P°P*, then Vs : ‘ASH/ divides [IT']).

Lemma F.30 (Optimal policy sets take all equivalent actions). Let II' € PP, For any

state s and action a, if a € AV and o’ =, a, then o’ € ALY .

Proof. Since II' € PP, 3R € RS : IT' = I1&"*¥ (R) by theorem F.21. If a € A" and

a' =5 a, a is greedily optimal at s. Then a’ =, a must also be greedily optimal because

T(s,a) = T(s,a’) by definition 5.23. Therefore, a’ € AL O
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Proposition F.31 (Multiple optimal actions at multiple states implies that the optimal
policy set has composite cardinality). Let II' € PP, If s # s : ‘AE, . ’AE,, , then |H’}

18 composite.

Proof. By corollary F.29, ASH/ : ’Ag/ divides ‘H’ ‘ Since both of these factors are greater

than 1, }H" is a composite number. O

Corollary F.32 (If Vs € S,a € A:3d # a:a =5 d and if |S| > 1, then no optimal

policy sets have prime cardinality).

Proof. Let II' € P°Pt. Let s # s’ be distinct states. II' is nonempty by the existence of a
stationary deterministic optimal policy for all reward functions and discount rates. Let
m € Il'. Since Vs" € S,a € A:3d # a:a =, d, apply lemma F.30 to conclude that

‘AE, , ‘.AE, > 1. Apply proposition F.31. O

F.1.3.2 Deciding whether a policy set is optimal

Theorem F.24 allows us to efficiently decide whether a policy set is optimal for some (R, )
tuple (since enumeration is impossible for the uncountably many such tuples). I initially
conjectured conjecture F.33 in 2020. Abel et al. [1]’s Theorem 4.3 has since proven a

generalization of it.

Conjecture F.33 (II' € P°P'? can be efficiently decided). The decision problem corre-
sponding to deciding whether I’ € PPt is in P.

F.1.4 How reward function combination affects optimality

Lemma F.34 (Non-negative combination of reward functions preserves value ordering
agreement). If VE (s,7v) > Vgll (5,7) and VR, (s,7v) > V[{; (s,7), then for any a, B > 0,

/

Vari+8Rs (8:7) = Var, 48R, (5,7) - (F.22)

Proof. The premise implies that £75(y) Try > £75(y) Try and £75(y) Try > £75() Trs.
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Then
VirisoRs (5:7) = £7° ()T (ary + Bry) (F.23)
> £7%(7) " (ary + Bro) (F.24)
= Viga1m, (5:7) (F.25)
O

Corollary F.35 (Non-negative combination of reward functions preserves optimal policy
agreement). If 7 is optimal for Ry and Re at discount rate vy, it is also optimal for
aRy + BRy at discount rate v for any o, 5 > 0.

However, R; and Rj having the same optimal policy set doesn’t mean they will incentivize

the same distribution over learned policies.

Question F.36 (If two reward functions induce the same ordering over policies, when do

they tend to incentivize similar learned policies?).

Remark. With respect to a distribution over network initializations and a fixed learning
process, the distribution over learned policies is sometimes invariant to positive affine
transformation of the reward function (so long as no e.g. underflow or overflow errors
occur, or instability does not occur). In contrast, reward shaping [58] often accelerates
learning and changes which policies get tend to get learned after a fixed number of policy
improvement steps. Both transformations preserve policy ordering, but only shaping

improves learning. What is the fundamental difference?

F.1.5 Visit distribution function agreement

Figure F.4 illustrates how two distinct visit distribution functions can output the same

visit distribution for certain ~.

Lemma F.37 (Distinct visit distribution functions agree finitely many times). Let s, s’
be any two states and let £ € F(s),f € F(s') be distinct visit distribution functions. For
all but finitely many v € (0,1), £(v) # /(7).
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0]
D

Figure F.4: When v = %, the trajectories s1598383... and s1S35252 ... induce the same

T
state visitation distribution of (1 % %) . Both trajectories are induced by dominated

state visit distribution functions; lemma D.52 shows that this is no coincidence.

Proof. By lemma D.9, each visit distribution function is multivariate rational on ~. If the
functions are distinct, then they must disagree on at least one output dimension. Their
difference along this dimension is a rational non-zero function, which has finitely many

roots by the fundamental theorem of algebra. O

Lemma F.38 (Different states have disjoint visit distribution function sets). If s # ¢/,
—3f € F(s),f' € F(s'): ¥y € (0,1) : f(y) = £(v).

Proof. When v = 0, the visit distributions approximate the appropriate unit vectors:
f(v) ~ es and /() ~ ey. Since s # &', f(y) # £'(7) when v ~ 0. Therefore, f and f" are
distinct visit distribution functions. Apply lemma F.37. O

Corollary F.39 (Visit distributions are distinct at all but finitely many ). Vs,s’ €
S, f e F(s),f € F(s') : either £ = £ or £(v) # £'(y) holds for all but finitely many
v € (0,1).

Proof. By lemma F.37, the distinct visit distributions at s agree with each other for at
most finitely many ~. Likewise, the visit distributions of other states s’ agree with f for
at most finitely many ~. Since there are only finitely many visit distribution pairs, there

is a finite set of the vy at which any two distinct visit distributions agree. O
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Proposition F.40 (Cross-state linear independence of visit distribution functions).
f € F(s) cannot be written as a linear combination of the visit distribution functions of

other states.

Proof. Suppose f =", a;f, such that Vi : a; e RAs; # s A f,, € F(s;). Then

li £, = €5, F.2

+ e, (F.27)
= lim f(vy), (F.28)
v—0

where eq. (F.27) follows because s; # s and the canonical basis vectors are linearly

independent. O

Figure F.5 shows that proposition F.40 does not hold amongst the visit distribution

functions of a single state.

0
S

Figure F.5: The bifurcated action a is a stochastic transition, where T'(s1,a, s2) = .5 =
T(s1,a,s3). fT@% = 5(fTe51 4 fTdomn,51)

Lemma D.52 is generalized by proposition F.41.

Proposition F.41 (At every v € (0, 1), non-dominated visit distributions are outside
of the convex hull of any set of other visit distributions). Let f € F(s). If there exists
v €(0,1) and £y, ... £, € F(s)\{f} such that f can be expressed as the convex combination

£(7) = 25, aifi(y), then £ & Fnals).
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Proof. 1f some «;; = 1, then f & F,4(s) by lemma D.52. Suppose at least two a; > 0. Then
the conclusion follows by proposition F.59 (letting X := {f(y) | f € F(s)} ,x =f(y)). O

Lemma F.42 (Geometry of optimality support). At any vy € (0,1), supp (£(v) > F(s,7))
(the set of reward functions for which £ € F(s) is optimal) is both a closed convex polytope

and a pointed convexr cone.

Proof. supp (f (v) > F(s, )) is a closed convex polytope because it is the intersection of
half-spaces: f(y) r > maxere r o)\ (£} £ (7 )Tr. The set is a pointed cone because for any
a >0, f(y)"r > maxpe (g ey £'(7) v implies £(7) " (ar) > maxper)\ ey £(7) ' (ax).

O

Proposition F.43 (Visit dist. function convex hull intersection at any 7 implies shared
optimality status). Let f € F(s). Suppose there exists v € (0,1) and f1, ..., € F(s)\{f}
such that £ can be expressed as the conver combination f(vy) = Zle a;fi(y) (where each
oy > 0),

f is optimal for reward function R at v* € (0,1) iff Vi : f; is optimal for R at ~*.

Proof. If Vi : f; is optimal for R at v*, then f is also optimal for R at v* by lemma F.42.

Suppose that f is optimal for R at v* € (0, 1), while for some i, f; is not optimal for R at
~*. In particular, suppose R induces optimal policy set IL,« at discount rate v*. Then by
proposition D.35, we can construct a reward function R’ which has optimal policy set

IL,« at discount rate ~.

Suppose «; = 1. Since f; was not optimal at v*, f; isn’t optimal at ~ either. But this is
absurd, since then f(v) = f;() and so they must both be optimal at v, a contradiction.
This means that f; is optimal for R at ~

Suppose a; < 1. As f; is not optimal for R at « but f is, there must be another f; such
that fir(y) 'r > f(7) 'r > £;(7) 'r. Since we assumed that a; > 0, the first inequality must
be strict. This means that f cannot be optimal for R at v, a contradiction. Therefore, f;

must be optimal for R at ~*. O
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Corollary F.44 (Visit distribution functions which agree at any =, must be optimal
together). Let £, € F(s). Suppose Iy € (0,1) : £(v) = /(7). Then V~* € (0,1):

supp (F(v*) > F(s,7")) = supp (f'(v*) > F(s,7)) -
Proof. Apply proposition F.43. O

Figure F.6 illustrates the power of corollary F.44.

0]
D

Figure F.6: When ~ = %, the trajectories s1598383... and s1835252 ... induce the same
state visitation distribution. Therefore, corollary F.44 shows that at any v € (0,1), one
trajectory is optimal iff the other trajectory is. Basic algebra confirms the point: one of
these trajectories is optimal iff R(s2) = R(s3); in that case, every policy is optimal.

Consider again proposition D.35:

Theorem (A means of transferring optimal policy sets across discount rates). Suppose
reward function R has optimal policy set IT* (R, ) at discount rate v € (0,1). For any
v* € (0,1), we can construct a reward function R’ such that II* (R',v*) = II* (R, 7).

Figure F.7 shows that VZ (s,7) > V& (s,7) does not imply o (s,7%) > ]{,/ (s,7%). The
new reward function R’ is only guaranteed to have the same optimal policy set, not the

same policy ordering.

Let R be a reward function and v* € (0,1),v € [0,1). Figure F.7 demonstrates that
there does not always exist R’ such that Vs,m : Vi (s,7*) = Vj (s,7). By preserving
the optimal value function across discount rates, R’ necessarily differs on its other value

functions.
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left right State R R/
=00 *
s 0 v
down I—v
59 1 1
(@ s 0 0
s 0 (v =)
1—~

Figure F.7: R and the transformed R’ := (I —~*T™e) V(. ) for which proposi-
tion D.35’s reward transformation does not preserve the policy ordering. Even though
Vo (s1,7) = Vg™ (s1,9) = 0, when v* > v, Vgion(s1,7) > V™™ (s1,7).

Question F.45 (Does there exist a transformation like that of proposition D.35 which
preserves the entire policy ordering of R? ).

Question F.46 (Can we characterize the permissible policy orderings in a given MDP?

Does the discount rate affect the permissible orderings?).

Proposition F.47 (Almost all reward functions induce strict non-dominated visitation

distribution orderings). Let s be a state and v € (0,1).
{r Ir e RISLIF F € Foals) i £ £ F AF(7) r = f’(v)Tr} (F.29)

has Lebesgue measure zero. The same statement holds for F instead of Fnq for all but

finitely many v € (0,1).
Proof. Since f,f € Fyq(s) are distinct, Vy € (0,1) : £(y) # £'(y) by lemma D.52. Apply
lemma D.12.

All distinct £, " € F(s) disagree for all but finitely many ~ by corollary F.39. Then apply

lemma D.12 for these v at which they all disagree, and the second claim follows. O

Remark. For almost all reward functions, proposition F.47 prohibits value equality

anywhere in the non-dominated visit distribution ordering. In contrast, lemma F.106 only
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shows that almost all reward functions have a unique optimal visit distribution.

Lemma F.48 (Reward negation flips the visit distribution ordering). Let s be a state,
f.f' c F(s), r e RISl and vy € (0,1). £(7)Tr > ()T iff £(7) T (1) < ()T (~1). In

particular, optimal policies for r minimize value for —r.

Proof. This follows directly from the fact that Va,b € R: a > b iff —a < —b. O

F.1.6 Visit distributions functions induced by non-stationary poli-
cies

Definition F.49 (Non-stationary visit distribution functions). Let ITHP be the set of
history-dependent (or non-stationary) deterministic policies [68]. FHP(s) == {f’r’s | T e HHD}.

We continue using II to denote the space of deterministic stationary policies. Clearly,
F(s) € FD(s).

Proposition F.50 (Visit distribution functions induced by non-stationary or non-deter-

ministic policies are dominated).

Proof. This follows from the fact that every reward function has a stationary, deterministic

optimal policy. O

Proposition F.51 (F1P(s) is finite iff stationarity is irrelevant). FH4P(s) is finite iff
F(s) = F1P(s).

Proof. Suppose FHP(s) is finite but F(s) # FHP(s). Since F(s) € FIP(s), let T €
FHD(s)\ F(s). m must exhibit a non-stationarity which affects the induced visit distribu-
tion, which means that starting from s, following 7 must induce a positive probability of
visiting some state s’ twice. If |T'(s)| = 1, 7 cannot affect the induced visit distribution

with a non-stationarity at ', so |T(s’)| > 1.

Since s’ can reach itself with positive probability, there exists some stationary policy 7/
which has positive probability of visiting s’ & times, for any natural number k. Let action
a be such that T(s',7/(s)) # T(s',a) (such an action exists because |T(s')| > 1). Let
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be a non-stationary policy which agrees with 7’ for the first & visits to s’, but which takes
action a after visit k.

Each 7 induces a different state visit distribution function; since there are infinitely many

of them, FHP(s) cannot be finite if F(s) # FHP(s). Then if FHP(s), then F(s) = F1P(s).
The reverse direction follows because |F(s)| < |S 4l which is finite. O
Proposition F.52 (Characterization of when stationarity is relevant). F7P(s) = F(s)

iff for all states s’ reachable from s with positive probability, if s can reach itself with
T(s")| = 1.

positive probability,

Proof. For the forward direction, apply the reasoning from the proof of proposition F.51.

Reverse direction: if non-stationarity is to affect the induced visit distribution function,
there must be some s’ which can reach itself with positive probability, and which is
reachable from s. But if |T(s’)‘ =1 for all such s, then non-stationarity does not affect
the induced visitation distribution function (because all actions have the same local

dynamics at §'). O

F.1.7 Generalized non-domination results

Lemma F.53 (Idempotence of non-domination). Let X, Y C R? be finite.
ND (ND(X)\Y) =ND (X)\Y.

Proof. Trivially, ND (ND (X)\Y) C ND (X)\Y. Let x € ND (X)\ Y. Then Jr € R? :
x'r > maxyey\(x} X T > MAXyre X\ (YUfxc}) x'Tr, and so x € ND (ND (X) \ Y) by the

definition of non-domination (definition 5.6).

Then ND (ND (X)\Y) 2 ND (X)\ Y, andso ND (ND (X)\Y)=ND (X)\Y. O

Lemma F.54 (Non-dominated inclusion relation). Let A, B C RIS be finite. If A C B,
then ND (B)N A C ND (A).
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Proof. Suppose a € ND (B) N A.

reR¥:a’r> max b'r (F.30)
beB\{a}

> max b'r. (F.31)
beA\{a)

Equation (F.30) follows by the definition of ND (definition D.14). Equation (F.31)
follows because A C B. Therefore, 3r € RISl : aTr > MaXpe A\ {a} b'r. Since a € A,
ae ND(A). O

Lemma F.55 (Permutation commutes with non-dominance). Let X C RIS! be finite and
let ¢ € Sg. ¢-ND(X)=ND(¢-X).

Proof. x € ND (X) iff 3r € RISl for which

x'r> max x''r (F.32)
x'eX\{x}

x P, 'Pyr > 0 X' TP, Pyr (F.33)

(Pyx) ' Pyr > o (Pex) Pyr (F.34)

(Pyx) Pyr>  max _x) Pyr. (F.35)

x;)'E(b-X\{Pﬂ;,x}

Equation (F.33) follows because the identity matrix I = P;1P¢, since permutation matri-

ces are invertible. Equation (F.34) follows because permutation matrices are orthogonal,

and so (P;l)T =P,. Byeq. (F.35), - ND(X) =ND (¢- X). O

Lemma F.56 (Number of non-dominated linear functionals). Let X C RIS be finite.
1 < |ND(X)| iff 1 < |X].

Proof. Since ND (X) € X, 1 < |[ND (X)| < |X| implies that 1 < |[ND (X)| = 1 < |X].

Suppose 1 < |X|. Since X is non-empty, 0 the zero vector has some optimal x € ND (X)
by lemma D.15. Since 1 < |X]|, let x’ € X be such that x’ # x. Since x € ND (X), let

r € RIS be such that x'r > MaXyrr e X\ {x} x"Tr >x'Tr.
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Then for ' = —r, x''r/ > x'r’. By lemma D.15, 3x,q € ND (X) such that x,;r’ >
maxxuex\{xnd}x”Tr’. But x/;r' > x'"r' > x"r’, and s0 xpq # x. Then 1 < }ND (X)}
0

Lemma F.57 (Sufficient conditions for a linear functional being non-dominated). Let
X C RIS! be finite and let x € X. If

1. Je;:xe; > MaXy e x\ {x} x'Te;, or
2. Je;:x"e; < MiNy e X\ (x} x'Te;,

then x € ND (X).

Proof. The first item follows directly from the definition of ND (X) (definition D.14),
where x is strictly maximal for vector r := e;. For the second item, x is strictly maximal

for vector r := —e;. O

Conjecture F.58 (Expanded sufficient conditions for a linear functional being non-domi-
nated). Lemma F.57 can be expanded to account for reasoning like “x has non-strictly
maximal entries along dimensions 1 and 2; among those x’ € X tied with x on both

dimensions, x has strictly maximal entry value on dimension 3.”

Proposition F.59 (Non-dominated linear functionals are convex independent of other
functionals). Let X C RIS! be finite and let x € X. If x € ND (X)), then x cannot be

written as a convex combination of xi,...,%x, € X \ {x}.

Proof. Suppose x € ND (X) can be written as the convex combination x = )" | 6;x;.

By non-domination, 3r € RIS : xTr > maXy/e ¥\ {x} x'Tr. Therefore,

. T
Z bix; | r=x'r (F.36)
i=1
> max X'r (F.37)
x'eX\{x}

> maxx; r. (F.38)

)
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But this is a contradiction; a convex combination of values cannot be strictly greater than

all of its constituent values. O
. . .. . 1 5
The reverse direction of proposition F.59 is not true. Let X = ol 5]
1 : I . : :
ND (X) = NE L X = . is dominated, even though it cannot be written

as a convex combination of functionals X \ {x}.

Conjecture F.60 (Characterizing when X = ND (X)). Let X C RISl be finite. X =
ND(X) iff | X|<lorVx,x' € X:3c>0:x=cx.

Conjecture F.61 (ND argmax equality implies argmax equality). Let X C RIS

be finite and let r,r’ € RISl If arg MaXyeNp(x) x'r = arg MaXyecNp(x) x'r’, then

argmax,cy X ' T = argmaX,cy X ' r'’.

Lemma F.62 (Invariances of linear functional optimality probability). Let A, B C RIS
be finite.

1. pp,., (A > B) =pp,., (A > (B\ A)).
2. PPuny (A > B) =pp,,, (A > ND (B)) =pp,,, (ND (4) > ND (B)).

3. For any x € RISI, PDuny (A > B) =pp,,, (A—x> B —X).

Proof. Ttem 1:

> = Tr > T .
PDany (A > B) IP’TNDany (1;132(3 r> rt1)1Ea]§<b r> (F.39)
=P..p maxa'r > max ( max b'r, max bTr> (F.40)
ay |\ acA beBNA beB\A
=P, .p (maxaTr > max bTr> (F.41)
any | ‘acA beB\A

= PDny <A > (B\ A)) : (F.42)
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Equation (F.41) holds because maxac4a'r > maxpepnab 't for all r € RISI, and so the

constraint is vacuous.

Item 2:
> = Tr > T .
PDany (A= B) =P p, <r;1€aj<a r> Iglgé(b r) (F.43)
=P..p <max a'r> max bTr> (F.44)
Mo\ acd beND(B)
=P..p ( max a'r> max bTr> (F.45)
Y\ aeND(A) beND(B)
= pp.., (ND (4) > ND (B)) . (F.46)

Equation (F.44) follows because corollary D.16 shows that maxpegb'r = MaXpeND(B) b'r.

Similarly, eq. (F.45) follows because corollary D.16 shows that maxaecsa'r = MaXaeND(A) a'r.
Item 3: For all r € ]R|5|, MmaXac A alr > maxXpe B b'riff x'r+ MmaXac A a'lr > x'r+

maxpep b1 iff maxaeq(a+x)'r > x'r 4+ maxpep(b +2) . O

Proposition F.63 (Additivity of linear functional optimality probability for Deopnt). For
ﬁnZte A’ B g R|S‘7 pDcont (A Z B) = ZaeA pDco'nt ({a} Z B) :

Proof. Let A = {ay,...,a,}. For each i between 1 and n, define the event X; = {r |

T T
a,r > maxpepb'r}.

> = T > T .
PDeone (A= B) =P, p_ . <I'<111€az(a r> Iglé%(b r) (F.47)
=Pp.. [ JXi (F.48)

=1

zzn:(—l)’“—l > P )X (F.49)
k=1

IC{1,...n}, iel
[1=k
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=Y Pp.,,. (Xi) (F.50)
=1

=Y e ({2} > B). (F.51)
acA

Equation (F.49) follows by the inclusion-exclusion formula. Almost all v’ € RIS are
maximized by a unique functional a* by corollary D.13. By the same result, since Deont
is continuous, it assigns probability 0 to r’ which are simultaneously maximized by at
least two functionals. Therefore, all terms k& > 1 in eq. (F.49) must vanish, and eq. (F.50)
follows. O

Lemma F.64 (Positive probability under Doyt implies non-dominated functional). Let
A C RIS| be finite. Letac A. If pp,,,, ({a} = A) >0, then a € ND (A).

Proof. Let a€ A. If a ¢ ND (A), then by lemma D.15,

vreRS :alr = mai‘(amr — Ja*eND(4):a* r=a'r. (F.52)
a’c

a # a* since a ¢ ND (A4). But corollary D.13 shows that continuous Deoyt assign 0
probability to the set of r for which multiple a*, a are optimal. Then pp__,, ({a} ,A) =0,
a contradiction. So we conclude that a € ND (A). O

F.1.8 Non-dominated visit distribution functions

Corollary F.65 (’Fnd(s)’ > 1, with equality iff ’]—"(s)’ =1).

Proof. We show |.7:nd(8)‘ = 1 implies ‘.7-" (s)‘ = 1 by proving the contrapositive. Suppose
|F(s)| = 2, let £,f € F(s), and let v € (0,1) be such that £(y) # f'(y). Then
1 < |F(s,7)|. Apply lemma F.56 to conclude that 1 < ‘ND (.7-"(3,7))‘ = |Fua(s,7)| <
|]:nd(s)
the definition of Fnq(s,y) (definition D.36).

, with the first equality following by lemma D.38, and the second following from

If ‘}' (s)‘ = 1, then the sole visit distribution function is trivially strictly optimal for all
r € RISI at all v € (0,1). Thus |Fua(s)| = 1. O



256

Lemma F.66 (Each reward function has an optimal non-dominated visit distribution).
Letr € RISl and v € [0,1). 3f € arg maXee r(q) f(7)"r: f € Fuals).

Proof. Apply lemma D.15 with X = F(s,7). O

Corollary F.67 (Strict visitation optimality is sufficient for non-domination). Let y €

[0,1) and let s,s" € S. At least one element of {arg maXee r(s) f(y)Tes/} is non-dominated.
Proof. Apply lemma F.66 to the reward function ey . O

Remark. Corollary F.67 implies that if s’ is reachable with positive probability from
s, then there is at least one non-dominated visit distribution function which assigns s’

positive visitation frequency. In this sense, F,q(s) “covers” the states reachable from s.

Definition F.68 (Surely reachable children). The surely reachable children of s are
Chgure (s) == {s'| Ja: T (s,a) = ey }. Note that determinism implies that Ch(s) =
Chsure ().

Corollary F.69 (Minimum number of non-dominated visit distribution functions). Sup-
pose f1,... fr € F(s) place strictly greater visitation frequency on some corresponding
states $1,...,sk than do other visitation distributions. Then fi,... £ € Fnq(s) and
|]:nd(s)‘ > k. In particular, fnd(s)| > ‘C’hsum (s)|-

Proof. f1,...,f;, € Fua(s) by corollary F.67. ‘fnd(s)’ > ‘Chsure (s)‘ because each
s € Chgyre (s) must have at least one visitation frequency-maximizing visit distribu-
tion function f € Frq(s). O

Corollary F.70 (When |F(s)| <2, F(s) = Fna(s))-
Proof. F(s) = Fna(s) trivially when !.7:(5)| = 1. When !]—"(s)! = 2, each visitation

distribution must visit at least one state with strictly greater frequency than does the

other visitation distribution; apply corollary F.69. O
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Lemma F.71 (Initial-state non-domination implies non-dom. at visited states). If f™* €
Fnd(s) is strictly optimal for reward function R at discount rate vy and £™°(y)Tey >0,
then £ € Fra(s').

Proof. Because f™*(y)Tey > 0, m can induce some trajectory prefix (s,s1,...5,_1,5")

with positive probability. By definition 5.3,

s1~T(s,m(s)) §'~T(Sp—1,m

() =es+v E  les +... 4+ E [f”’ (7)] . (F53)
(sn—1))

Since f7 is the strictly optimal visit distribution from state s for reward function R at
discount rate v, eq. (F.53) shows that 7 must in particular induce a strictly optimal visit
distribution for R at v starting from state s’. If not, another visit distribution would

induce optimality starting from s’, contradicting the strict optimality of f™. O

Corollary F.72 (Domination at visited state implies domination at initial state). If £7s’

fTI',ST

is dominated at ', then either £™° is dominated at s or ey = 0.

Proof. This statement is the contrapositive of lemma F.71. O

Lemma F.73 (Dominated child state distributions induce dominated visit distributions).
Let action a induce a dominated child state distribution d == T'(s1,a) at state si, and let
s be the initial state. If a policy ™ has w(s1) = a and f™(y)Tes, # 0, then 7 induces a
dominated visit distribution £© € F(s) \ Fna(s).

Proof. By lemma F.8, ™1 € F(s1) \ Faa(s1). Since f™(7) e, # 0, £™ € F(s) \ Fua(s)
by corollary F.72. O

The following extends lemma F.75 to account for non-domination.

Kulkarni et al. [44] learn to estimate Succ(s,a) = Eg p(sq) [f”’s/ (’y)} in order to infer
state-space bottlenecks. We prove that bottlenecks “factorize” state visit distribution

functions.
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RN
G{; “ *<:'>®

Figure F.8: Informally, lemma F.75 shows that a bottleneck at s" “factorizes” F(s |
7(s') = a1) into combinations of “what happens before acting at the bottleneck” and “what
happens after acting at the bottleneck.” In this rewardless MDP, s — s’ 25 REACH (5 al).
Therefore, }.7-" } = 9: each of the three red “prefix” visit distribution functions (induced
before reaching s’) can combine with the three green “suffix” visit distribution functions
(induced after reaching s').

Definition F.74 (State-space bottleneck). Starting from s, state s’ is a bottleneck for
X C § via action a when state s can reach the states of X with positive probability, but
only by taking actions equivalent to a at state s’. We write this as s — s’ — X.

Lemma F.75 (F(s) “factorizes” across bottlenecks). Suppose V1 < i < k : s —
s % REACH (s’,ai). Then let 1yeqen, = Zle Zs]eREACH(s i) ©s; and Ly = 1 —
Lyeach (where 1 € RIS! 45 the all—ones vector). Let FY,, = {f”’ O Lyest | € H} (with
©® the Hadamard product), F. resmz = {0 Lyeo | T €M 7w(s') =y a;}, and FL =
{]ES%_NT(S/M) [f™%i] | 7 € H}. In the following, v is left variable on [0,1).

]:(S | ﬂ'(Sl) = CLZ') = {frest(')/) + (1 - 1 - Hfrest H ) | frest € Ffest,apfai € ng}
(F.54)

Proof. Keep in mind that in order to detail how state-space bottlenecks affect the structure

of visit distribution functions, we hold ~ variable on [0, 1).

F(s | m(s") = ai) (
={f"|rell:n(s) = a;} (
={f"|rell:n(s) =y a;} (F.57
= {£7°(7) ® (Lrest + Lyeacn) | ™ € IL: 7(s') =4 a;} (
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{7 0) © L+ (1= (1 =) J7°0) © Lo,) £0) [ 7 € T () = i

(F.59)
= {frest('Y) + (1 —(1-7) Hfrest('Y)H1> £, (7) | frest € Frl:sst,aia fo, € Fgl} (F.60)
—{Bs) (1= 0= ) [ D) )| o € Pl € F2 p (F)

Equation (F.57) holds because by the definition of action equivalence (definition 5.23),
equivalent actions induce identical state visit distribution functions f™*. Equation (F.58)
follows since Lyest + Lyeach = 1. To see that eq. (F.59) follows, consider first that once
the agent takes an action equivalent to a; at state s’, it induces state visit distribution
£7 () € F? () (by the definition of F? ). Since the bottleneck assumption ensures that no
other components of £7° visit the states of UleREACH (s’, ai), £ () O Treach = (V)] (7)

for some scaling function ¢ € RIOD.

el = 7= (F.62)

() © Lot + e ()], = 725 (F.63)
1£7°(7) © Lyest ), + HC(V)fOZ (W)H1 = 1_17 (F.64)
ol = ez, (52 - I o Ll ) 9

lc(y)| = (1 =) (1_17 —|f* () ® IlrestH1> (F.66)

c(7) =1= 1 =) [[f"°(7) © Lyest]]; - (F.67)

Equation (F.62) and eq. (F.66) follow by proposition D.8 item 2. Equation (F.64) follows
because frest(7), f7.(7) = 0. In eq. (F.67),
negative, f™%(y) would contain negative entries (which is impossible by proposition D.8
item 1). Equation (F.67) demonstrates that eq. (F.59) holds.

c(w)‘ = ¢(7y) must hold because if ¢() were

To see that eq. (F.60) holds, consider that policy choices on REACH (s’ , ai) cannot affect the
visit distribution function f™%() ® lyes. This is because the definition of REACH (s’ , ai)
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ensures that once the agent reaches REACH (S’ , ai), it never leaves. Therefore, for all
m, " € II which only disagree on s; € REACH (s’,ai), £ () © Lyest = f’T"S(W) ® Dyest-
This implies that any ™ € F? is compatible with any f™ € F° .. Therefore, eq. (F.60)
holds.

Lastly, we show that Frzst’ai = Frzst’al, which shows that eq. (F.61) holds. In the following,

let d(v) =1 = (1 =) [[f75(7) © Lrest |-

Flast.a, F.68)
= {7 O Lyest | 7 €L 7(s) =4 a;} (F.69)
~{(70) © b+ AL 0) © b [ mEWin) 2] (@70
= {(F(1) © Luest + AT (1)) © Tyest | 7 € T2 7(5') = 0} (F.71)
= {7 (1) © Lot + AL (7)) © Tyest | m € M 7(s) = a1 | (F.72)
={f™ O Liest | T € :7(s') =5 a1} (F.73)
= Flgar (F.74)

Equation (F.70) and eq. (F.73) follow by eq. (F.59) above. Equation (F.71) follows
because by the definition of 1,es¢ and of f € F(Z? S Fé’l, we have d(7)f] (7) © Trest =
d(VE7 (7) © Liest = O (the all-zeros vector in RIS, Equation (F.72) follows because the
definition of REACH (s' , ai) ensures that once the agent takes actions equivalent to a; at
s', it only visits states s; € Uf’}leEACH (s’, a;). The same is true for a;. Therefore, by
the definition of 1 egt, £™%(7) ® Lyest is invariant to the choice of action a; versus a;. We

conclude that eq. (F.61) holds, which proves the desired equality. O

Definition F.76 (Non-dominated single-state F restriction). Fnq(s | m(s') = a) = F(s |
7(s') = a) N Fpa(s).

Conjecture F.77 (F,q factorizes across state bottlenecks). In the following, ~ is left
variable on [0,1). Suppose that starting from s, state s’ is a bottleneck for REACH (s’, ai)
via actions {a;}, for 1 <i < k. Then let 1 each == Zle ZSjGREACH(S,M)
1 — Lieach (where 1 € RISI is the all-ones vector). Let F_, : {fms O Lyest | 7 € H} (with

rest *—

€s; and Tyegt ==



261

©® the Hadamard product), Fresta = {f™ O Legt | T €L : 7(s') =4 a;}, and FY =
{Baprisran [F7505] | w € T},

L F(5) = (Pl \ P, ) U (Vi Fs | 7(5) = ).
2. Fua(s| m(s") =a;) C

{frest(y) + (1 — (1 =) |[frest ]|, ) ) | fa, € ND (F ) frest € ND (Fr”est al)}.
3. Faa(s | 7(s') = a;) C
{frest(y) ¥ (1 — (1 =) |[frest )], ) ) | fa, € ND (F ) st € ND (Fﬁ%t al) }
4. Foa(s | 7(s') = a;) =
{frest(y) + (1 — (1= ) || frest )Hl) £, | f., € ND (Fg) frest € ND (Fr’;st al) }
5. Faa(s) = ND (Flag \ Fli o, ) U

{frestm + (1= =) st M) £ | £ar € ULy ND (FL ) frest € ND (Flg, al)} .

Partial proof sketch. Item 1.

F(s)
= U Fud(s | m(s") = a) (F.75)
acA
k
— U .7:(5 \ 7'r(5’) — a) U (U ]—"(S ‘ 7'['(8/) = ai)) (F.76)
a€A: i=1
Vi:a;‘éslai

a€A:
Vi:a;‘éslai

k
= U {7 | 7 €1l =a} [ U (U F(s|m(s) = ai)) (F.77)
1=1

k
= U {£7° ® Lyest | T €11 : =a} [ U (U F(s|n(s) = ai)) (F.78)

acA: =1
Viia# g a;
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(P (arnn) ) (U6 2 =) )
i=1

k
= (Frbest \ Frbest,al) U U ‘F(S ’ ﬂ-(sl) = ai) . (F80)
=1

By the bottleneck assumption, s can only reach the states of UleREACH (s' , ai) by taking
actions equivalent to some a; at state s’. Therefore, eq. (F.78) holds by the definition
of Iest. Equation (F.79) holds by the definition of F%  and F? Equation (F.80)

est rest,a;*
because eq. (F.74) showed that Vi : Frbest’ai = Frbesw .- We have now shown item 1.

Item 2. Let £ € Foq(s | m(s’) = a;) be strictly optimal for r at discount rate v* € (0,1).
By lemma F.75, for some fieqt € Ffest,al,fai € F(fi, f= frest(v)nL(l —(1-7) Hfrest(v)Hl) £, (7).

Suppose that f,, ¢ ND <F£Z> Then there exists another f; € F? for which f,,(y*)'r >

Consider ' = freqt (7) + (1 —(1—7) Hfrest(y)Hl) f,,(7). By item 1, f' € F(s). However,
since f,,(y*)'r > £, (v*)'r, £(7*)"'r > £(y*) 'r. This contradicts the assumed strict
optimality of f. Therefore, f,, € ND (Fg@) (in particular, f,, (7*) € ND (ng (7*))) O

Conjecture F.78 (Action-restricted visit distribution function similarity requires action
similarity). If s can reach s’ with positive probability and Fyq(s | w(s") = a’) is similar to
a subset of F(s | m(s’) = a) via state permutation ¢, then PyT(s',a") = T(s, a).

F.1.9 Properties of optimality support
Definition F.79 (Optimality support). Let A, B C RIS be finite.

A> B) = RIS Tr> b'rb. F.81
owp (42 1) = {r € B | e’ e 2 b e )

We sometimes abuse notation by replacing the set A with a vector a, as in: supp (a > B).

supp (£(v) > F(s,7)) represents the set of reward functions for which f(v) is optimal
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at state s. supp (f(y) = F(s,7)) can be calculated by solving the relevant system of

right
down: ; ;

| F(s)| — 1 inequalities.

Figure F.9: A simple environment where it’s easy to derive which reward functions make
a trajectory optimal.

For example, consider fig. F.9.

fﬂ'right Tr Z fﬂ'downTr

R(Sl) + 71]%_(6;) > R(S1) + ’YlR_(S’;;)’

so R(s2) > R(s3).

Definition F.80 (Topological boundary). bd(X) is the topological boundary of set X,

equal to X’s closure minus its interior (Int(X)).
Remark. Unless otherwise stated, assume Rl is endowed with the standard topology.

Lemma F.81 (A topological lemma). Let X C RISI and suppose S is such that SN Int(X)
is convex and has no interior. If s € S NInt(X), then 30 € (0,1), 21,22 € Int(X) \ S :
s =0x1 + (1 —0)xs.

Proof. Since S has no interior, its restriction to Int(X) must equal a convex subset of
some (|S| — 1)-dimensional hyperplane intersect Int(X). Let x be a unit-length vector
orthogonal to this hyperplane. Since R € Int(X), there exists € > 0 small enough such
that R + ex, R — ex € Int(X). Because x is perpendicular to the hyperplane, neither of
these points belong to S. R = .5(R + ex) + .5(R — ex). O

1

Vb owna (8,7) can  sometimes be computed analytically. The PowgeR and optimal-
ity probability in small deterministic MDPs can be computed using Mathematica code at
https://github.com /loganriggs /Optimal-Policies-Tend-To-Seek-Power.


https://github.com/loganriggs/Optimal-Policies-Tend-To-Seek-Power
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Lemma F.82 (Topological properties of optimality support). Let £,f € F(s) and
v € (0,1).

1. bd(supp (f(7) > F(s,7))) C supp (£(v) > F(s,7)), with equality iff f is dominated.

2. Iff # £ are both optimal for R at discount ratey, then R € bd(supp (£(v) > F(s,7)))N
bd(supp (£'(7) > F(s,7)))-

Proof. Ttem 1: bd(supp (f(v) > F(s,7))) C supp (f(7) > F(s,7)) because optimality
support is closed by lemma F.42. If equality holds, supp (f(v) > F(s,7)) has no interior,
and f is therefore dominated by proposition F.151. Similarly, if f is dominated, then
proposition F.151 dictates that supp (f(’Y) > F(s, 'y)) has no interior and thus equals its

boundary.

Item 2: by lemma F.106, almost no reward functions have multiple optimal visit distribu-
tions, and so f and f’ cannot both be optimal in an open neighborhood of R. Thus, R must
lie on at least one boundary: R € bd(supp (£(v) > F(s,7)))Ubd(supp (f'() > F(s,7))).

Suppose R € Int(supp (f('y) > F(s, 7))) Then f is optimal in an open neighborhood N
around R and R € bd(supp (f'(y) > F(s,7))) by the above reasoning. By lemma F.106,
f must be uniquely (and therefore strictly) optimal for almost all reward functions in N.
Furthermore, supp (f/(y) > F(s,7)) has no interior and is convex (by lemma F.42), so
by lemma F.81, R € supp (f'(v) > F(s,7)) N Int(supp (£(7) > F(s,7))) can be written
as the convex combination of reward functions for which f is optimal but f’ is not. But
corollary F.35 shows that convex combination of reward functions preserves optimal policy
sets, and so ' cannot be optimal for R, a contradiction. So R ¢ Int(supp (f(’y) > F(s, ’y)))7
and so R € bd(supp (f(7) > F(s,7))) N bd(supp (f'(v) > F(s,7))). O

Theorem F.83 (If a dominated visit distribution is optimal, so are at least two non-dom-
inated visit distributions). Suppose f5 € F(s) \ Fna(s) is optimal for reward function R
at discount rate v € (0,1). Then there exist distinct f1,fs € Fnq(s) which are also optimal
for R at ~.

Proof. If £; were optimal for R at -, then some non-dominated f; must also be optimal
by corollary F.65. R € bd(supp (fz)) N bd(supp (f1)) by lemma F.82(2).
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supp (f;) Usupp (f1) = supp (f1) € RISl by corollary F.69. But

U supp (£(7) > F(s,7)) = RIS
feF(s)

Therefore, since all supp (f) are closed and convex (lemma F.42), there must be at least one
more fy such that supp (f2) has non-empty interior (i.e. fo € Fpq(s) by proposition F.151)
and f is optimal for R. Then R € bd(supp (f;)) N bd(supp (f1)) N bd(supp (f2)). O

Conjecture F.84 (Geometry of dominated optimality support). If £f; € F(s) \ Fna(s)
and f € F,q(s) are both optimal for R at v € (0,1), then supp (f;) C bd(supp (f)).

F.1.10 How geodesics affect visit distribution optimality

Definition F.85 (Geodesic trajectory). In a directed graph, a path between two vertices
is geodesic when it is a shortest path. In deterministic environments, a state trajectory
(80,81, ...) is geodesic when, for all i < j, the trajectory traces a geodesic path between

s; and s;.
Intuitively, non-geodesic trajectories take “detours” (see fig. F.10).

Remark. We refer to a policy or trajectory as “dominated” when the corresponding visit

distribution function is dominated.

Proposition F.86 (In deterministic MDPs, geodesic trajectories induce non-dominated
visit distributions). Suppose the MDP is deterministic and that starting from state so,

policy m induces geodesic trajectory 7™ = (sp, S1,...). £™ € Fna(so).

Proof. Since the MDP is deterministic and the state space is finite, 77 visits a finite number
of states sg,...,s,. Consider reward function R such that Vi < k: R(s;) == %; for all
states s’ not visited by 77, R(s’) := 0. Because 77 is geodesic, f7 is strictly greedily
optimal for R. Since optimal value changes continuously with ~, f7 is also strictly optimal
for some v ~ 0. Then f™ € F4(s0)- O

Corollary F.87 (In deterministic MDPs, dominated trajectories are not geodesic).
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Conversely, fig. F.10 shows that non-dominated visit distribution functions need not be

Figure F.10: ‘]:nd(s())| = 2, even though one of the visit distribution functions is not
geodesic because it induces state trajectory (so, s1, S2, 52, . ..).

geodesic.

Conjecture F.88 (Geodesics in stochastic environments). Proposition F.86 can be

generalized in some form to stochastic MDPs.

F.1.11 Number of visit distribution functions

Since F(s) only contains the visit distribution functions induced by deterministic stationary

policies, fig. F.11 shows that s3 being able to reach s; doesn’t imply that ‘]—"(53)‘ >

O o
D—0—0O
Figure F.11: |F (51)’ =8>7=|F (53)’. In particular, considering only deterministic

stationary policies, s; can reach s, via two different trajectories: (s1, $2, $3, 54, 54, ...) and
(s1,83,54,54,...). However, s3 can only reach s, in one way.

Lemma F.89 (Maximum number of visit distribution functions (deterministic)). Suppose
the MDP 1is deterministic. For all s, |}_(s)| < 2]8:'1]8?:3:, with equality iff Vs’ :
Ch(s') =S.

Proof. First assume Vs’ : Ch (s' ) = §. We count how many trajectories can be induced
by deterministic stationary policies, starting from state s. Any trajectory visits at least

1 and at most |S| states. Since order matters, a j-state trajectory can be chosen in
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7 !("j.') = % ways. However, we must always begin the trajectory at s, so divide by

|S| possible starting states.

Since § is finite, the policy is stationary and deterministic, and the MDP is deterministic,

each trajectory must have a cycle by the pigeonhole principle. For any li(st of )7 states,
Is| . (IS|-1)!
R (T
trajectories starting from state s. Two different trajectories induce different visitation

there are j locations at which the cycle can begin. Then there are ) viable

distribution power series on v (definition 5.3), and so different trajectories correspond to

different visitation distribution functions.

Given Vs’ : Ch (s') = S, we showed that |F(s)| = ZLS:NE';_B: If 3¢, s" : 5" ¢ Ch (),

this rules out trajectories containing an s’ — s” transition. Therefore, we have |F(s)| <

ZIJSZI]?ZB" in general, with equality iff Vs’ : Ch (s') = S.

O

Remark. When Vs’ : Ch (s/ ) = &, the non-dominated trajectories are the ones that
immediately navigate to a state and stay there: Vs : [Fna(s)| = |S|. However, fig. F.12

demonstrates an MDP containing a state s for which |Fpq(s)| > |S].

/@\

O—0O

Figure F.12: Vs : | Foa(s)| =4 >3 =S].

Puterman [68] notes that often, multiple policies map to the same visit distribution
function. This is always true in deterministic environments if there is more than one

possible policy.

Theorem F.90 (In deterministic environments, 7 — {7 is non-injective unless | 4| = 1).

Suppose the environment is deterministic. 3s : |F(s)| = [II| iff |A] = 1.

Proof. Suppose |A| > 1. If |S| < |A|, then by determinism, at least two distinct actions
must be equivalent. By the definition of action equivalence (definition 5.23), policies

taking equivalent actions at all states induce the same visit distribution functions, and so

then |F(s)| < [II].
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Suppose |S| > | Al; then |S| > 1. If a cycle can be induced before visiting all states, the
premise is contradicted by modifying the 7 in question in any unvisited states. So starting
from s, let m induce the visitation of all states. Since 2 < |A],|S|, 2 < 2|S| < |A||S]

states can be reached over the course of 7’s state trajectory.

Therefore, by the time the trajectory has traversed 1 < (%W < |S| states, there must
exist an action returning to a state which has already been visited. Modify 7 to take
that action, and a cycle is formed before all states are visited. Since 2 < |A| and the
induced visit distribution function is not affected by the action taken at the unvisited

state, there are at least two policies which induce the same visit distribution function. So
|f (s)| < |Mj.

Suppose |A| = 1. By the definition of F(s) (definition 5.3), Vs : ’]—"(s) <
Vs:1 < |F(s)| by lemma F.1. O

in
=
BS
&
|
—

Theorem F.90 does not hold for stochastic environments.

Conjecture F.91 (Sufficient condition for }]:(3)} = |II]). If Vs : |T(s)‘ = |A] and
Vs,s' € S,d € T(s):d ey >0, Vs : | F(s)| = |45 = |S].

Lemma F.92 (|F| bounds).

S|
L<|Fe| < I 176so] < T ITeso)] < 141 =y,
=1

s;€REACH(s)

Proof. Vs :1 < }]: (s)} by lemma F.1. By the definition of visit distribution functions
(definition 5.3), policy choices at unreachable states cannot affect the induced visit
distribution function, so |F(s)| < I 15 erpacn(s) T (s3)|. |T(si)| < |A| by the definition of
child state distributions (definition F.5). |.A|‘$| = |TI| because II is the set of deterministic

stationary policies. O

By theorem F.90, if | 4] > 1, then ‘]—'(s)‘ < |II] and so at least one of the intermediate

inequalities must be strict. Figure F.13 demonstrates example cases.
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/O\O @4_

12, 7(s3)| < Im|
s; reach. froms| Sq
Figure F.13: Suppose |A] = 2 in both cases. a: ‘]: ‘ -6 < 8 —
S
crenens | TG0 = T2 T(s)| = M. br |F)| = 2 = [, crmenc) |T(0)] =

12 | T(s)| < 11| = 16.

F.1.12 Variation distance of visit distributions in deterministic envi-

ronments

Lemma F.93 (When v = 0, the visit distributions of different states have 1 total
variation). Let £ € F(s),f' € F(s'). TV (£(0),£(0)) = Ly

Proof. TV (£(0),£/(0)) = TV (es, ex) = Toss. s
1 0
" 0
~2 O—>O_'O_’6> 0
2 L
1—y 1—y

Figure F.14: Visit distribution functions f™ induced at different states along a path.

Lemma F.94 (Total variation along a graphical path). Let v € (0,1). Suppose that ©

travels a deterministic path from s1,...,se+1 and that m will not visit sy again.
TV (17 (), £7%0 () = 0 (F.52)
, T .
Proof. Since the path is deterministic, m never revisits any state in si,..., sy, since
otherwise  would visit s, again. By definition 5.3, V1 <4 < £+ 1 : fI% (y) — f5, " () =
~#=1: each s; “loses” *~! visitation frequency. Since all visitation distributions f have
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Hf (’y)Hl = ﬁ, the total visitation frequency thus “lost” equals the total visitation

frequency gained by other states (and therefore the total variation; see fig. F.14). Then
T T /—1 ) 1— U

TV (£7°1 (7). £+ (7)) = 33507 = 7% -

Question F.95 (In stochastic environments, what general principles govern total variation

among a policy’s visit distributions?).

Figure F.15 demonstrates how travelling along a deterministic cycle causes less total

variation in the visit distributions.

1 ,‘/AfﬁjJrl

A,' Sl reeerreeans SJ+1 ’7’/'.7.]'4»2
~J—2 / ‘\ ~k—1

) 51 5 /
A1 J )
W \ j Y

59 wreeenanens 5/7|
’)/k_l /}/k_]

Figure F.15: Visitation distributions £™°! () and ™% . Total variation is maximized at
diametrically opposite states in the cycle. Factors of ﬁ left out to avoid clutter.

Lemma F.96 (Total variation along a graphical cycle). Let v € (0,1) and suppose that

starting from state si, m induces a deterministic k-cycle (k> 1).

k

k
1—~2 1—~2
Y < Y

max TV (f7°%1 (), f% (y)) < . F.83
max (£ (), £7% (7)) G015 ST, (F.83)
Proof.
j—1
TV (£ (7),£7% (7)) = Y 7' =" (F.84)
i=0
1—n7 1 -~k
B ke O ks (F.85)
1—7 1—7
1 ~d o~k ki
_ e e . (F.86)

(T =1 =A%)
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Equation (F.84) can be verified by inspection of fig. F.15. Setting the derivative with

respect to 7 to 0, we solve

0= —f +F (F.87)

j==. (F.88)

Equation (F.88) follows because v € (0,1). Solving via the derivative is justified because
the function is strictly concave on j € [0, k] by the second-order test and the fact that
~v € (0,1). If k is even, we are done. If k is odd, then we need an integer solution. Plugging

Jj= L%J and [%] into eq. (F.85) yields the same maximal result.

Therefore, in the odd case, both inequalities in the theorem statement are strict. In the

even case, the first inequality is an equality. O

Proposition F.97 (Lower bound for total variation of a policy’s visit distributions in

deterministic environments). Suppose the environment is deterministic. For any w € 11,
if s#s, TV (f”’s(fy),f”’s/(fy)> > ﬁ > 1

Proof. If w follows a path, it does so for at least 1 state. Plugging in £ = 1 to lemma F.94
results in TV (f”’s('y), £ ('y)) = 1. If 7 follows a k-cycle (k > 1), it does so for at least

one step. Then j =1,k = 2 for lemma F.96, in which case TV (f’“s(v), £’ (7)) = ﬁ <

1. O
F.2 Optimal value function theory

Lemma F.98 (Optimal value is piecewise rational on 7). V3 (s,7) is piecewise rational

on .

Proof. By lemma D.40, the optimal visit distribution changes a finite number of times for
v € [0,1). Corollary D.10 implies V}; (s, ) is rational on each non-degenerate subinterval

where the optimal visit distribution set is constant. O

Lemma F.99 (V}; (s,7) is piecewise linear on R).
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Proof. Vi(s,7) = maxecr(s) f(y)"r takes the maximum over a finite set of fixed |S|-
dimensional linear functionals. Therefore, the maximum is piecewise linear with respect

to R. ]

Lemma F.99 shows that optimal value is piecewise linear in the reward function. In
unpublished work, Jacob Stavrianos showed that optimal value is globally sublinear in

the reward function:

Lemma F.100 (Optimal value is sublinear in the reward function). Let Ry, Ry be reward
functions and let v € [0,1).

1. Letr > 0. Vi (s,7) =7V5 (s,7).

2 Vii4r, (5,7) S Vg, (5,7) + Vg, (5,7)-

Proof. Vg, (s,7) = maxger(s) £(7) T (rr1) = rmaxec p(s) £(7) "1 = 7V, (s,7).

For the second condition, we check that

V]§1+R2 (87 7) = ern]f_i();) f(’Y)T(I‘l + 1‘2) (F89)
< £(v)'r1 + ()" F.90

- flrgg}({s) ) r f;él%é) (7) " r2 ( )

= Vg, (5,7) + Vg, (s,7). (F.91)

]

Corollary F.101 (Optimal value is concave in the reward function).

Proof. Optimal value is sublinear in the reward function by lemma F.100; sublinearity is

a sufficient condition for concavity. O

Lemma F.102 (Optimal value is monotonically increasing in the reward function). Let
s€S8,7€(0,1), and suppose Vs' € S : Ry(s') > Ra(s'). Then Vi (s,7) = Vi, (5,7)-
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Proof. Let fy € argmaxge r(,) £(v) Tra.

Vi (5,7) = max £(7)"'r1 (F.92)
> £5(v) 11 (F.93)
> f5(7) "1 (F.94)
=V, (5,7)- (F.95)

Equation (F.94) follows by the assumed component-wise domination r; = rs. Equa-
tion (F.95) follows by the definition of f5. O

Theorem F.103 (Reward functions map injectively to optimal value functions). Vv €
[0,1), R V3(-,7) is injective.

Proof. Given V}; (-,7) and the rewardless MDP, deduce an optimal policy 7* for R by
choosing a V7 (-, y)-greedy action for each state.

Vi () = R+~T™ V}, (F.96)
(I - 'yT”*) Vi () = R. (F.97)

If two reward functions have the same optimal value function, then they have the same

optimal policies. Then eq. (F.97) shows that the reward functions must be identical. [

Scott Emmons provided the proof sketch for theorem F.103.

Lemma F.104 (Linear independence of a policy’s visit distributions). At any fized
v €10,1), the elements of {£™°(v) | s € S} are linearly independent.

Proof. Consider the all-zero optimal value function with optimal policy 7*. Theorem F.103

implies the following homogeneous system of equations has a unique solution for r:

£ (y) T =0



274

£781s1 () Tr = 0.

Therefore, 7* induces linearly independent f. But r must be the all-zero reward function

or which all policies are optimal), so the f™° are independent for any policy .
fi hich all polici timal he £™° ind dent f li O

Lemma F.105 (Two distinct visit distributions differ in expected optimal value for
almost all reward functions). Let v € (0,1), and let A, A" € A(S). If A # A/,

P (5, ViG] = 5, [V (4] ) =o. (F.95)

Proof. Let R € supp(Deont) and 7 € II* (R,v). By lemma F.104, Ea [f”*vs} =
En [f”*vs'} iff A = A’. Therefore, Ea [f”*vs] £ Ep [f”} Trivially, Ea [V} (s,7)] =
T ! T * * o/
Enr [Vg (s’,y)} iff Ea [f”*vs] r = Ea [fﬂ*vﬂ r. Since Ea [f“ ] £ Ep [f” }
lemma D.12 implies that the equality holds with 0 probability under Dcopt. O

No f is suboptimal for all reward functions: every visit distribution is optimal for a
constant reward function. However, for any given ~, almost every reward function has a

unique optimal visit distribution at each state.

Lemma F.106 (Optimal visit distributions are almost always unique). Let s be any state.

For any v € (0,1), {r such that ‘arg maXee r(s) f(y)r| > 1} has measure zero under any

continuous reward function distribution.

Proof. Let R be a reward function and let s be a state at which there is more than one
optimal visit distribution for R at discount rate . Since R has more than one optimal visit
distribution, there must exist a state s’ reachable with positive probability from s such
that actions a,a’ are both optimal at s, where a #Z¢ a’. Then Egr p(s o) {Vé (s, ’y)] =
Egrr(s ) [Vis(s”,7)]-

By lemma F.105, since T'(s',a) # T(s',a’), this equation holds with probability 0 for

reward functions drawn from any continuous reward function distribution. O
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F.2.1 Discovering the true reward function

Definition F.107 (Value of reward information). Let Dyoung have mean reward function
R. For state s and v € [0,1), VOIp(Dpound) = Voo (s,7) — Vi (s,7)-

Question F.108 (In what situations is VOIp(s, ) small?).

Proposition F.109 (Value of reward information is non-negative). For state s and
AS [0, 1), VOID(Dbound) > 0.

Proof.
Vi (8,7) = max VE(s,7) (F.99)
=max  E [VE(s,7)] (F.100)
< RNDEgound [mﬁx Vi (s, 7)} (F.101)
=V (s,7). (F.102)

The result follows since VOIp(Drpound) = V5, (8,7)— V3 (s,7) by definition F.107. [

F.3 MDP Structure

Knowing the visit distribution functions for each state provides an enormous amount of
information about the MDP. As vy — 0, the local dynamics are revealed (lemma F.9).
As v — 1, the renormalized visit distributions (1 — v)f(«y) limit to the recurrent state
distributions which can be induced from state s: RSD (s) (definition 5.26).

As it turns out, F encodes the entire MDP (corollary F.114). First, we recap all of our

visit distribution notation in table F.1.

Definition F.110 (Visitation function isomorphism). Let M := (S, A, T,~) and M’ :=
(8§, A", T',9") be two rewardless MDPs. M =z M’ (read “M and M’ have isomorphic
visitation functions”) when there exists a bijection ¢ : S — &’ (with corresponding
permutation matrix P) satisfying Vs € S : Fppr (¢(s)) = ¢ - Fu(s).
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Notation Meaning

Visit distribution function f™* Definition 5.3: The discounted state visit distribution
function induced by following policy 7 starting from
state 5. A function from v € [0,1) to RIS, 7 and s
are often left implicit.
Visit distribution f™*(y) Definition 5.3: f™*® evaluated at discount rate +.
£ ()], = ﬁ 7 and s are often left implicit.
F(s) Definition 5.3: {f™* | 7 € II}.
F(s,7) Definition D.36: {f(y) | f € F(s)}.
Fnd(s) Definition 5.6: The elements of F(s) which are
strictly optimal for some reward function r € RIS
and discount rate v € (0, 1).
Fud(s,7) Definition D.36: {f(7) | f € Fna(s)}.
Fud(s | w(s") =a) Definition 5.4: The elements of F,,4(s) whose policies
take action a at state s'.
Fuda(s | 7*,S) Definition F.158: The elements of F,4(s) whose poli-
cies agree with 7* on the states in S C S.

FHD(5)  Definition F.49: {fms B HHD}.

Table F.1: Summary of visit distribution notation.

This isomorphism is invariant to state representation, state labelling, action labelling, and
the addition of superfluous actions (a such that Vs : 3a’ # a: T(s,a) = T(s,a’)).

Definition F.111 (Directed graph of a deterministic MDP). The directed graph of a
deterministic MDP is a directed graph with a vertex for each state such that there is an

arrow from vertex s to vertex s’ iff s € Ch (s).

Directed graphs are deterministic special cases of so-called MDP models [68]. We introduce
the following definition; when the dynamics are deterministic, it reduces to the standard

directed graph isomorphism.

Definition F.112 (Stochastic model isomorphism). ¢ is a stochastic model isomorphism
between rewardless MDPs M, M’ when ¢ is a bijection ¢ : S — &’ is such that for all s € S,
{PyT(s,a)|ac A} = {T'(¢(s),d') | a’ € A'}. We then say that M =, M’, which is

read as read “M and M’ have isomorphic transitions”.
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Theorem F.113 (Xr is equivalent to transition isomorphism). M =z M’ via bijection
¢ iff M =, M’

Proof. Forward direction: let s € S.

{T'(¢(s),d) | ' € A} = { lim YHET P () —eys)) | T € H’} (F.103)
~{Potiyy () e [ m el (.104)
={PyI'(s,a) [a € A}. (F.105)

Equation (F.104) follows because M =z M’'. Then M =4 M’

Suppose instead that M =, M’. Let 7 € II be a policy in M. Let #’ be such that for
all s € S: 7’ satisfies T'(¢(s), 7'(¢(s))) = PyT'(s,7(s)); such actions exist because we
assumed that M =, M’. Then by repeated application of lemma F.9, £7:0(s) — P,f?
for all s € S. Since 7 was arbitrary, M =z M’ via ¢. O

Corollary F.114 (Visit distribution functions encode MDPs). Given the function F, the

generating dynamics can be reconstructed up to transition isomorphism.
Proof. Given F, for each state s, deduce T'(s) = {limy_0y ' (f5(7) —e;) | f € F(s)}. O

In deterministic environments, the dynamics are encoded (up to transition isomorphism)

by the visit distributions at a single v € (0, 1).

Theorem F.115 (Visit distributions encode rewardless deterministic MDPs). Given the
function F(-,) generated by a deterministic rewardless MDP, the generating dynamics

can be reconstructed up to transition isomorphism.

Proof. Since Vs € S,f() € F(s,7) : Hf(’y)”l = ﬁ (by proposition D.8) and f(v) € RIS|,
we can deduce v and |S|. Let 8’ := {1,...,|S|}. Using lemma F.9, deduce the children
Ch(s) of each state s. Define A := {1,..., max, }C’h(s)’}. Construct a transition
function T” using Ch (s); if |A| > |Ch (s)| for some state s, map the redundant actions
to any element of Ch (s).
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Let M’ = (S, A", T',~). By construction, M and M’ are transition isomorphic. O

Conjecture F.116 (Theorem F.115 holds in stochastic environments).

Theorem F.117 (Optimal value functions encode rewardless deterministic MDPs). Given
the optimal value function/reward function pairs of a rewardless deterministic MDP M,

M can be reconstructed up to F-isomorphism.

Proof. Suppose that for rewardless MDP M, we are given {(R, Vi (7)) | R €0, 1]"9'}
for fixed 7. Let &' := {1, ..., |domain of R|} for any reward function R.

For each s, we determine if it can reach itself. Let Rs be the indicator reward function on
state s. s can reach itself iff Vi (s,7) > 1. Because the MDP is finite, at least one state s

must be able to reach itself.

If other states s’ also have V3 (s',7) > 0, consider spre € argmaxycg\ s} Vi, (5',7) Spre
. Vi, (5,7)

must be able to reach s in one step, so Vi (spre,7) = 7V3,(8,7). Then v = W.

If s is the only state with positive optimal value for Rs, Vi (s,7) > 1 implies that s must

be able to reach itself. Then V3 (s,7) = ﬁ; solve for 7.

The above reasoning explained how to test whether s can reach itself and how to determine
which other states can reach s. This information allows us to construct a transition function
T’, setting the action space A’ to be as large as necessary to accommodate the state with
the most children. Because their directed graphs are isomorphic, (8’ A',~,T") =z M by
theorem F.113. O

Remark. The proof of theorem F.117 shows that deterministic dynamics are fully

determined by |S| optimal value functions (one for each state indicator reward function).

Corollary F.118 (Non-dominated visit distribution functions encode rewardless deter-
ministic MDPs). Suppose the rewardless deterministic MDP M = (S, A, T, ) induces Fyq.

From Foq, M can be reconstructed up to F-isomorphism.

Proof. Restriction to non-dominated distributions leaves optimal value unchanged for all

reward functions. Apply theorem F.117 to recover M up to F-isomorphism. O
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Figure F.16 shows that neither theorem F.117 nor corollary F.118 hold for stochastic
environments. Given known transition dynamics, theorem F.103 guarantees that R
recovered from V3 (-,7), but in the stochastic variant of theorem F.117, we would not

know the transition dynamics a priori.

57

Figure F.16: The bifurcated action a is a stochastic transition, where T'(s1,a,s2) =
p,T(s1,a,s3) =1 —p. For any p € (0,1), a is a dominated action: T(s;,a) € T(s1) \
Tud (s1). Since there is no optimal value function for which it is strictly optimal to take
action a, no optimal value function is affected by the presence of a. This ambiguity does
not arise in deterministic MDPs, since T'(s) = Tyq (s) when the dynamics are deterministic.

Figure F.17 summarizes this section’s results.

Fnd(‘ay)

(S, A, 7, T) > {(Rs,vgs (-,7)) s e s}

Figure F.17: In deterministic MDPs, these three objects contain the same information (up
to transition isomorphism).

Figure F.18 shows that theorem F.117 cannot be proven without knowing which reward
functions generate which optimal value functions (although 7 can still be deduced from

the optimal value functions for all reward functions with reward bounded in [0, 1]).
Question F.119 (In what category of MDPs is 2 an isomorphism?).

Question F.120 (Is 2z natural in the category-theoretic sense?).
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(a) R(s:) =1 (b) R(s1) = .8

Figure F.18: Suppose v = .5 and V} (s1,.5) = 1.5,V (s2,.5) = 1,V (s3,.5) = 1.4.
This optimal value function is compatible with a (where R(s;) = 1) and with b (where

Question F.121 (What properties would =z, , have?).

Conjecture F.122 (Optimality probability and POWER change “continuously” with

respect to transition dynamics).

F.4 Properties of optimal policy shifts

Definition F.123 (Optimal policy shift). R has an optimal policy shift at v € (0,1)
when lim, 4., IT* (R,v_) # II* (R, ~y). Similarly, R has an optimal visit distribution shift

at v and at state s.

Corollary F.124 (One-sided limits exist for IT* (R, ~)). Let L € (0,1) and let R be any
reward function. lim 4z, IT* (R,~y) and lim, 7 II* (R, y) both exist.

Proof. By lemma D.40, IT* (R, ) can take on at most finitely many values for v € (0, 1).
Thus, infinite oscillation cannot occur in either one-sided limit, and so both one-sided

limits exist. O

Corollary F.126 shows that definition F.123 loses no generality by defining optimal policy

shifts with respect to the limit from below.

Lippman [48] showed that two visit distribution functions can trade off optimality status
at most 2 |S| + 1 times. We slightly improve this upper bound. We thank Max Sharnoff

for contributions to lemma F.125.
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Lemma F.125 (Upper bound on optimal visit distribution shifts). For any reward
function R and £,£' € F(s), (£(v) — f’(’y))Tr is either the zero function, or it has at
most 2|S| — 1 roots on v € (0,1).

Proof. Consider two policies 7, 7’. By lemma D.9, (f7 () —f™ (7)) Tr is a rational function
with degree at most 2|S| by the sum rule for fractions. The fundamental theorem of
algebra shows that (f7(v) — £ (7)) Tt is either 0 for all 4 or for at most 2|S| values of
v €10,1). Since £(0) = f'(0) = e, (definition 5.3), one of the roots is at v = 0. O

Corollary F.126 (Lower-limit optimal policy set inequality iff upper-limit inequality).
Let v € (0,1), and IT™ := lim.—4, II* (R, 5~ ) , IIT :=lim+ |, IT* (R,~v"). TI” # II* (R, )
ff T # 11 (R, 7).

Proof. Suppose I1™ # IT* (R, ~) but IT* (R,~) = II'". By lemma F.127, if I~ # IT* (R, ),
then IT- C II* (R,~). Let #* € II* (R,v) \II” and 7~ € II". Since * ¢ II™, there
exists some €; > 0 such that 7* isn’t optimal for all v/ € (v — €1,7]. In particular,
(™ (v') — £ (¥)) 'r < 0 for such /. In particular, (" (v*) — f* (v*)) Tr is not the zero

function on *.

Therefore, lemma F.125 implies that (f™ (y*) — f* (7*))'r has finitely many roots on
v*. But since 7* € IT* (R,~) = IIt, there exists e > 0 such that V¢’ € [y,7 + €2) :
(f™ (/) —£f™ (¥')) 'r = 0. But this would imply that the expression has infinitely many
roots, a contradiction. Therefore, if 11~ # IT* (R, ), then IT* (R, ) # IIT.

The proof of the reverse implication proceeds identically. O

—>Q—>Q—>Q—>Q:)

0 —.25 1 —1 0

Figure F.19: In lemma F.127, II™ can equal II". Let R be the reward function whose
rewards are shown in green. The shortcut is optimal for all v. An optimal policy
shift occurs at v = .5. Since II~ = IIT™ only contain policies which take the shortcut,
I~ UIlt C I* (R, 7).


https://www.wolframalpha.com/input/?i=-.25x+%2B+x%5E2+-+x%5E3
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Lemma F.127 (Optimal policy sets overlap when shifts occur). Let R be a reward
function and vy € (0,1). Let I = lim—, II* (R, ™) , II" := lim_+ ., IT* (R,~"). Then
I~ UIlt C II* (R, ). Furthermore, if R has an optimal policy shift at v, 3s € S:

argmax f(y) ' r| > 2.

feF(s)

Proof. Since an optimal policy shift occurs at v and since V} (s,7) is continuous on
v by lemma F.98, Vr~ € II", 7" € II*,s € S : VI (s,7) = V]f(s,y). Therefore,
I~ Ut CIr* (R,v).

By lemma D.6, for any R € RS, an optimal policy shift occurs at + iff an optimal visit

distribution shift occurs at v for at least one state s. O

To better appreciate how optimal policy sets can be linked to the discount rate, consider
the fact that some rewardless MDPs have no optimal policy shifts. In other words, for any
reward function and for all v € (0,1), greedy policies are optimal, as shown in fig. F.20.
In deterministic environments, optimal policy shifts can occur if and only if the agent can

be made to choose between lesser immediate reward and greater delayed reward.
513 S1 —»82
S 7 0

Nl %03 (Z>:<

(a) (b) (©) (d)

Figure F.20: a and b show reward functions whose optimal policies shift. No shifts occur
in ¢ or d.

Theorem F.128 suggests that the vast majority of deterministic rewardless MDPs allow

optimal policy shifts, as the criterion is easily fulfilled.

Theorem F.128 (Characterization of optimal policy shifts in deterministic rewardless

MDPs). In deterministic environments, there exists a reward function whose optimal action
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at so changes with ~ iff 3s1 € Ch(sp), s} € Ch(so), sh € Ch(s])\ Ch(s1):
sh & Ch(so) V (s1 € Ch(s1) A s} & Ch(s1)) -

Proof. Forward direction. Without loss of generality, suppose the optimal policy set of

some R is shifting for the first time (a finite number of shifts occur by Blackwell [11]).

Starting at state s, let the policies 7, 7’ induce state trajectories spsisg ... and sps)sh .. .,
respectively, with the shift occurring to an optimal policy set containing 7’ at discount
rate v. By the definition of an optimal policy shift at v, V7 (so,7) = Vgl(so, ~v). Because
7 was greedily optimal and 7’ was not, s; # s and R(s1) > R(s}). If Ch(s1) = Ch (s}),
m(so) remains the optimal action at sy and no shift occurs. Without loss of generality,

suppose sh & Ch (s1).

We show the impossibility of — (3’2 ¢ Ch(so) V (s1 € Ch(s1) Asy & Ch (51))) = s, €
Ch(so) A (s1 € Ch(s1)V s} € Ch(s1)), given that n’ becomes optimal at .

§1 —» 52 §1 —» S92
SO e S0 reeee. _
\ 4 \ \ 2\
s) —> 5 §) —> 5y

(a) s € Ch(sg) A s1 € (b) sb, € Ch(sg) Ns}y € Ch(sy)
Oh (51)

Figure F.21: Dotted arrows illustrate the assumptions for each case. Given that there
exists a reward function R whose optimal action at sy changes at -y, neither assumption
can hold. Although not illustrated here, e.g. so = sy or s, = s¢ is consistent with
theorem F.128. We leave the rest of the model blank as we make no further assumptions
about its topology.

Case: s, € Ch(sp) As1 € Ch(sy). For n’ to be optimal, navigating to s; and staying

R(s !
1(,,1},) S VR (8/177)

there cannot be a better policy than following 7’ from sy. Formally,
implies R(s1) < (1 -7V (s1,7) = (1= ) (R(s}) +1VF (s4,7)).

We now construct a policy 75 which strictly improves upon 7. Since s, € Ch (sp),
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Jal, : T(sg,dh, sh) = 1. Let 7} equal 7’ except that 75 (so) := a). Then since R(s]) < R(s1),
V2 (s0,7) > VE (s0,7), contradicting the assumed optimality of 7.

Case: s, € Ch(sg) A sy € Ch(s1). For n’ to be optimal, navigating to s1, then to
sy (made possible by s € Ch(s1)), and then following 7/ cannot be a better policy
than following 7’ from sq. Formally, R(s1) + V7 (s4,7) < VF (s},7). This implies that
R(s1) < (1 —)VE (sh,7) = (1 — ) (R(s’l) +7V§l(s’2,7)). The policy 7/, constructed
above is again a strict improvement over 7’ at discount rate 7, contradicting the assumed

optimality of 7.

Backward direction. Suppose 3s1, s} € Ch(so),sh € Ch(s))\Ch(s1) : sh & Ch(so)V
(s1 € Ch(s1) Asy & Ch(s1)). We show that there exists a reward function R whose
optimal policy at sg changes with ~.

If sb & Ch(so), then s, # s; because s; € Ch(sg). Let R(s1) == .1, R(s}) =1, and 0
elsewhere. Suppose that s; can reach s} in two steps and then stay there indefinitely,
while the state trajectory of ' can only stay in s}, for one time step, after which no
more reward accrues. Even under these impossibly conservative assumptions, an optimal
trajectory shift occurs from spsise... to sosish.... At the latest, the shift occurs at

~v = 0.115, which is a solution of the corresponding equality:

R(s1) + R(sh) = R(s}) + vYR(sh) (F.106)

1—7

— . F.107
S (F.107)

Alternatively, suppose sy = s1, and so m continually accumulates R(s1) = .1. Then there

again exists an optimal policy shift corresponding to a solution to ﬁ = .

By construction, these two scenarios are the only ways in which m might accrue reward,

and so an optimal policy shift occurs for R.

If s, € Ch(sp), then set R(s1) =1, R(s}) = .99, R(s}) :=.9, and 0 elsewhere. Suppose
that s; can reach itself in two steps (the soonest possible, as s; & Ch (s1)), while neither
s} or sh, can reach themselves or s;. The corresponding equation 1_172 =.99+ .94 has a
solution in the open unit interval. Therefore, a shift occurs even under these maximally



https://www.wolframalpha.com/input/?i=.1%2Bx%5E2%2F%281-x%29%3Cx
https://www.wolframalpha.com/input/?i=.1%2F%281-x%29%3Dx
https://www.wolframalpha.com/input/?i=1%2F%281-x%5E2%29%3C.99%2B.9x
https://www.wolframalpha.com/input/?i=1%2F%281-x%5E2%29%3C.99%2B.9x
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conservative assumptions. [l

Conjecture F.129 (If some reward function has optimal policy shifts, then almost all

reward functions have optimal policy shifts).

Proposition F.130 (Sufficient conditions for a reward function not having optimal policy
shifts). Let R € RY.

1. If R assigns reward r to all states, or
2. If the environment is deterministic and R is a state indicator reward function, or

3. If the environment is deterministic and R is assigns reward r1 to states which can

reach themselves and ro to states which cannot reach themselves, or

4. If the environment is deterministic and R is assigns reward r1 to some set of 1-cycle

states and ro to all other states, or

5. If R =mR + b for somem > 0,b € R and R’ € RS which has no optimal policy
shifts,

then R has no optimal policy shifts.

Proof. Ttem 1: If R assigns reward r to all states, then all policies are optimal at all

discount rates.

Item 2: Let s be a state and R be the indicator reward function for s. At each state, let
7 choose an action which minimizes graph distance to s. Such an action exists because
there are only finitely many actions. Since R(s) = 1 and 0 elsewhere, 7 is optimal for Ry

for all discount rates.
Item 3: If r; = 7y, then apply item 1.

Suppose that r; > ro. Then starting from any state s, each policy 7 induces a trajectory

which deterministically visits 0 < ¢ < |S| transient states before entering a k-cycle
£

(0 <k <S8 —{). By assumption on 71,12, we have VZ(s,7) = % - To +’y£1’"_—ﬂ/. Then a

policy induces optimal value at s iff it minimizes ¢; such a policy must exist, since there

are only finitely many admissible values of £.
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This criterion is independent of the value of v € (0,1), and so there are no optimal policy
shifts at s. Since s was arbitrary, there are no optimal policy shifts for R. Similar logic

proves the r; < ro case, except that optimal policies maximize £.
Item 4: If 1 = 7y, then apply item 1.

Suppose that r; > ro and let s be a state. If s cannot reach any r;-states, then every

action is optimal for R at s at any discount rate.

If s can reach an ry state s’ via some policy 7, then by determinism, 7 induces a trajectory
which deterministically visits 0 < ¢ < |S| states before reaching s’. By the definition of

with equality iff 7 stays at s’. Then since

1—+* 0
1,72, we have Vi (s,v) < —1;; ‘o + 1217’

r1 > 79, m induces optimal value at s iff it minimizes ¢ and stays at s’; such a policy must

exist, since there are only finitely many admissible values of £.

This criterion is independent of the value of v € (0,1), and so there are no optimal policy
shifts at s. Since s was arbitrary, there are no optimal policy shifts for R. Similar logic

proves the r1 < ry case, except that optimal policies maximize ¢ and avoid staying at s'.

Item 5: Optimal policy is invariant to positive affine transformation, and so the result

follows immediately. O

Figure F.22 shows that the presence of optimal policy shifts is not invariant to negation

of the reward function.

S1 —>823
-1 =3
C;
0 %
5’1] — 3, D

2

Figure F.22: The given R has no optimal policy shifts, but its inverse —R does have
optimal policy shifts.

Figure F.23 shows a counterexample to proposition F.130’s item 2 for stochastic environ-
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o
o)

Figure F.23: Optimal policy shifts can occur for state indicator reward functions in stochas-
tic environments, but they cannot occur in deterministic environments (proposition F.130).
Let R, be the state indicator reward function for s3, and let T'(s1, a, s3) = T'(s1, a, 54) = 5.

R, has an optimal policy shift at v = %

Since we assume state-based reward functions, naively plugging in v = 0 would make all
policies optimal. Instead, we consider the limiting optimal policy set as v — 0, in a similar

manner as Blackwell optimality considers the limiting optimal policy set as v — 1.

Definition F.131 (Asymptotically greedy optimality). IT* (R, 0) is the asymptotically

greedily optimal policy set for state-based reward function R.

Although, lemma F.15 proved that II* (R, 0) C 118" (R), fig. F.24 shows that equality
need not hold.

Figure F.24: For all v > 0, up has greater value than down. Therefore, even though both
up and down are greedy actions, only 7P € IT* (R, 0).

Definition F.132 (Reward sequence induced by a policy). Let R be a reward function,
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s,m,R
and let the sequence (((T’r)tes)—r r) contain the expected undiscounted R-reward at
t>1

time steps ¢ given that policy 7 is followed starting from state s.

Proposition F.133 (Dictionary-ordered greediness). 7* € II* (R,0) iff Vs € S,m € I :

(11,79, ... )5 B = (1, rg, .. )™ where = is the dictionary ordering over R™.

Proof. Repeatedly apply lemma F.15 to conclude that 7* € II* (R, 0) iff it satisfies the

dictionary ordering condition at all time steps. O

Lemma F.134 (For almost all reward functions, asymptotically greedy action is deter-
mined by expected immediate reward). For almost all reward functions R, m € II* (R, 0)

iff 7 € TI9°° (R).

Proof. The forward direction holds for all reward functions as a corollary of proposi-
tion F.133. The converse holds for almost all reward functions R, since {r € RIS | 3s,a :
T(s,m(s)) # T(s,a) NT(s,m(s))Tr = T(s,a) "r} has no interior in the standard topology
on RIS by lemma D.12. Therefore, for almost all R, the policy which maximizes expected
next-state return 7 is unique up to action equivalence. By this uniqueness and by the
fact that IT* (R, 0) cannot be empty by lemma D.40, = € II* (R, 0) for almost all R. [

Proposition F.135 (Child distribution similarity implies equal greedy optimality proba-
bility). If T'(s,a),T(s,a’) € T(s) are similar via a permutation ¢ such that ¢ - Ty (s) =
Toa (s), then Py (s,a,0) =Pp_ (s,d’,0).

Proof.
Py (8:0,0) (F.108)
= R]E’D (Ir* € II* (R, 0) : 7*(s) = a) (F.109)
= [ﬂT(svaWeraXdeT(s) dTr} (F.110)
= [ﬂT(s,a)TrzmaxdETnd(s) dTr} (F.111)
- rﬁlfjp [HT(S@/Fr’ZmaxdeTnd<5) dTr/} (F.112)
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= P (3" €Il (R,0): 7 (s) = o) (F.113)

=Pp, . (s,d,0). (F.114)

Equation (F.109) and eq. (F.113) follow from lemma F.134. Equation (F.110) follows by
lemma D.39. Let

g(d1,d2) = 14,54,
and

. T T
f(B1,B2 | D)= E_ [g(gcgid T, pax d r)] :

Then by lemma D.22, f <{T(s,a)} \Tod (5) yD> —f <<;5~ {T(s,a)} ¢ Toa () | ¢-D) -
f ({T(s, a)} Tha (s) | D) (as D distributes reward identically across states, so ¢-D = D).
Then eq. (F.112) holds. O

Corollary F.136 (Equal action optimality probability when v = 0). If the environment

is deterministic and v = 0, then all actions are equally probably optimal at any given state.

Proof. In deterministic MDPs, Vs : Tyq (s) = T'(s) because each child state s’ € Ch (s) is
strictly greedily optimal for the indicator reward function 14/_g. Furthermore, for any
two actions aj, as leading to children s1,s9 € Ch(s) respectively, the transposition of

s1, s9 satisfies the requirements of proposition F.135.

Apply proposition F.135 to conclude a1, as have equal optimality probability at s when
v = 0. O

Proposition F.137 (No-shift, injective reward functions can be solved greedily). Let R
be a reward function which has no optimal policy shifts such that Vs € S,a,a’ € A, a and
a' are both greedily optimal iff a =5 a’. Then Yy € [0,1] : II* (R, ) = I19°°% (R).

In deterministic environments, this holds for no-shift reward functions which assign a

unique reward to each state.
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Proof. By lemma F.15, m € IT* (R, 0) must be greedily optimal. By the next-step reward
assumption, each greedily optimal policy is determined up to action equivalence; therefore,
if 7 € IT* (R, 0) and 7’ is greedily optimal for R, then Vs € S : 7(s) =5 7’(s). This implies
that 7' € II* (R,0). So II* (R,0) = II8"*Y (R). Since no optimal policy shifts occur,

these greedy policies must always be optimal.

In deterministic environments, an injective reward function implies that Vs € S,a,d’ € A,
a and @’ have equal next-step expected reward iff a =4 a/. Injectivity implies that a and

a’ are both greedily optimal iff a = a'. O

In fig. F.25, for each v € (0, 1), there exists a reward function whose optimal policy set has

not yet “settled down.” However, when v ~ 1, “most” reward functions have a Blackwell

@”EB@@

Figure F.25: Let v € (0,1), and consider R(s1) = R(s3) := 0, R(s4) := 1. The optimal
policy set is not yet Blackwell-optimal if R(s3) € (v, 1).

optimal policy set.

Conjecture F.138 (There exists a characterization of optimal policy shift existence in

stochastic MDPs).

Lemma F.139 (Optimal policy shift bound). For fized R, IT* (R, ) can take on at most
(2|S]—1)>", (‘]:és)‘) values over v € (0,1).

Proof. By lemma D.6, IT* (R, ) changes value iff there is a change in optimality status

for some visit distribution function at some state. By lemma F.125, each pair of distinct

visit distributions can switch optimality status at most 2|S| — 1 times. At each state s,

Sl
2

there are ( such pairs. O

Conjecture F.140 (Linear bound on optimal visit distribution function shifts). For any
reward function R and f,f’ € F(s), f and f’ shift at most |S| — 1 times.
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Conjecture F.141 (Quadratic upper bound on optimal policy shifts). For any reward
function R, at most O(|S|?) optimal policy shifts occur.

F.5 Optimality probability

Figure F.26 serves as a reminder that the relatively greater optimality probability of an

action a at 7 does not imply that Pp (s, a,7y) > %

-

right

Figure F.26: By theorem 5.29, Pp,(s,right,1) = % < % In other words, when v = 1,

it’s more probable than not that right 4sn’t optimal, even though right is more probable
under optimality than other actions.

F.5.1 Impossibility of graphical characterization of which actions are

more probably optimal

Even restricting ourselves to Dx_jp beliefs, we can’t always just look at the rewardless
MDP structure to determine which actions are more probable under optimality. In fig. F.27,
going up is more probable under optimality at s; for some state reward distributions X,

but not for others.

Theorem F.142 (The state reward distribution can affect which actions have the greatest
optimality probability). There can exist state reward distributions X1, Xa, a state s, and

a discount rate 7y for which argmax, Pp (s,a,v) # arg max, ]P’DXZ_HD (s,a,7).

Proof. See fig. F.27. O
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3

up
G

Figure F.27: For X; uniform, up and right are equally probable under optimality. For
104+37y—3~2

Xs with ¢DF F(x) := 2% on the unit interval, Py (s1,up,y) = 0

F.5.2 Sample means

For arbitrary D, D’ C RSDyq (s), determining if P, (D,1) > Pp (D', 1) is at least as

hard as answering questions like “for sample means Z,, of n 1ID draws from an arbitrary

continuous bounded distribution X, is P (max(Z4, Z}, ¥5) > max(z}, 75, %)) > +7”. These

questions about maximal order statistics are often difficult to answer.

Thus, there is no simple characterization of the D, D" C RSDyq (s) for which
Pp (D, 1) [Dx-up] > Pp (D', 1) [Dx-uip)-

However, there may be X for which k-cycle optimality probability decreases as k in-

creases.

Conjecture F.143 (Increased sample size decreases maximality probability [94]). Con-
sider a finite set of sample means z; of k; draws from unif(0,1). If k; > k;, then

P (fz = max; i‘l) <P (ij = maxy Lf'l).

Corollary. Suppose the environment is deterministic. Let k > k' and dj,dg € RSDyq (s)
be k, k'-cycles, respectively. Suppose that

[{dx} — RSDya (5) \ {di}||, = [{dw} — RSDua (s) \ {dw }||, = 2.

For X uniform, Pp (dg, 1) < Pp (dgr, 1).
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F.5.3 Optimality probability of linear functionals

Conjecture F.144 (Optimality probability changes continuously under Deont). Let
D C R and let G, H be two finite sets of continuous functions (or paths) from D to
RISI. Define G(v) == {9(7) | g € G}, and similarly for H(7). pp... (G(v)> H(v)) is

continuous on vy € X.

F.5.4 Properties of optimality probability
Corollary F.145 (Almost all reward functions don’t have an optimal policy shift at any

given ). For any v € (0,1), Pp.p_ . (hmv‘Tv IT* (R,y~) # 11 (R7’7)> =0.

Proof. Let v € (0,1). By lemma F.127, if R € RS has an optimal policy shift at v, then
dse S ‘argmaxfe;(s) f(’y)Tr‘ > 2. At least one such f € F,q(s) by lemma D.15 and
lemma D.38. Let ' € F(s) be a distinct element of the arg max.

By lemma D.52, f(v) # f’(). Then ‘arg MaXge 7 (s ) d'r| > 2. Corollary D.13 shows
that P p__ (‘arg maXee 7 (s) f(v)Tr‘ > 2) =0. O

Lemma F.146 (For continuous reward function distributions, optimality probability is ad-
ditive over visit distribution functions). Let F' C F(s). Pp_  (F,7) =D ¢crPp,_ ., (£,7).

Proof. Suppose v € (0,1). Since Doyt is continuous, apply proposition F.63 with A =
F(v),B = F(s,7).

Since the result holds for v € (0,1), it holds in the limits of v — 0 and v — 1. O

Lemma F.147 (Optimality probability is continuous on v). For F' C F(s), Pp_  (F,7)

is continuous on v € [0, 1].
Proof. Since lemma F.146 shows that Py, (F,7) = > ¢cp Pp_. ., (f,7), it is sufficient to
show that each summand is continuous.

Let f € F. If Py (f,7) were discontinuous at v* € (0,1), then a positive measure subset

of Deont experiences an optimal policy shift at v*. This contradicts corollary F.145, and
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so Pp_ . (f,7) must be continuous on 7 € (0,1). Proposition D.41 shows that optimality
probability’s limits exist, and so Pp__ (f,7) is actually continuous on v € [0, 1]. O]

Conjecture F.148 (Finite disagreement of optimality probability for Dx ). For any
f.f € F(s), Pp, (£,7) =Pp, (f,7) either for all v € [0,1] or for finitely many ~.

Lemma F.149 (Ouly f € F,4(s) have positive optimality probability at any 7). £ € Fpq(s)
iff 3y €(0,1) : Pp,(f,y) > 0.

Proof. If f € Fuq(s), then 3y € (0,1),r; € RIS = f(5)Tr; > MaXere 7(s)\ {£} £'(7) Try.
Then Py, (f,7) = Dy (£(v) = F(s,7)) > 0 by proposition D.25.

If 3y € (0,1) : Py, (f,) >0, then f(y) € ND (F(s,7)) by lemma F.64. This implies
f € Fua(s) by lemma D.38. O

Corollary F.150 (Dominated visit distributions are almost never optimal). f € F(s) is
dominated iff Vy € [0,1] : Pp_ (f,v) = 0.

Proof. Let v € (0,1). If f € F(s)\ Fna(s), then Pp__ (f,7) = 0 by lemma F.149.
Furthermore, P (f,0) := lim, o Pp_  (f,7) = 0. Similar reasoning applies when

v =1
We show that Vy € [0,1] : Pp__ (f,y) = 0 implies that £ € F(s) \ Fna(s) by proving the

contrapositive. Suppose 3y € (0,1) : Pp__ (f,7) # 0. Then by lemma F.149, f cannot be
dominated, and so f € Fpq(s).

If Py, (£f,0) = lim, ,oPp__ (f,7) # 0, then the optimality probability must be non-
zero in a neighborhood of 0. By lemma F.149, this can only be true if f € F,4(s). Similar

reasoning applies to the v = 1 case. O

Proposition F.151 (Non-domination iff positive measure). f € Fq(s) iff ¥y € (0,1) :
Pp,... (£,7) > 0.

Proof. By the same arguments used in lemma F.149’s proof’s forward direction, Pp . (f,7) >
0. Therefore, Vy € (0,1) : Pp,(f,7) > 0.
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If vy € (0,1) : Pp,_(f,7) > 0, apply corollary F.150 to conclude that f cannot be
dominated (corollary F.150 applies because Dx_yp is continuous), and so f € Frq(s). O

Proposition F.152 (Non-domination iff positive probability for v € [0, 1)).
fe Fua(s) iff ¥y €[0,1) : Pp, (f,y) >0.

Proof. The case for v € (0,1) is proved by proposition F.151.

For the v = 0 case, suppose f € F,4(s) and fix v* € (0,1). By corollary F.16, almost
all reward functions in the interior of supp(f(~v*) > F(s,~*)) N supp(D) have optimal
actions at each state which are unique up to action equivalence. Let R be one such reward

function for which f € Fyq(s) is strictly optimal.

By proposition F.18, IT* (V% (-,7*),0) = II* (R,~*). Since optimal value is continuous
on the reward function (lemma F.99) and since f is strictly optimal for R, there exists
an e-ball of reward functions around the reward function V7 (-,7*) for which f is strictly
optimal. By lemma D.20, we can positively affinely transform this ball to be contained
in supp(f,0) N supp(D); since this is a positive affine transformation, the image has

non-empty interior. Then ]P’DXIID (f,0) > 0 since Dx.y;p is a continuous distribution.

Suppose f € F(s) \ Fna(s). By lemma F.106, for any v* € (0,1), the set of reward
functions with multiple optimal visit distributions has measure zero. Dominated visit
distribution functions cannot be uniquely optimal at any +* € (0,1). Therefore, if f is
dominated, Vy* € (0,1) : P, (f,7*) =0, and Pp . (f,0) =lim o Pp  (f,7") =
limy« 00 = 0. So for any v € [0,1), Pp,(f,7) > 0 implies f € Frq(s). O

Lemma F.153 (Non-dominated child distributions facilitate a non-dominated visit
distribution function). If T'(s,a) € Tyq (s), then 3Im : w(s) = a and ™ € Fpq(s).

Proof. Let d = T(s,a) and let V = {v eRISI AT > maxXqsc7(s)\{d'} d’Tv}. V is
nonempty because d € Tyq (s) and has positive Lebesgue measure by the continuity of
d"v and the max on v € RIS
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For all 7 € II, let V; = {v €V | € Isreedy (v)} Since II is finite, there must exist

7* such that Vz« C V has positive Lebesgue measure. Then consider the set of reward

functions R+ := {(I — .5T”*> v|veV } Since (I — .5T”*> is invertible because its

spectral radius is strictly less than 1 (see the proof of lemma F.1), det (I — .5T’T*) #0

and so R;~ also has positive Lebesgue measure.

But then almost all reward functions r in R+ must have a unique optimal visit distribution
f™ € F(s) when v = .5 € (0,1) by lemma F.106. Therefore, f™ € F,4(s) by definition 5.6.
Lastly, since Vi’ € Ry : II* (r/,.5) = II8"°°% (v/) (where each r’ = (I - .5T”*> v,
7'(s) =5 a by the definitions of V and II&"°% (v/).

Let 7 equal 7/, except that 7(s) = a. Because 7/(s) = a = w(s), 7 =7 € Foa(s). We
have thus shown that 37 € II : 7(s) = a and ™ € Fpq(s). O

Proposition F.154 (F,q(s) controls optimality probability). Let F C F(s). Pp_ , (F,v) =
Pp,, ., (F N Faa(s),7).

Proof.
P (F27) =D Pp, (£,7) (F.115)
feF
- Z ]P)Dcont (f7 /7) (F116)
feFﬂ}—nd(s)
=Pp,,,, (F N Fuals),7). (F.117)

Equation (F.115) and eq. (F.117) follow by lemma F.146 since Dot is continuous.
Equation (F.116) follows by corollary F.150, since dominated visit distribution functions

have 0 optimality probability under continuous reward function distributions. O

Lemma F.155 (Only non-dominated transitions are greedily optimal with positive
probability). Let T'(s,a) € T(s). T(s,a) € Tua (s) iff Pp,__ (s,a,0) > 0.

Proof. Suppose that T'(s,a) € Tyq (s). This means that 37 € 11 : 7(s) = a and f7 € Fq(s)
by lemma F.153, and so Pp,(f",0) > 0 by proposition F.152. Then P (s,a,0) >
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Pp, . (£7,0) > 0.

Suppose that P (s,a,0) > 0. Proposition I.152 implies that Py (s,a,0) > 0 iff
I € IL: £™ € Fra(s) such that w(s) = a, since Py (s,a,0) =Pp_(F(s|m(s) =a),0)
by lemma F.30.

Lemma F.8 shows that if T'(s,a) € T(s) \ Tha (s) and 7(s) = a, then f7 € F(s) \ Fna(s).
The contrapositive is then: if f7 € F4(s), then either 7(s) # a or T'(s,a) € Thq (s). But
7(s) = a, so the fact that P, (s,a,0) > 0 implies that f™ € F,q(s), which implies that
T(s,a) € Tya (s). O

Corollary F.156 (Similarity to a dominated action implies domination). If T'(s,a) €
T(s)\Tna (s) is similar to T'(s,a’) € T(s) via a permutation ¢ such that ¢p-Tyq (s) = Tya (3),
then T(s,a") & Tyq (s).

Proof. Apply proposition [.135 to conclude that P (s,a,0) = Pp_ (s, a, 0). By
lemma F.155, Py (s,a,0) = 0. Then Pp (s,a’,0) = 0; apply lemma F.155 to
conclude that T'(s,a’) & Tha (8). O

Question F.157 (Is there anything to be gained by formalizing the optimality probability

of sets of policies?).

Definition F.158 (F,q multi-state restriction). F(s | 7#*,S) C F(s) contains the non-

dominated visit distributions induced by a policy which agrees with 7 on the states of

S CS. Faa(s| 7, 8) == Fua(s | 7,5) N Fpa(s).

Proposition F.159 (Optimality probability factorizes). Let £™ € Fnq(s) and lety € [0,1).
S|

Ppy (Faals | 7% {1, ... sio1,50)),
D 57 =1 Dy (Frals [ {1, siny i) ), (F.118)
" i=1 IP>DX»11D (’Fnd(s ‘ 7T*, {517 c '7‘%—1})77)

Proof. Equation (F.118) holds for any state indexing and is well-defined on v € [0,1)
because f7 € Fnq(s) has Pp (f,7) > 0 on that domain (proposition F.151). O

Definition F.160 (Optimality probability factorization). The optimality probability
factorization of £© € Fpq(s) is the RHS of eq. (F.118).
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Lemma F.161 (Optimality probability varies iff a factor varies). Let f € Fna(s).

Poy.n (f,~) varies with v iff its factorization has a factor which varies with ~y.

Proof. The forward direction is trivial. For the backward direction, suppose factor i = k
equals the non-constant function f(v); note that Vv € [0,1) : f(y) > 0. Suppose that
the product of other factors equals ﬁ If one action becomes more likely at s, then
another action must become less likely, and vice versa. ﬁ cannot be the multiplicative
inverse (up to a constant) for both of these variations, and so Pp (f’ ,'y) must vary
with v for some f' € Fq(s). O

Conjecture F.162 (In deterministic environments, constant optimality probability
implies rational probabilities). Suppose the MDP is deterministic and s is such that
vf € F(s) : Pp,._(f,7) does not vary with v € [0,1]. Then Vf € F(s) : Pp,_(f,7) €
0,11 N Q.

Proposition F.163 (Positive optimality probability under Doyt implies Fp,q membership

and RSDyq (s) membership). Pp_ (f,1) > 0 implies £ € Fra(s) and lim., 1 (1—v)f(7) €
RSDpq (s).

Proof. Suppose Py, (f,1) > 0. By corollary F.150, f cannot be dominated, else

tim P (1= 7)E(),1) = 0.

Therefore, f € Frq(s). By proposition D.25, lim,_1(1 — 7)f(y) € RSDyq (5). O

Conjecture F.164 (RSD,q (s) membership and F,q membership implies positive
11D optimality probability). If f € Fyq(s) and limy—1(1 — v)f(y) € RSDypq (s), then
Py, (f,1)>0.

X-11D
Conjecture F.165 (Optimality probabilities reach ordinal equilibrium as v — 1). For
any f,f' € F(s), Pp, (f,7) and Pp__ (f’, ’y) reach ordinal equilibrium as v — 1.

Conjecture F.166 (Each non-dominated visit distribution “takes” optimality probability
from all other non-dominated visit distributions). Let f,f" € Fq(s), where f = f’. Then
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Vy e (0,1):

Ppy.o (£,7) <Prpy <f (N'r= e f”(v)Tr> : (F.119)

F.5.5 Properties of instrumental convergence

Instrumental convergence exists when actions have different optimality probabilities.

Definition F.167 (Existence of instrumental convergence). Instrumental convergence

starting at state s when Ja,a’ € A,y € [0,1] : Pp (s,a,7) # Pp (s, d', 7).

Conjecture F.168 (Instrumental convergence exists at almost all discount rates, if it
exists). If instrumental convergence exists starting at state s for some =, it exists starting
at s for almost all v € [0, 1].

Lemma F.169 (Optimality probability is unaffected by unreachable states). If s cannot
reach s', then Va : IP’DMW (]—"(s | w(s') = a),y) - 1.

Proof. Policies can output any action at unreachable states without affecting the induced

visit distribution. O

Proposition F.170 (Instrumental convergence without domination or stochasticity
implies 11D optimality probability varies with ). In deterministic environments, if
instrumental convergence exists at some v* starting from s and if F(s) = Fna(s), then

3 Py, (f,7) varies with .

Proof. Let a be more probably optimal than a’ at state s’ (thus fulfilling definition 5.10).
Since the environment is deterministic and F(s) = Fnq(s), it is equally probable that

each child of s is the greedy choice at ¥ = 0. Then

Ppy .o (]:nd(s | 71'(5/) =a), O) =Pp,.. (fnd(s | 71'(5/) = a/)7 0) .
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Therefore, at least one Pp.(f,) must vary on vy € [0,7"] so that

Pp.o (fnd(s |m(s') = a),’y*) >Pp,. (fnd(s |m(s') = a’),’y*) .

Figure F.28: Our ongoing assumption of X’s continuity is required for proposition F.170.

Under the uniform distribution on {0,1}S, the visit distribution going up from s; has

probability %, while the other two visit distributions have probability 214. However, under

the uniform distribution on [0, 1]3 , the upwards visit distribution has probability ?’_T'Y,

3+
12 -

while the other two each have probability
Proposition F.170 shows the following while making the strong assumption that F(s) =

]:nd(s)'

Conjecture F.171 (In deterministic environments, instrumental convergence implies vari-
able optimality probability). In deterministic environments, if instrumental convergence

exists at some 7* starting from s, then 3f : P (f,) varies with ~.

Conjecture F.172 (Optimal policy shifts necessary for instrumental convergence). In
deterministic environments, if optimal policy shifts cannot occur, then instrumental

convergence does not exist.

Remark. Proposition F.170’s assumption of determinism is required: suppose state
s has Ch(s) = {s1,89,83} and |A| = 3. T(s,a1) = ey, T(s,a2) = (0,.5,.5)", and
T(s,a3) = es,. When X is uniform and v ~ 0, action a; will be strictly more probably

optimal than actions as or as.

Proposition F.173 (No domination, stochasticity, or optimal policy shifts means equal
optimality probabilities). In deterministic environments where optimal policy shifts cannot

occur, if F(s) = Fnd($), then no instrumental convergence exists starting from s.
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Proof. Since the environment is deterministic and F(s) = Fpq(s), proposition F.170
applies. But —3f € F(s) : P (f,v) which varies with -, because optimal policies
cannot shift. O

Question F.174 (How does entropy relate to instrumental convergence?). Is there a
formal relationship between the “degree” of instrumental convergence and the entropy of

the distribution over optimal policy sets induced by reward function distribution D?

F.6 Properties of recurrent state distributions

Conjecture F.175 (In deterministic envs., limy_1(1 — ) Fad(s,¥) = RSDyq (s)). In
deterministic environments, if f € Fpq(s), then lim,_,;(1 —y)f(y) € RSDyq (s).

Corollary. In deterministic environments, Pp_(f,1) > 0 iff f € Fra(s).

Conjecture F.175 does not hold in stochastic environments; see fig. F.29. Conversely, some
dominated f do limit to non-dominated d € RSD,gq (s); for example, consider a state s in
a unichain MDP in which there are dominated f € F(s) but ’RSD (s)| =1

o)

Figure F.29: The bifurcated action a is a stochastic transition, where T'(s2,a, s3) = 5 =
T(s2,a,s4). By corollary F.67, navigating from s; — s induces a non-dominated visit
distribution f. However, its limiting RSD is half s3, half s4 and is therefore dominated.
Pp.  (f,1) =0 even though f € F4(s).

X-11D
Proposition F.176 (If s’ can reach s deterministically, RSD (s') € RSD (s)).
Proof. Let d™ € RSD (s). Starting from ', m induces state trajectory s'sisy.... Let 7’

navigate to a state s in this trajectory which s can reach in the fewest steps (where s is

considered to “reach” itself in 0 steps); since s can deterministically reach s, this fewest
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number of steps is finite. V¢t > k : 7'(s;) = 7m(s;); d™ = d™. 7' is stationary because it
navigates to the state trajectory in the fewest possible number of steps, and therefore it

does not conflict with itself. O

Figure F.30: The bifurcated action a is a stochastic transition, where T'(s2, a, s3) = % =
T(s2,a,s4). Proposition F.176 does not hold in stochastic environments.

0 0 0 0
0 0 0 0

RSD (,51) = 5110 75 1110 = RSD (83)
D 1 0 1

Remark. Proposition F.176 is not true in some stochastic settings, even if s can reach s’
with probability 1, since it may be the case that only non-stationary policies navigate to

s’ and then induce the appropriate RSD.

Lemma F.177 (Reachability with probability 1 implies uniformly greater average reward).
If

max lim P (s/ reached in the first t steps while following w starting from s) =1,
well t—oo
(F.120)

then VR € RS : Vi o (5,1) > Vi o0 (8,1).

Proof. Let r € RIS| and let d € RSD (s') be such that VE norm (¢,1) = d'r. In

eq. (F.120), each limit exists because the probability is monotonically increasing and
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bounded [0, 1], and the maximum exists because II is finite. Let 7 maximize eq. (F.120).

7 has probability 1 of eventually reaching s’. Let 71 implement this strategy until it has
reached s’ at least once in its history. After the agent has reached state s’, 71 is defined
so as to induce d. This is possible because d € RSD (s’ ) Since v = 1, 7P therefore
induces d starting from s. Therefore, starting from s, a history-dependent policy can

achieve V5 (s' , 1) average reward for reward function r.
bl

Puterman [68]’s Theorem 6.2.7 shows that when 0 < v < 1 in finite MDPs, discounted
optimal value is invariant to restriction to deterministic stationary policies. If s could
not induce an average reward of at least V}% norm (s’ , 1) via a stationary policy, but could
with a history-dependent policy, this would contradict Theorem 6.2.7 by the continuity
of Vi orm (8,7) on v € [0,1], which is shown by lemma D.45 in Turner et al. [99]. That
is, if no such gain-optimal stationary policy existed, then stationary optimal policies
would be strictly worse than non-stationary optimal policies for v ~ 1. Therefore, when

starting from state s, there exists some stationary policy with average reward of at least
Vi norm (8/51). O

Corollary F.178 (When v = 1, 1D POWER decreases iff RSDs become unreachable). If
s can reach s' with probability 1, then POWERp,,, ., (s,1) < POWERp,,, , (s,1). If the
environment is deterministic, the inequality is strict iff RSDpq (s/) C RSDyq (9).

Proof. Since s can reach s’ with probability 1, lemma F.177 implies that POWERp, . (5’ , 1) <
POWERp, ., (s,1).

Given determinism, proposition F.176 implies that RSD g4 (3’ ) C RSDyq (s). Then if the
inequality is strict, RSDpq (s’ ) C RSDyq (s) because POWERp, . (s’ , 1) is determined
by the availability of non-dominated RSDs by lemma D.56. If RSD,q (s’) C RSDyq (8),
the inequality is strict by proposition 5.28 via ¢ the identity permutation. O

Remark. Corollary F.178 is false if s can only reach s’ with positive probability less than
1. For example, suppose action a is such that T'(s, a, snigh) = .5 = T'(s, @, siow) = .99 and

all actions are equivalent to a at state s. Further suppose that POWERp, . (shigh, 1) >
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POWERp, ., (Slow, 1). Then

1
POWERp,, ., (s,1) = 3 (POWERDbound (Shigh, 1) + POWERD,, .4 (Slows 1))

is intermediate between the two values.

Definition F.179 (Communicating MDP). An MDP is communicating when every state

is able to reach every other state with positive probability.
Proposition F.180 (When v = 1 in communicating MDPs, POWERp,_,, is equal

everywhere). In communicating MDPs, Vs, s' : POWERp,, ., (s,1) = POWERp,,,.. (s',1).

Proof. Since the MDP is communicating, all states can reach each other with asymp-
totic probability 1. Apply corollary F.178 to conclude that POWERp, . (s,1) =
POWERp, .. (s',1). O

F.7 POWER

F.7.1 The structure of POWER

Conjecture F.181 (Graphical characterization of 1D POWER agreement). There exists
a graphical condition characterizing when, for all bounded state reward distributions X,
states s, s" are such that Vy € [0,1] : POWERp,_ (s,7) = POWERp, . (5,7).

Theorem F.182 (The structure of POWER). Let v € (0,1) and let Dyoynag induce

probability measure F.

> T
POWERD,, ., (5,7) = (1 - 7)Y 4! / ((T’r)t es> rdF(r).
t=1 £7E€ Fpa(s) supp(£7(7)>F(s,7))
(F.121)
Proof. Suppose v € (0,1).
V3 5,7) = / max (7)) rdF(r F.122
Dbound ( ) Supp(Dbound) fTrE.F(S) (’Y) ( ) ( )
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_ / £7 () Tr dF(r) (F.123)
frer(s)” SwPp(ET(1)2F(s7))
_ / £7(7) Tr dF (r) (F.124)
£7 € Foa(s) supp(f” (’7)2]:(57’7))
o T
_ / S (T e, | rdF(r)  (F.125)
£ G-Fnd(S) Supp(fﬂ' (7)2]:(377) t=0

- ¥ i(fyT“ ) rdF(r) (F.126)

fﬂ'efnd(s) Supp(fﬂ' (’Y)>‘F 7’7

- o
.S ;7 /Supp(fﬂ(v)zﬂw) ((t7)e)) rdF@)  (Fa21)

fﬂ-e}—nd(s) =

N Z /supp (£7(1)>F(s,7)) <(Tﬂ)tes)T Pt (1

t=0 fr G.Fnd

Equation (F.124) follows because optimal value is invariant to restriction to non-dominated
visit distribution functions. Equation (F.125) holds by the definition of a visit distribution
(definition 5.3).

Equation (F.127) holds by Fubini’s theorem: for a fixed 7, consider the function f(¢,r |
T

) = (('yT”)t es> r. Since X is bounded [a,b], |f(t,r | m)| < 4! [b] for all t > 0,1 €

supp(D). Since v € (0,1),

Z\f (t,r | m)|dF(r) |b|7 0. (F.129)

/supp(f”( )>F(5,7))
Furthermore, for a fixed ¢, f is continuous on r (as the function is linear when t is fixed).
Therefore, f: Z>qp x RISl — R is continuous: the preimage of an open set in R is open
in the product topology on the domain, since the standard topology on Zx is discrete.
Since f is continuous, it is measurable. Therefore, the conditions of Fubini’s theorem are
met. Equation (F.128) holds because Fpq(s) is finite.
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We now show the desired POWER identity.

POWERp, ., (5,7) (F.130)
-7 T
= E f(7) —es F.131
r~D f?ﬁé) ~ (£(7) —es) I‘] ( )
L lelx] + Zv > / ((xmy' eS>T rdF(r)
7 rNDbound — £7 € Fa () supp (v)>F( ,fy))
(F.132)
- T
=(1- ZW’t ! Z / ((Tw)t es) rdF(r). (F.133)
=1 fre Fg(s) Y SwPP(E7 (12 F (5:7))

Equation (F.132) holds by eq. (F.128). Equation (F.133) holds by the fact that the ¢ =0

summand equals E.op, ., [e;—r} . O

Proposition F.183 (Sufficient condition for POWER being rational on ). If no re-
ward function has optimal policy shifts and the environment is deterministic, then

POWERp,, ., (5,7) is a rational function on v € (0,1).

Proof. Let v € (0,1).

POWERD, ., (5.7) = (1 7)Y 7" (T e.) rdr@)

t=1 f™€Fna(s)

/surm(f" (7)>F(s7))
(F.134)

—(1=7 >, D A (F.135)

freFna(s) t=1

Equation (F.134) follows by theorem F.182. In eq. (F.135), let each ¢f be a con-
stant depending only on 7 and ¢. Since no optimal policy shifts occur, V7 € F(s) :
supp (£7(7) > F(s,7)) is constant on 7. Therefore, the domain of integration is fixed
in each inner-summand of eq. (F.134), and so the constants ¢f do not depend on ~.

Furthermore, Fyq(s) is finite and so we can interchange the summation signs.
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Since the environment is deterministic, each f™ has entered a cycle at most |S| steps into
the policy’s trajectory from s. Therefore, (cf);>|s| is k-periodic for some k (1 <k < |S]).
Then for each f7, there exists a (k — 1)-degree polynomial P™ such that

t—1 _
=S|
Therefore,
0o |S|-1 0o
Zyt_lcf = Z el 4 Z v Ler (F.137)
t=1 t=1 t=|S|

is also rational on 7. Since POWERp, ., equals (1 —+) times the sum of finitely many

rational functions, POWERp,_ , is also rational. O

Conjecture F.184 (POWERp, . (s,7) is piecewise rational on 7).

F.7.2 POWER at its limit points

Lemma F.185 (POWER when v = 0).

POWERp, . ,(5,0) = E [max dTr] = E max dTr] . (F.138)
r~Dyound dET(S) r~Dyound deTnd(S)
Proof.
POWERpD (5,0):==1lim E max 1=y (£ (v) — es)T r (F.139)
bound Y—=0r~Dhound frseF(s) Y
li E 1 E £ ()] F.140
- vl—r>r%) r~Dpound f"%é;((s)( a PY) s'~T(s,m(s)) [ (7):| r ( . )

: 7,8’ T
= E [max lim (1 —~) E ) [f7 (’y)} r] (F.141)

r~Dyound |f™5€F(s) ¥—0 s'~T(s,m(s

= E [ max E [es/]Tr] (F.142)
r~Dyound fw,se].‘(s) s’NT(S,ﬂ'(S))



308

= E max dTr] (F.143)
1"\‘Dbouncl dET(s)

= E max dTr]. (F.144)
r~Dpound dETnd(S)

Equation (F.144) follows because for all r € RISI, corollary D.16 shows that mMaxXger(s) d'r =

MAXGeND(T(s)) d'r = maxger,,(s)d T

Remark. The non-strict inequality of lemma F.186 holds for any state reward distribution
— X need not be continuous. However, the strict inequality does require continuity in

general.
Lemma F.186 (Minimal POWERp, ). POWERp,  (s,7) > E[X]. Ify € (0,1),
equality holds iff | F(s)| = 1.

Proof. Let v € (0,1). If |F(s)| = 1, then Vi (8,7) = E[X] ﬁ by the linearity of
expectation and the fact that Dx_p distributes reward independently and identically

across states according to state distribution X. By lemma D.43,

1- *
POWERDX—IID (87 ’Y) = Try (VDX—IID (8’ fy) —E [X]> ’

and so POWERp,_  (s,v) =E[X].

Suppose |F(s)| > 1, and let f € F(s).

E
E[X] = E max f"(y)—rr] (F.145)
1-— Y r~Dx_p f”e{f}
< E ax f(y)r F.146
e | P2 (") ( )
= Vi, .. (57)- (F.147)

Let A == {f(y)},B = F(s,7). Since |F(s)| > 1, ND(B) = Fna(s,7) > 2 by
corollary F.65. Therefore, ND (B) \ A is non-empty. Since Dyx_jp is continuous IID,
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3b < ¢ : (b, ¢)I¥! C supp(Dx.ip) by lemma D.27. Therefore, for g : R — R the identity
and ¢ the identity permutation, eq. (F.146) holds by lemma D.26. Equation (F.147)
implies that POWERp, (s,7) > E[X].

In general, eq. (F.146) holds as a non-strict inequality, and so POWERp,  (s,7) > E[X]
for all v € (0,1). This inequality therefore holds in the limits vy — 0 and v — 1. O
Conjecture F.187 handles the limiting cases of lemma F.186 (minimal POWER).
Conjecture F.187 (Minimal POWER at v =0 and 7 = 1).

1. POWERp,,,, (5,0) = E[X] iff |T'(s)| = 1.

2. POWERp,,,,, (s,1) = E[X] iff |[RSD (s)| = 1.

Remark. The non-strict inequality of lemma F.188 holds for any state reward distribution
— X need not be continuous. However, the strict inequality does require continuity in

general.

Lemma F.188 (Maximal POWERp, ). POWERD, ,, (s,7) < E [max of |S| draws from X].
If v € (0,1), equality holds iff s can deterministically reach all states in one step and all

states have deterministic self-loops.

Proof.
POWERp,_ (s,7) < RED [mafsc R(s")} (F.148)
'~ SNE
= E [max of |S| draws from X] . (F.149)

Equation (F.148) holds by proposition 5.14. Equation (F.149) holds because Dx_p is 11D

over states according to state reward distribution X.

If Chsye (s) = S and Vs’ € S @ s’ € Chgyre (s’), then eq. (F.148) is an equality by

proposition 5.14.
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Backward direction. Suppose that v € (0,1). To show that
POWERp, . (s,7) = E [max of |S| draws from X|

implies that Chgye (s) = S and Vs’ € S : 8" € Chgyre (s'), we show the contrapositive:
ds' € S ' € Chgure () or 8" & Chgyre (s’) implies that

POWERp, . (5,7) < E [max of |S| draws from X| .

Let £f5 = e, + %esz be the visit distribution function which would be induced by
immediately navigating to s’ from s and then staying at s’. By assumption, this is not
currently possible for some s’ € S, and so f¥ would strictly increase the achievable visit

frequency on ', starting from s. Formally, £*'(v) ey > maxge 7 (s) f(y) ey.

Let F¢" be the set of visit distribution functions at s which would be made available as a

result of adding deterministic transitions s — s’ and s’ — 5.

1- T
Povnes 671, .| 5 000 =0T o
1—7 T
< E max ——(f —e r F.151
e | e T (f(v) —es) ] (F.151)

< E [max of |S| draws from X] . (F.152)

Let A = {1777 (f(y)—es) | f € ]-'(s)} ,B = {1777 (f(7) —es) | £ € F(s) UFS/}. Since

Tew > maxee (7 upe ) e} £(7) T es, which
implies that f*'(7) € ND (B) \ ND (A). Therefore, ND (B)\ ND (A) is non-empty. Since
Dx.up is continuous 11D, 3b < ¢ : (b, c)‘3| C supp(Dx_ip) by lemma D.27. Therefore, for
g : R — R the identity and ¢ the identity permutation, eq. (F.151) holds by lemma D.26.

Equation (F.152) follows because proposition 5.14 bounds the POWERp, _  of all valid

s . S e - s/
f* maximizes s'-visitation frequency, £* (v)

MDP structures. O

Proposition F.189 handles the limiting cases of lemma F.188 (maximal POWER).
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Proposition F.189 (Maximal POWER at v =0 and v = 1).
1. POWERp, . (s,0) = E [max of |S| draws from X] tff Chgyre (s) = S.

2. POWERp, ,, (s,1) = E [max of |S| draws from X| iff s can reach all states with
probability 1 and Vs' € S : 8" € Chgyre (s’).

Proof. Ttem 1:

POWERDy., (5,0) = E B d'r (F.153)

A
=

< max d'r (F.154)
r~Dx_ip dET(s)U{esu |S”ES}

= E max d'r (F.155)
r~Dx_p de{es//\s"e‘s}

= E [max of |S| draws from X] . (F.156)

Equation (F.153) holds by lemma F.185. Applying lemma D.26 (lemma D.27 guarantees
that 3b < ¢ : (b,¢)!S! C supp(Pxo)), A = T(s), B == T(s) U {eg}, g : R — R the
identity function, and ¢ the identity permutation, eq. (F.154) holds by lemma D.26. Equa-
tion (F.155) holds because ND (T(s) U{eg | s" € S}) = {ey | §" € S} by lemma F.57.

Equation (F.156) holds because reward is 11D across states under Dx_jp.

Suppose 38’ & Chgyre (s). By the definition of T'(s) (definition F.5), 3s’ € S : ey ¢
T(s). Furthermore, e;ljesl > MAX (s e u|s#5'} d'ey, and so ey € {esn | s € S} =

ND (T(s) U{es | s" € S}) Therefore, lemma D.26 guarantees that eq. (F.154) is strict.
Therefore, POWERp, ,, (s,0) = E [max of |S| draws from X| implies that Chgyre () =
S.

Suppose Chgyre (s) = S. Then lemma D.26 guarantees that eq. (F.154) is an equality, and
0 Chgyre (s) = S implies that POWERp, . (s,0) = E [max of |S| draws from X].

Item 2 follows by applying the above reasoning with RSD (s) in place of T'(s), substituting
in the fact that ey € T'(s) iff s can reach s’ with probability 1 and s’ € Chgyre (s’). O
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Conjecture F.190 (Lower bound on current POWER based on next-step expected reward).

POWBRD, s (517) 2 (L-max | B [R()] +ymin B [Powsho,.., (+7)].
a  s'~T(s,a), a  s'~T(s,a)
R~Dyound

Lemma F.191 (When v = 0, having similar children implies equal POWERp, ). Sup-
pose D C Tpq (s) is similar to Tyq (s'). Then POWERp, . (s,0) > POWERp, . (s,0).
If D € Tya (s), then 3y* : ¥y € [0,7*) : POWERp,_, (s,7) > POWERD,, (5',7).

Proof. Suppose Thq (s’) =¢- D, where ¢ .

POWERp,_ . (s,0) = TN%F}_ dgaﬁs) dTr] (F.157)
> E  |max dTr} (F.158)

r~Dx_p _dED
= E Pyd)" F.159
P (F.159)
= POWERp, . (5,0) . (F.160)

Equation (F.157) follows by lemma F.185. Equation (F.159) follows because reward is
assumed to be IID over states. If D C Tyq (s), non-domination ensures that the child
distributions of Tyq (s) \ D are strictly greedily optimal for a positive measure set of
reward functions. In this case, eq. (F.158)’s inequality is strict; strict inequality holds for
v =~ 0 by the continuity of POWERp, ., (s',7) on v (lemma 5.13). O

Proposition F.192 (POWER achieves ordinal equilibrium as v — 1). Let s EIYDOWERDMM

s’ when POWERp,,, , (s,7) > POWERp,,,., (5,7). 3v* : Vv € (v*,1) : =], is

— POWERDbound
constant.

Proof. Consider two states s and s’. By the Lipschitz continuity of POWER on ~
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(lemma 5.13) and the fact that the domain is bounded v € [0, 1],

sgn (POWERDbound (87 f}/) - POWERDbound (8/7 7))

changes value finitely many times on v € [0, 1]. There are only finitely many such pairs of

states, and so the result follows. O

Conjecture F.193 (States with different POWERp, ., functions are equal for finitely
many 7).

F.7.3 States whose POWERp, . can be immediately determined
Corollary F.194 (Delay linearizes POWER). Let sq,...,S¢ be such that for all i < ¢,

Ch(s;) = {sit1}. Then POWERp, . (50,7) = Soi_1 7' ' Egpr [R(s:)] +7POWERD, . (s¢,7)-

Proof. Iteratively apply lemma D.46 ¢ times. Equality must hold, as each s; can only

reach s;41. O

Remark. For Dx_p, the Zle Y1 Egpy., [R(sl)] term in corollary F.194 simplifies
to (1 -~y E[X].

Deterministic delay is a special case of a more general principle.

Definition F.195 (State reachability by time ¢). REACH(s, ) is the set of states which s

can reach in exactly ¢ steps with positive probability.

Definition F.196 (Time-uniform states). In deterministic environments, a state s is
time-uniform when Vt > 0,s',s” € REACH(s,t) : s’ and s” can either reach the same

states in one step, or they can only reach themselves.

Lemma F.197 (If &’ is reachable from a time-uniform state s, then s’ is time-uniform).

Proof. This follows directly from definition F.196. O
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(a) (b)
Figure F.31: States of the same color have the same children. For X wuni-
form: POWERp,_,, (s1,7) = (1 = 7)(3 + }7) + 37° and POWERp,, (s2,7)

11:775 <% + %’y + %72 + %(73 + 74)) by proposition F.198.

Proposition F.198 (Time-uniform POWER bound). If s is time-uniform, then either all
trajectories simultaneously enter 1-cycles or no trajectory ever enters a 1-cycle. Further-

more,

POWERp, . (s,7) = UNIFPOWER(s, ¥)

=(1-7) nyt_l E [max of |REACH(s,t)| draws from X] .
t=1

Proof. Suppose s is time-uniform. The fact that all trajectories simultaneously enter

1-cycles or no trajectory ever enters a 1-cycle, follows directly from definition F.196.

Starting from s, suppose all policies enter a 1-cycle at timestep k (if no policy enters a
1-cycle, k = 00). Consider any reward function R. The agent starts at timestep 0. At
timestep ¢t < k, its optimal policy selects greedily from ‘REACH(s,t + 1)! choices. At
t > k, the agent is in the best of }REACH(S, t)| 1-cycles. O

Proposition F.199 (POWERp, _  bounds).
0 < E[X] < POWERp, ,, (s,7) < UNIFPOWER(s,v) < E [max of |S| draws from X| <

Proof. E [max of |S| draws from X ] < 1 because X is a continuous distribution on the

unit interval; similarly for 0 < E[X]. POWERp,_ _ (s,7) < UNIFPOWER(s,~) because



315

for each reward function and at each time step ¢, the agent can (at best) enter the highest-
reward state from REACH(s,t). The other inequalities follow directly from lemma F.186
and lemma F.188. O

Corollary F.200 (Time-uniformity implies no optimal policy shifts). The optimal

trajectory cannot shift at time-uniform states.

Proof. Apply theorem F.128. O

F.7.4 Recursive POWER computation
In general, V5 (s,7) can be computed by solving for }Fnd(s)‘ convex polytopes (the
optimality supports, definition F.79) and integrating the average on-policy value:

Vi, (s.7) = f(y) TrdF(r). (F.161)

fEFua(s) /supp(f(v)>f(sry))
However, the optimality supports and the corresponding integrals may be difficult to
compute. In certain “tree-like” environments, we can compute POWERp, . Vvia dynamic

programming.

Definition F.201 (Support of a set of visit distributions). Let F' C F(s). supp(F') :=
{s/ | IF c F:(F(.5) —es) ey > O} is the set of states s’ visited with positive probability
by some f € F'.

Definition F.202 (Reward independence). Let F, F' C F(s). F Lp,  F' (read “F and
F'" are reward independent under Dgp,”) when Vs € supp(F'), s’ € supp(F’), the reward

at s is independent of the reward at s’ under Dany.

Theorem F.203 (Factored POWER computation). Let D' be a probability distribution
over reward functions, with probability measure F'. Let F*, ... F* C Fud(s) be pairwise
reward independent under D', where |J; F* = Fna(s). For each F' and any v* € (0,1),

define the random variable X!. = maxge i W—I*(f(’y*) —es)'r|r~ D with CDF FX;*.
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Figure F.32: Let distribution X, have CDF Fy(v) := v on v € [0, 1] and distribution Xj
have CDF Fy(v) :=v% on v € [0, 1]. Suppose the reward function distribution D’ is such
that R(s1), R(s3) ~ X4, R(s2) ~ Xp. Then theorem F.203 shows that POWERp/(s0,7) =

fol v%(v v?v) = fol ot dv = %.

Then for any v € [0,1],

POWERp(s,7) = 7l*igfy(l —'y*)/ vd HFXZ,* (v) | . (F.162)

Proof. Define the random variable XJ = max; Xé with CDF Fly:. Consider X%,Xé“ ,
where j # k. We have

X% = maxy (f(y) —es) ' r|r~D (F.163)
fery
k._ -1 T /
X5 = max -y (f(y) —es) r|r~D. (F.164)

For each s; € supp(F7),s; € supp(F¥), the random variable Rs; | R ~ D' is in-
dependent of the random variable Rs, | R ~ D’ because we assumed Fi 1p FF
(definition F.202). Then any random variable corresponding to a linear combination
Lj=3% s;€supp(F9) a;R(sj) (where a; € R) is also independent of each random variable
Rs, | R ~ D'. Furthermore, any such L; is independent of any linear combination

Ly = EskESupp(Fk) arR(sk), where ay € R.

But each 7~ 1(f; () —es) "r is precisely such a linear combination. So X! = max, Ly, Xf =

maxy, L., where each L, := fy*l(fj(fy) —e,) 't is independent of each Ly, :== v~ (fy(y) —
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es)'r. So X% and Xf are independent under D'. Therefore, Vo € R : Fx»(v) =[], Fxi (v).

Vi (s,7) :—/ max f(y) r dF'(r) (F.165)
supp(D’) feFna(s)

= E |R(s)|+ / max ~ H(f(7) — e, Ty dF'(r F.166

E R0 [ e 570 e T AR ) (160

= RINED [R(s)] —i—’y/_oovdFX; (v) (F.167)

= RINED [R(s)] +’y/_oovd IZIFX%(U) . (F.168)

Equation (F.165) follows from the definition of average optimal reward (definition 5.11)
and the fact that restricting maximization to F,q leaves optimal value unchanged for all
reward functions by definition 5.6. Equation (F.167) follows from the definition of F' Xz
Equation (F.168) follows from the factorization Fix» =[], Fxi, proved above.

Then since v € (0, 1),

POWERp (s, 7) = 1_77 <Vg,(s,7) - E [R(s)]> (F.169)
=(1-~) /_OO vd prg(u) . (F.170)

Equation (F.169) follows from definition 5.12. Equation (F.170) follows from eq. (F.168).

Since POWERypy is Lipschitz continuous on 7 € [0, 1] (lemma 5.13) and since eq. (F.170)
holds for all v € (0,1), the result holds in the limits and therefore holds for all v € [0,1]. O

F.7.5 Complexity of estimating POWERp,,  , and optimality proba-
bility

Proposition F.204 (POWER sampling bounds). Let v € [0, 1], D’ be a reward function

S|

distribution which is bounded [b, c]'°!, s be a state, and € > 0. For the random variable
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P /
X’n OWERp = % Z?:l Es’NT(s,ﬂ;‘(s)) [Vghnwm (3', 'y)} f07“ IID draws Rl, ey Rn ~ ’D/7
-p _ 2ne2
P (‘Xn OWERD! _ POWERp: (s,’y)’ > e) < 2¢ 7, (F.171)
Ri,...,Rp~D'

Proof. Normalized optimal value for each R; is bounded [b, ¢|. Since the draws R; ~ D’

are independent, apply Hoeffding’s inequality. O

At any fixed discount rate v € [0, 1), an optimal value function can be computed in time
polynomial in |S| and |A| (via e.g. value iteration [49]). Therefore, proposition F.204

shows that when v € [0,1), POWERp,__, can be efficiently approximated with high

d

probability.
Conjecture F.205 (POWER can be efficiently computed).

We show a similar result for optimality probability, except proposition F.206 does not

require a bounded reward function distribution.

Proposition F.206 (Optimality probability sampling bounds). Let v € [0,1], F' C F(s),
~P

and € > 0. For the random wvariable X,

draws Ry, ..., Ry ~ Dapy,

D 1 n
o= n Z@':1 ﬂﬂfeF: f is optimal for R; at ~ fO?“ 11D

SPD o, —2ne?
Ri,..;Rn~Dany <‘Xn P, (B 7)‘ - 6) =% ' (F172)

_P
Proof. X,"™ is an unbiased estimator of Pp,,, (F,7) and it is bounded [0,1]. Since the
draws R; ~ Dany are independent, apply Hoeffding’s inequality. O

Conjecture F.207 (Optimality probability can be efficiently computed).

F.7.6 How POWER relates to empowerment

Definition F.208 (n-step reachable states). Let REACHgyure (s,1) be the set of states

which are reachable from state s with probability 1 in exactly ¢ time steps.
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Conjecture F.209 (A function of the number of reachable states lower-bounds POWER).
Let Sy C REACHgyye (8,t) be those states only reachable in exactly ¢ steps. For any
v € [0, 1],

POWERp, ., (5,7) > <1 —(1- ’y)’yt&) E [X]+(1—7)y" " E [max of |S;| draws from X] .
(F.173)

O

Figure F.33: The POWERp, = expansion of theorem F.182 can have summands less than
E [X].

The caption of fig. .33 is justified because

1
POWERp,_ (s1,7) = i <E [max of 2 draws from X|+ vE [min of 2 draws from X]) .

Although fig. D.1 demonstrates how information-theoretic empowerment fails to cap-
ture important non-local information about the agent’s control over the environment,
POWERp, ., and empowerment are not unrelated. As Salge et al. [77] remark, “In a
discrete deterministic world empowerment reduces to the logarithm of the number of
sensor states reachable with the available actions.” Conjecture F.210 reflects the fact that

an agent can at least choose from the highest-reward reachable state after ¢ steps.

Conjecture F.210 (A function of empowerment lower-bounds POWERp, ). If the

environment is deterministic and contains an absorbing state, then for any v € [0, 1],

POWERDbound (87 F)/) Z

st1>111) (1 - (1- V)’ytfl) E[X]+ (1 —~)7"'E |max of 2% draws from X} . (F.174)

Proof. Suppose the environment is deterministic and let v € [0, 1]. Let ¢ be a positive
integer. By Equation 4.15 of Salge et al. [77], €(s) = log, |REACHsue (s,t)| (given
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deterministic dynamics). Since the environment contains an absorbing state, apply

conjecture F.209 to conclude that

POWERp,_, , (5,7) > (1 —(1— 'y)yt_l) E[X]4+(1-4)y"1E [max of 2%(5) draws from X] .

Since t was arbitrary, POWERp, ., (s,7) must be greater than the supremum over such
t. O

Figure F.34 shows that this inequality would be tight.

AN

Q)

5

Figure F.34: POWERp, ., (s1,7) = (1 — v)E[max of 2 draws from X] + yE [X] by
proposition F.198. Since €;(s) = 1, the inequality of conjecture F.210 would be tight.

F.8 POWER-seeking

Question F.211 (Probability of POWER-seeking being incentivized). Seeking POWER
is not always more probable under optimality, but we have shown sufficient conditions

for when it is. We believe that this relationship often holds, but it is impossible to

5 3
Lol

Figure F.35: Policies which go right are POWERp,  -seeking: Vy € (0,1]
POWERp,_  (s3,7) > POWERp,_  (S2,7) by lemma F.186 and proposition 5.28. How-
ever, for X’ with cDF F(z) = 2% on the unit interval, Pp,, . (si,up,.12) ~ .91. For
Dxrp and at v = 0.12, it is more probable that optimal trajectories go up through so,
which has less POWERp,, .



321

graphically characterize when it holds (proposition D.1). For some suitable high-entropy
joint distribution over MDP structures (e.g. Erdés—Rényi), state reward distributions X,
starting states s, and future states s’, with what probability is seeking POWERp, ., at

s’ more probable under optimality, given that the agent starts at s?

F.8.1 Ordering policies based on POWER-seeking

POWERp,  ,-seeking is not a binary property: it’s not true that a policy either does or
doesn’t seek POWERp, ... The POWERp,  ,-seeking definition (definition 5.16) accounts

for the fact that = might seek a lot of POWERp,_ , at s but not seek much POWERyp, .

d
at s’ (appendix F.8.1) and that a policy m may seek POWERyp,__, for one discount rate

but not at another (appendix F.8.2).

The POWERp, ,-seeking definition (definition 5.16) implies a total ordering over actions

based on how much POWERp, ., they seek at a fixed state s and discount +.

Definition F.212 <Z;ZWERDb0und‘Seek). a Z;ZWERDbOund'Seek a’ when
E [POWERDboun NE ,'y)} > E |POWERp,,,, (¢ ,'y)} : (F.175)
s'~T(s,a) s'~T(s,a’)

Action a mazimally/minimally seeks POWERp, , . at s and y when it is a maximal /minimal

$,Y
element of ZPowapr _seek”
ound

Figure ['.37 illustrated how POWERp, _ ,-seeking depends on . Figure I.36 shows how
a policy might maximally seek POWERp,_ ., at s but then minimally seek POWERp, .

at s'; therefore, many policy pairs aren’t comparable in their POWERp, ,-seeking.

Ultimately, we're interested in the specific situations in which a policy seeks “a lot” of
POWERp, ., not whether the policy seeks POWERp, . “in general.” Even so, we can
still formalize a good portion of the latter concept. Definition F.213 formalizes the natural

PowER-seeking preorder over the policy space II.

Definition F.213 (=97 oek)e T il

/ . 5,Y
—POWERDbound —POWERDbound—Seek 7 whenVs € S : 7[-(8) 2
7' (s).

—POWERDbound -seek
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Figure F.36: If w(s;) = right,n(s2) = down, then Vv € [0,1], 7 maximally secks
POWERp,_ . at s1 but minimally seeks POWERp,_ , at s2. Just as a consumer earns
money in order to spend it, a policy may gain POWERp,_ . in order to “spend it” to
realize a particular trajectory.

Proposition F.214 (t‘;’gWERDb -secls is a preorder on II).

Sy . . s . .
Proof. =p oweRp,seck 15 reflexive and transitive because of the reflexivity and transi-
O

tivity of the total ordering Z;ZWERDbound_seek.

Proposition F.215 (Existence of a maximally POWERp, _ ,-seeking policy). Let v €
S:

[0,1]. EPJWERDbound‘SCEk has a greatest element.

Proof. Construct a policy 7 such that Vs : 7(s) € argmax, Ey p(sq) [POWERDbound (s’, ’y)} .

This is well-defined because A is finite. O

F.8.2 Seeking POWER at different discount rates

Figure F.37 shows that at any given state, the extent to which an action seeks POWERp, .
depends on the discount rate. Greedier optimal policies might tend to accumulate
short-term POWERp,_ ., (i.e. POWERp, . (s,7) for v ~ 0), while Blackwell optimal
policies might tend to accumulate long-term POWERp, _ ., (i.e. POWERp, , (s,7) for

v 1).

Lemma F.216 (POWERp,_, , bounds when v = 0). Let X’ be any bounded distribution
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over R.
E [max of |Chgure (s)| draws from X'| (F.176)
<POWERp,,_ (s,0) (F.177)
<E [max of |Ch(s)| draws from X']. (F.178)

Proof. The left inequality holds because restricting policies to deterministic action at s
cannot increase POWERp,, (s,0). The right inequality holds because at best, greedy

policies deterministically navigate to the child with maximal reward. O

Definition F.217 (Children). The children of state s are Ch(s) := {s' | Ja : T(s,a,s’) > 0}.

Proposition F.218 (When v = 0 under local determinism, maximally POWERp, _ _-seeking
actions lead to states with the most children). Let X’ be a nondegenerate distribution on R.
Suppose all actions have deterministic consequences at s and its children. For each action a,
let sq be such that T'(s,a,s,) = 1. POWERp,, (84,0) = maxyc 4 POWERD,, (54,0)
iff |Ch (sa)| = maxyea |Ch (sq)

Proof. Apply the bounds of lemma F.216; by the assumed determinism, Ch(s,) =
(Sa,0) = E [max of |Ch(s,)| draws from X] (similarly
for each sq/). E [max of ’Ch (Sa)‘ draws from X| is strictly monotonically increasing in
|C’h (sa)‘ by the non-degeneracy of X. O

Chsure (54) and so POWERp

11D

Figure F.37 illustrates proposition F.218 and proposition F.219.

Proposition F.219 (When v = 1, staying put is maximally POWER-seeking). Suppose
da € A:T(s,a,s) =1. When vy =1, a is a marimally POWERyp,  -seeking action at

state s.

Proof. Staying put via action a has an expected POWER of POWERp,_ . (s,1). By
lemma D.46, POWERp, ., (s,1) > maxy By r(s o) [POWERDboun NE ,7)] O

When ~ = 1, proposition F.219 implies that the agent cannot expect that any action will

increase its POWERp, .-
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Figure F.37: When v ~ 0, POWERp,_  (s2,7) < POWERp,_  (s3,7), and so down seeks
POWERp,_ compared to up and stay (proposition F.218). When v ~ 1, up seeks
POWERp, ., compared to down: POWERp,  (s2,7) > POWERp, (s3,7) (proposi-
tion 5.28). However, stay is maximally POWERp, -seeking when v =~ 1, as demanded
by proposition F.219.

stay

F.9 Attainable utility distance
Consider Definition 1 of Turner et al. [98]:

Definition F.220 (Aup reward function). Consider an MDP (S, A, T, R, ~) with state
space S, action space A, transition function 7" : & x A — A(S), reward function
R:S x A— R, and discount factor v € [0,1). Let A > 0 and @ € A, and let R C RS be

a finite set of auxiliary reward functions.

Rur(s.0) = R(s.0) = 70 3 |Qin(s.0) = Qi (5.2 (R179)
R,eR

The following results provide intuition about how the AUP penalty term works in general.
We first formalize a distance metric which is tightly linked to the AUP penalty term
[97, 98].

Definition F.221 (Attainable utility distance d3y’). Let D be a bounded continuous
distribution over reward functions bounded [0, 1], with probability measure F. With

respect to D and discount rate v € [0, 1), the attainable utility distance between state
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distributions A, A" € A(S) is

dpy (A,A’ ] 'y) :—/

RS |s~

E [Vi(s,)] - E, [vg (s, 'y)} ’ dF(R). (F.180)

Each expectation can be interpreted as the Q-value of an action. With respect to reward
function distribution D, da, returns the expected advantage magnitude for one action

over another.

Proposition F.222 (d}y is a distance metric on A(S)).

Proof. For A, A/, A" € A(S):
Lody (A,A ] ) >0.
2. dy (AA | y) =0iff A=A
3. dy (AA ) =dy (A, A ] 7).
4.dy (AA" [ 7) <dy (AA | ) +dy (A, A" | 5).

Properties 1 and 3 are trivially true. Property 2 follows from lemma F.105. For property
4

)

A (A, A" | ) :/RS <SINEA Vi (0] - E_[Va (s',v)])—{— (F.181)

(B[] -, [ )] ) | arcm)
< /RS E ViG] - E, [V}g (s/,’y)]'dF(R)—i— (F.182)
/Rs VE VRG] - B, V) ‘ dF(R)
=dp’ (A, A7) +dp’ (A, A" [ 7). (F.183)

O

Restricting dfy’ to degenerate probability distributions yields a distance metric over the
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state space.

Viewing the designer as sampling auxiliary reward functions from distribution D, the AUP
penalty term is the Monte Carlo integration of Ay - dy’ (T'(s,a), T(s, @) | 7):

A 3 ‘Q’}}i(s,am) —Qgi(s,e,y)‘ (F.184)
|R| R,eR

_ A . - )

_@ RZ'ZE:R SaNT(S,a) |:VR7, (Sa):| SQNC;E(S’Q) [VRz (S@)i| ‘ . (F185)

Insofar as the Monte Carlo integration approximates d7)’, the attainable utility distance
sheds light on the attainable utility penalty term in eq. (F.179). For example, we want
to penalize side effects, but not smaller changes, such as easily reversible movement.

Corollary F.227 guarantees this.

Lemma F.223 (Statewise AU distance inequality).
d%u (A’ A’ | 'Y) < ESNA,S’NA’ [d%U (esaes’ | ’Y)} :

Proof.
(A, A | ) = /RS E [Valsm] - E [Vi(7)] ‘ dF(R) (F.186)
< /R conE s [ Vi (5,7) — Vi (3',7)” dF(R) (F.187)
- E_. [ /R s - v (s/,’y)” dF(R) (F.188)
- E [d%“ (e, ey | fy)} . (F.189)

Equation (F.187) holds by the triangle inequality. Equation (F.188) holds by the linearity

of expectation. O
Lemma F.224 (Statewise AU distance upper bound). Vs, s" : d3y’ (83765/ | 7) < ﬁ

Proof. Because optimal value is bounded [0, ﬁ], ay’ (es, ey | ’y) < ﬁ The equality
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holds iff for almost all R € supp(D), Vj (s,7) = ﬁ and V7 (s',7) = 0, or vice versa.
But because D is continuous, s’ must induce positive optimal value for a positive measure

set of reward functions. O

Corollary F.225 (AU distance upper bound). dfy (A, A | ’y) < ﬁ

Lemma F.226 (One-step reachability bounds average difference in optimal value). Let
Dround be bounded [b, ¢| and let v € [0,1). If s and s’ can reach each other with probability
1 in one step, then Erp,, .., HVE (s,7) = Vg (5’,7) H < ¢ —b, with strict inequality if

Diound S continuous.

Proof. By Proposition 1 of Turner et al. [98] and because each R € supp(Dpound) i8

bounded [b, c], |V} (s,7) = Vi (s',7)| < (1—7) lc:z =c—0b.

Suppose Dpound is continuous; then b < ¢. For equality to hold, it must be the case that
for almost all R € supp(Dhound),

Vi (s,v) = Vi (s’,’y)‘ = ¢ — b. Because we assumed
that such s and s’ can reach each other in one step, this implies that for almost all such
R, either R(s) = b and R(s’) = ¢, or vice versa. This would imply that Dypounq has a
discontinuous marginal reward distribution for these states, which is impossible if Dyound

is continuous. Then the inequality is strict if Dyoung is continuous. O

The following result also applies to the AUP penalty term for any R over reward functions
bounded [0, 1].

Corollary F.227 (Movement penalties are small). Let A # A’. Suppose that all states
in the support of A can deterministically reach in one step all states in the support of A/,
and vice versa. Then 0 < dyy’ (A, A’ |v) < 1.

Proof. 0 < dfy (A, A | 7) by proposition F.222.

i (A, A |7) < &3 (eseq 17)] (F.190)

<1. (F.191)

E
s~A LS ~A!
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Equation (F.190) holds by lemma F.223. For eq. (F.191), apply lemma F.226 to conclude
that dpy (es, ey | 'y) < 1 for each such s, s’. Therefore, d3y’ (A, A | 'y) < 1. O

AUP penalizes both seeking and decreasing POWERyp, ., compared to the null action.

Proposition F.228 (Change in expected POWERp lower-bounds d%).

(A A7) 2 | B Vi, (7] = E [V, (s',’y)H. (F.192)
Proof.
diy (A A7) = E_ HSINEA Vi (7] - E,, VR s',7) H (F.193)
>| B, | B ViG] - B, [Vi () H (F.194)
X S N () R
Equation (F.194) follows by the reverse triangle inequality. O

While we conjectured that AUP penalizes green cell disruption because it decreases POWER,
Turner et al. [97]’s Correction gridworld showed that AUP also penalizes increases in

POWER.

F.9.1 Upper-bounding AU distance by variation distance

Proposition F.229 shows that dy” is upper-bounded by the maximal TV between the visit
distributions of s and s’. As fig. F.38 shows, if their visit distributions are “forced to

overlap,” d7y’ must be relatively small.

Proposition F.229 (AU distance upper-bounded by maximal variation distance of visit

distributions). Let D' be any reward function distribution which is bounded [b,c] and let

v €10,1). diyy (A, A | y) < (c—b)maxzen TV (ESNA [£75(7)] ,Egnnr [f“’sl (*y)])
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Figure F.38: For all D’ bounded [0, 1], d}y/ (es,,€es, | 7) < 1 by proposition F.229, since
for any m € II, f7%1 € F(s1),f™°2 € F(s2) only disagree on the initial state.

Proof.

&y (A,A'|7) = E H

BB VRG] - B [VE (8’#)“] (F.196)

]
mae (B, [170)] - JE, [f)] ) x

] (F.197)

<8 [mr |5, [0 - 2, [0

s~A s/~ A

(c— b)] (F.198)
1

= (¢ —b)max TV (
well

E [f™(y)], E [f’“sl(fy)D. (F.199)

)
s~A s'~A/

Equation (F.197) uses a single max because all optimal policies 7 € IT* (R, ) induce the
same optimal value function. For each r € supp(D’) with = € II* (R, ), consider the
difference vector d := Esun [f75(7)] — Egons [f’“sl (fy)} . Since r is bounded [b,¢], [d'r

is maximized when r assigns c reward to the positive entries of d, b reward to the negative

entries, and ¢ reward to the zero entries.

Since we always have Hf’r’s('y)Hl = ﬁ by proposition D.8, the negative and positive

s [£76)] - B [ )

we maximize over all possible m € II. Then eq. (F.198) follows.

. Lastly,
1

entries of d both have measure equal to %

Equation (F.199) follows because

E [ - E [ ()]

)
s/ ~A s~A s/ ~A

™ (B, 0], B [ 0]) = ;

1
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O

Proposition F.229 shows that no matter the bounded D’, some states always must be

close in AU distance.

Conjecture F.230 (Proposition F.229 can be extended to only account for policies which

induce non-dominated visit distribution functions).

Corollary F.231 (Average optimal value difference is bounded by maximum visit distri-
bution distance). Let D’ be any reward function distribution which is bounded [b,c| and
let v €10,1).

Vi (s,7y) — Vi (3',7)’ < (¢—b)maxTV (f”’s(’y), £ (fy)) . (F.200)

mell

Vi (57) = Vi (5'7)| < @i (esvew | ),
By proposition F.229, d3 (es, ey | v) < (¢ — b) maxen TV (fﬂ’s(V), fr.s’ (’Y)) -

Proof. By proposition F.228,

F.9.2 AU distance for discount rates close to 1

Definition F.232 (Normalized d%’). Let v € [0,1),A, A" € A(S), and let D be a

bounded continuous reward function distribution.

A (2,8 ) = (1) (8,4 ]). (F.201)

Note that this normalization is order-preserving and dp, "™ (A, A | 'y) € [0,1]. Proposi-

tion F.233 demonstrates that dp "™ extends to v = 1 via the appropriate limit.

AU,norm

Proposition F.233 (For any bounded reward function distribution D', dp, (-,- | ’y)
is Lipschitz continuous on v € [0, 1]).

Proof. By lemma D.45, limy«_,~ (1 — ")V} (s,7*) is Lipschitz continuous on v € [0,1],
with Lipschitz constant depending only on ||r||,. Let v € (0,1),A, A" € A(S). Since

expectation, subtraction, and absolute value preserve Lipschitz continuity under some
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bounded Lipschitz constant, we conclude the Lipschitz continuity of

E [Vi(s,7)] - E

s~A s'~A!

AU,nOTM / _ _
Ly (.8 ) = (=) B, |

[V;; (s’,y)} H . (F.202)

By the above continuity, we can extend dADU’norm to v = 1 via the appropriate limit. [
Corollary F.234 (d}’ is continuous on v € [0, 1)).

Proof. By definition F.232, dy (-,- | 'y) = Ld%U’norm (.7. | 7)'

1=y
By proposition F.233, dp"*™ (-, - | v) is continuous on v € [0, 1), as is ﬁ The space
of continuous functions is closed under pointwise multiplication. O

Remark. By the continuity of dy’, if A, A, A” € A(S) are such that dy "™ (A, A" | 1) >
dp "™ (A, A" | 1), then for all v sufficiently close to 1, dy (A, A" | ) > dy’ (A, A" | 7).

For proposition F.235 and proposition F.236, we use the following shorthand: for any
Sa’y Sas S € S, Do = RSDpq (Sa/) , Do = RSDyg (8a) , Dz = RSDyq (52).

Proposition F.235 (Losing access to RSDs increases dADU’norm). If Doy € D, C Dy, then
Ay (e, 5, | 1) < djy ™ (esg,esa, | 1). If Dy € Dy, then the inequality is strict.

Proof.
d%u,norm (esg,esa ’ 1) _ /RSl 5161%); dTI‘ _ G{lneaf)(a d/TI‘ dF(I’) (F203>
g/ max d'r — max d''r|dF(r) (F.204)
RIS |[d€EDg d’'eD,,
_ gavaorm (esmesa/ | 1)_ (F.205)

Equation (F.203) holds by the definition of RSDs (definition 5.26). Since D, C D,, for

all reward functions r € RISI,

maxd'r — max d''r
deDy d'eD,,

maxd'r — max d''r
deDgy d’eD,

< . (F.206)
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If Dy C D,g, by proposition D.25, D assigns positive measure to the set of reward functions
for which some d” € D, \ Dy is strictly gain-optimal. Therefore, eq. (F.206) is strict for

a positive measure set of reward functions, and so eq. (F.204) holds. O

1S}

Gﬁvo—»@

Figure F.39: At v = 1, all other states are “equally distant” from s because they each can
only access a single 1-cycle RSD. By proposition F.236, Vs, s” # s : dp "™ (e, ey | 1) =
d%unorm (es“esﬂ ‘ 1).

Proposition F.236 (Losing access to similar RSDs implies equal dp,"*™). If Dy, D, C
Dy, if some Dgyy C D, is similar to Dy, and z'fHDa/ —Dg\ Dy||, = HDsub — Dg \ Dsule =
2, then dp"""™ (es,, €5, | 1) < dp ™™™ (esg,esa, ] 1). If Dgyy € Dy, then the inequality

18 strict.

Proof. Let ¢ be the guaranteed state permutation such that ¢ - Dg,p, = Dys. Define

o(s) if s visited by d € Dgyy,
¢'(s) =< ¢~1(s) if s visited by d € D, (F.207)

s else.

By the ||-||; assumption, ¢’ is a well-defined permutation.

dy"™ (esy.es, | 1) = E ||maxd'r— maxd'r
r~D | |deDgy d’eD,

} (F.208)

A

E maxd'r— max d''r
r~D | |deDgy d’€Dgyp

} (F.209)

= E max d'r' — max d'r’
r~D | |dEDg d’'eD,

] (F.210)

= gavmorm (esg, e, | 1) . (F.211)
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Equation (F.208) holds by the definition of RSDs (definition 5.26). Equation (F.209) holds
by proposition F.235, with strict inequality if Dgy, € Dy.

Let g(by, bo) = [by — bo| and let f(By, B | D) = Eypp {g (maxde B dTr,) ,MaXdcsn, dTr] :
Then lemma D.22 shows that f(Dg, Dgup | D) = f(¢'(Dg), ¢'(Dsup) | ¢'(D)).

By the ||-||; assumption, ¢'(Dsub) = Dy, ¢'(Dor) = Dgup, and ¢’ (D@ \ (Dgy U Dsub)) =
Dg \ (Dy U Dgyp) by eq. (F.207). Then ¢/(Dg) = Dg. Since D distributes reward

identically across states, ¢’ (D) = D. We thus conclude that f(Dg, Dsup | D) = f(Dg, Dy |
D), and so eq. (F.210) follows. O

Proposition F.237 (AUP penalty sampling bounds). Let v € [0,1], D’ be a reward func-

tion distribution which is bounded [b, C]“S', s be a state, a, D be actions, and € > 0. For re-
. R1,...,Rn
ward functions Ry, ..., Ry, define |AQg 5™ | = % Sy ‘Q}‘%mrm (8,0,7) = QR, norm (8,9,7) |-

2n62

-y (0,0, T(2) | )| 2 ¢) <20 CFL (P

P ‘ AQFLn
Ri,csRyD! <‘ 500

Proof. Normalized optimal Q-value is bounded [b,¢|, and so the absolute difference
is bounded [0,¢ — b]. Since the draws R; ~ D’ are independent, apply Hoeffding’s

inequality. O

F.10 Proportional regret

We formalize a relaxed variant of worst-case regret minimization which accounts for the
human’s ability to later correct the robot. We show a common-sense no-free lunch theorem:
without any way of learning about the true reward function, no policy can do better
than losing half of its value in the worst-case. This result underscores the importance of
thinking carefully about what objective we wish to give the agent, and ensuring it can

gather enough information about our preferences.

We also show that even when the human may later communicate the true reward function
to the robot, it is often impossible to meaningfully minimize worst-case regret. In
particular, this occurs when the agent is forced to make an irreversible decision early

on.
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Regan and Boutilier [71] select policies which minimize worst-case regret against a set
of feasible reward functions. We show that when this feasible set is large enough, worst-
case regret minimization is infeasible if the agent cannot learn more about the true

objective.

Regan and Boutilier |72] quantify regret as the decrease in value from following a sub-
optimal policy fo (s,7) — V& (s,7). However, while optimal policies are invariant
to positive rescaling of the reward function, absolute regret is not: starting from state
s, if 7 induces 1 regret for reward function R, then 7 induces 10 regret for 10R! The

VE(s)=VT(

relative regret |39] of a policy 7 is ey 8’7), but the denominator is not invariant to
R b

translation of the reward function.

We propose a regret metric which quantifies the proportion of attainable value lost by

following a suboptimal policy.
24 S min RSN ™ _ —R
Definition F.238 (Minimal value). VA" (s,v) = mingen VZ(s,7) = =V 7" (5,7).

Definition F.239 (Proportional regret). Let s be a state and let 7 be a policy, R € RS,
v € [0, 1]. The proportional regret of following policy 7 is

VE s$,v) = V3 s,
PROPREGRET (7 | R, s,7) = norm (3:7) = Vit norm (5:7) : (F.213)

Vlgnorm <S’ ’7) - Vlfzr,lir?orm (87 7)

PROPREGRET is defined to be 0 when the denominator is 0, as no policy can incur regret
for R starting from s under such conditions. In particular, this occurs when v = 0 in
our state-based reward setting: Reward from other states is discounted away, and so all

policies are optimal. PROPREGRET is clearly bounded [0, 1].

Conjecture F.240 (Optimal policies have 0 PROPREGRET, while maximally suboptimal
policies have 1 PROPREGRET).

Proposition F.241 (PROPREGRET is invariant to positive affine transformation of the
reward function). Let w be any policy, R€ RS, s € S, v € [0,1], and m > 0,b € R.

PROPREGRET (7 | R, s,7) = PROPREGRET (7 | mR +b,s,7) . (F.214)



Proof. Suppose v < 1.

PROPREGRET (7 | R, 5,7)

VR norm (57 7) - Vlgnorm(sv 7)
V}“!u’.znorm (S V) V]I?nllilorm (87 ry

— R+b b b
. lvénncj;m (S’ - R+b norm(s 7) ry)
N R+b b b
1V12nno+rm (87 I 1Vﬂr’?ll%n+b norm (S? ’7) - ﬁ)
R+b
Vl?norm ( )

mR+b norm(s7 7
VmR+b len
(s,7) = (s:7)

R, norm mR—+b, norm

= PROPREGRET (7 | mR +b,s,7) .

The v = 1 case follows automatically from the equality for all v < 1.
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(F.215)

(F.216)

(F.217)

(F.218)

(F.219)

O

Proposition F.242 (Reward function negation flips the PROPREGRET of any policy).

R, norm

Let w be any policy, R€ RS, s € S, v €[0,1]. If Vlgnorm (5,77) > Vmin

PROPREGRET (7 | —R, s,7) = 1 — PROPREGRET (7 | R, s,7) .

Proof.

PROPREGRET (7 | —R, 5,7)

VR Ir?orm (s,7) — VZg, norm (5:7)
Vo (5:7) = VIR (5,7)
Vo (8:7) + VE o (5,7)
TV (557) Vi orm (5:7)
Vo (5:7) = VRl omn (5,7)
Vi o (57) = Vi (5,7)

- (VR, norm (8’ 7) V]%mélorm ( Y )) + V}TZrnorm(S7 7) V}I%mélorm

=1+
VR,norm (Sa ’7) le%mr?orm ( ’7)

_VE, norm (3? 7) + V}T’: norm(87 7)

= 1 + * mln
VR, norm (87 ’Y) VR norm ( 77)

7 ’7) 2 then

(F.220)

(F.221)

(F.222)

(F.223)

(F.224)

(F.225)

(F.226)
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VI%, norm (57 ’7) - Vﬁ,norm(s’ 7)

-1— . ] (F.227)
VR, norm (87 fY) - }rfr,lll?orm (S’ ’Y)

=1 — PROPREGRET (7 | R, s,7) . (F.228)

O

F.10.1 No free lunch for robust optimization

Let Rirue € RS be a set of reward functions. Robust optimization minimizes maximal
regret with respect to this feasible set Rirue [72]. We show that when Ryye has enough
reward functions in it, no policy can do well in the worst case. As illustrated by fig. F.40,

no policy can simultaneously optimize a generic reward function and its inverse.

§0=-0)

Figure F.40: If Rtue is the set of state indicator reward functions, then no policy can
do better than alternating between the two states. When v = 1, this policy induces
worst-case PROPREGRET of %: half of the attainable value is lost for each reward function
in Rirye-

Theorem F.243 (No free lunch theorem for proportional regret minimization). Let m
be any policy, s a state, and v € [0,1]. If there exists R € Ripye such that a negatively
affinely transformed —mR +b € Rirue as well, and if Vi 0 (8,7) > vmin (s a), then

R, norm

1
sup  PROPREGRET (7 | Rirue, 5,7) > = (F.229)

RtrueERtrue 2

Proof.
sup PROPREGRET (7 | Rerue, S, ) (F.230)
RtrueERtrue

> a PROPREGRET Rire, S, F.231
= RtrueE{I%,—XmR—i—b} (7T ’ trues S ’7) ( )
= max _ PROPREGRET (7 | Rirue, S,7) (F.232)

B RtrueE{Rv_R}
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= max (PROPREGRET (7 | Rirues $,7) , 1 — PROPREGRET (7 | Rirue, 3,7)) (F.233)

> 5. (F.234)

Equation (F.231) holds because R,—mR + b € Rirue. Equation (F.232) holds by proposi-
tion F.241. Equation (F.233) holds by proposition F.242, which can be applied since

Vﬁ, norm (57 /y) > V}r%r,lir?orm (S’ ’Y) °

Equation (F.234) holds because PROPREGRET is bounded [0, 1]. O

Proposition F.244 (Uninformative Ripe satisfy no-free-lunch conditions). Let m be
any policy and s € S. Suppose there exist a < b such that [a,b]® C Ryme. If eithery € (0,1)

and | F(s)| > 1 ory =1 and |[RSD (s)| > 1, thensupg,  cr,.. PROPREGRET (7 | Rirue, 5,7) =
1

5-

Proof. Let U := [a,b]® for the assumed real numbers a < b. Let U~ :== {R € U | 3Imp >
0,br € R : —mgR + b € U}. Since all R € U are bounded, any reward function
—mpR + br can be positively affinely transformed so that its reward is bounded [a, b].
Therefore, U= =U.

Since v > 0 and either |F(s)| > 1 or |RSD (s)| > 1, by lemma F.106, almost every reward
function in U~ has a strictly optimal visit distribution or RSD at discount rate ~y. Since
U~ = U has positive measure, almost all elements of U™ must have a strictly optimal visit
distribution or RSD at discount rate . Let R € U~ be one such element. We conclude
that V3 oo (5:7) > VE o (5,7)-

R, norm

By the definition of U™, R has a negatively affinely transformed counterpart in U C Rirye-
Then theorem F.243 implies that supg,  _cr,... PROPREGRET (7 | Rie, 5,7) = 5. O

Remark. Proposition F.244’s conditions of |F(s)| > 1 or |[RSD (s)| > 1 are trivial: if
they are not met, then the agent makes no meaningful choices and PROPREGRET trivially

equals 0 for every policy and reward function.
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F.10.2 Corrigible regret minimization

Even though we often can’t fully specify the intended reward function or minimize worst-
case regret under complete uncertainty, we can correct an agent after watching it make

mistakes.

Definition F.245 (Corrigibility). An agent-supervisor pair enables perfect corrigibility

when the supervisor can modify the agent’s policy to any other policy.

Definition F.245 is optimistic: it is obviously unrealistic to demand the supervisor be able
to implement in the agent an optimal policy for any reward function. Furthermore, the
agent may act to avoid correction [87, 19, 99|, or an agent may leave the supervisor’s

range of correction. We set these complications aside for now.

Theorem F.243 does not imply that e-PROPREGRET minimization is impossible for € < %,
even when Ripe = RS. Theorem F.243 says that any 7 cannot do well across all reward
functions, if 7 cannot somehow be conditioned on each Ri.... However, definition F.245

allows the agent to be “corrected” after ¢ time steps to an optimal policy 7 .

Even if the agent cannot somehow discover which reward function it should optimize,

exogenous correction by the supervisor often allows an agent to bound its worst-case

-

Figure F.41: In some environments, non-trivial corrigible regret minimization is impossible.
The agent starts at s; (the starting state s is shown in blue). Suppose 3R, R’ € Rirye
R(s2) > R(s3) A R'(s2) < R/(s3). Then Vv € (0,1],¢ > 0, no policy can avoid incurring
maximal worst-case proportional regret for Riye. However, intuitively, going right is “less
option-destroying.”

proportional regret.

Eysenbach et al. [28] train an agent to preserve initial state reachability. Proposition F.246
shows that reversibility allows the agent to bound worst-case regret, if the agent can later

be corrected to pursue the true objective.

Proposition F.246 (Given perfect corrigibility, initial state reachability bounds worst—
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case PROPREGRET). Let v € [0,1] and let m be any policy which, when followed from
s for t steps, has probability 1 of residing in states which can reach s in k steps with

probability 1.

sup PROPREGRET (Tsyiteh (7, T t) | R, 8,7) <1 -+t (F.235)
ReRS

where 7, € II* (R, ) for each R.

Proof. If YR € RS : VE norm (8:7) = }r{jifllorm (s,7), then the supremum in eq. (F.235)

equals 0 by definition F.239 and we are done. Otherwise, let Y C R® be the subset of

reward functions for which this equality does not hold.

Suppose v € [0,1). Let meturn be a policy which always navigates to s as quickly as
possible, when possible. Let Tyecover (7') = Tswitch (ﬂ'switch(ﬂ', Treturn, £), Ty t + k:) be the
non-stationary policy which follows 7 for the first ¢ time steps, switches to Tyeturn for the
next k time steps, and then follows 7’ thereafter. Starting from s, the value gained before
time ¢ + k is then G5V () == Vgrea)ver(ﬁ’met"m’nﬁ)(s, v) — YRVE (5,7).

sup PROPREGRET (Tgwiteh (T, Tk, ) | R, 5,7) (F.236)
ReRS
= sup PROPREGRET (Tswiteh (T, 7R, t) | R, 5,7) (F.237)
ReY
switc ( ) *7t
Vlg norm (8? 7) - V];:,no;n}; e )(8’ 7)
= sup = — (F.238)
ReY VR, norm (57 7) - VR, norm (8’ 7)
switc ’ i 7t)
= sup V}{;L (877) — VI;F ' h(.w " (877) (F 239)
ReY V}? (87 7) - V]{Zmn (57 ’)/)
- VRR (S, 7) o V};"recover(ﬂaﬂ'returmﬂ';%) (S, ’}/) F
< sup 7 — (F.240)
ReY VR (57 '7) - VR (Sa ’Y)
Vi (3,7) = Vg TR s )
< sup R 1 recover (F'241)
rey Vg (5,7) = 7= GR ()
VR — (recover _ t+kv*

rey VI (s,7) — T2 G (y)
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(1-%) Vit (5,7) - Geover(a)

= sup e —" (F.243)
Rey V}? (s,7) — MﬁGﬁCO ()
=1— ATk, (F.244)

Equation (F.237) follows because all reward functions R’ € RS\ Y have 0 PROPREGRET
by the definition of Y, and PROPREGRET is bounded [0, 1]. Equation (F.239) follows
because the continuity of (optimal) value functions on v € [0,1) allows us to ignore the

limit in the normalized value functions (definition F.10). Equation (F.240) holds because

Trecover (7r77rreturn 771';%) Tswitch (7'(771'73775)
VR (37 7) S VR (87’7)7

as Trecover (T, Treturn, Tf) takes longer to begin following an optimal policy for R.

By the definition of VR (s,v), VAIn (s,7) < H%%G‘;gcover(v), the value of forever
alternating between following 7 for ¢ steps and 7ryeturn for k steps. Therefore, eq. (F.241)
holds.

If v = 1, then for all R € RS,

Vi norm (8, 1) = Vigssmer (17T 1) (F.245)
< Ve Tl (5 1) (F.246)
< V& norm (8, 1) (F.247)

Equation (F.245) holds by definition F.10: since s can be returned to within k steps, the

transient reward from the first ¢4k steps does not affect the normalized Vgr;gc;:;r(ﬂ’mem"’%) (s,1).

Equation (F.247) holds by the definition of normalized optimal value. Therefore,
PROPREGRET (gwiteh (T, 75, t) | R, s,1) =0,
and the supremum in eq. (F.235) also equals 0. O

Proposition F.246 shows that as we take longer to correct the agent, or the agent takes

longer to undo its actions, PROPREGRET increases. On the other hand, as the discount
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rate increases to 1, PROPREGRET decreases because transient mistakes become relatively

less important. Figure F.42 shows that the inequality in proposition F.246 is sharp.

O =o™o

Figure F.42: Let R(s1) := 0,R(s2) = .5,R(s3) = 1, and let mgn¢ go right at s;.
PROPREGRET (ﬂswitch(ﬂright,ﬁ}%, 1) | R, 5,7) =1—~2 At sy, k = 1 step is required to
return to the initial state 5|, and t = 1. Therefore, 1 —7? = 1—~***, so proposition F.246’s
bound is tight.

Definition F.247 (Communicating MDP). An MDP is communicating when every state

is able to reach every other state with positive probability.

Proposition F.248 (Given perfect corrigibility, all policies are low-regret in communi-
cating MDPs for v = 1). Suppose the environment is communicating, let © be any policy,

and let € > 0. If the agent can be corrected within t time steps, then

sup PROPREGRET (Tguiten(T, 75, t) | R,s,1) = 0.
RERS

Proof. Since the MDP is communicating, VR € RS s, s’ € S : VE norm (85 1) = VE norm (s’, 1)
by lemma F.251. This implies that V3 .. (s,1) = ng:;;;};(mg,t)(s, 1), because the agent
switches to an optimal policy after ¢ time steps (transient reward differences vanish in
the v = 1 case). This implies that YR € RS : PROPREGRET (Wswimh(w, Tht) | R, s, 1) =

0. O

Conjecture F.249 (Given perfect corrigibility, all policies are low-regret in communicating
MDPs for v & 1). Suppose the environment is communicating, let 7 be any policy, and
let € > 0. If the agent can be corrected within ¢ time steps, then there exists some v < 1
such that

sup PROPREGRET (Tgwiten (T, TR, t) | R, 8,7) < €. (F.248)
RERS

Suppose that the human designers have uncertainty about what reward function they

should provide, with the uncertainty represented by a probability distribution D.
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Proposition F.250 (Worst-case PROPREGRET minimization is equivalent to robustness
against D). Let w be any policy and let Rypye C RS.

sup E _|PROPREGRET (7 | R, 5,7)} = sup PROPREGRET (7 | R,s,7).
'DEA(Rtrue) R~D RGRM‘u,e
(F.249)

Proof. Suppose (Ry,)n>1 is such that Vn : R, € Rirye and

lim PROPREGRET (7 | Ry, s,7) = sup PROPREGRET (7 | R,s,7).
n—00 RGRtrue

Then let (Dy)n>1 be a sequence of degenerate probability distributions which place
probability 1 on R,. Then each D,, € A(Rue). Furthermore,

sup E [PROPREGRET (| R,s,’y)} (F.250)
DEA(Rirue) B~P
> i .
> lim REEDH [PROPREGRET (| Rn,s,'y)} (F.251)
= lim PROPREGRET (7 | Ry, s,7) (F.252)
n—oo
= sup PROPRECGRET (7 |R,s,7). (F.253)
RGRtrue
On the other hand,
sup E [PROPREGRET (7| R, s,fy)} (F.254)
DEA(Rtrue) R~D
< sup sup PROPREGRET (7T | R, 8,7) (F.255)
DeA(Rirue) Resupp(D)
< sup sup PROPREGRET (7 | R, s,7) (F.256)
DEA(Rtrue) ReRtruc
= sup PROPRECGRET (7| R,s,7). (F.257)
RERtrue

Equation (F.256) follows because supp(D) C Rirue by the definition of A(Rirye), the set
of all probability distributions over Rityue-

Therefore, the equality of eq. (F.249) holds. O
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However, fig. F.41 shows that in non-communicating environments, robustness against D
is too restrictive, even if we assume perfect corrigibility. Therefore, we step away from

worst-case regret minimization.

Lemma F.251 (Equal optimal average reward in communicating MDPs). If the environ-

ment is communicating, then VR € RS, s,s' € S : Vi norm (8:1) = VR orm (s,1).

Proof. Since the MDP is communicating, s can reach s’ with positive probability after
at most |S| timesteps under some policy 7. If an agent following 7 has not reached s’
within |S| timesteps, all states can reach s’ with positive probability and so 7P once
again attempts to navigate to s’. Since the MDP is finite, there is a state with a minimal
(but positive) probability p of reaching s’ within |S| time steps. Because p is positive
and minimal, 7P has probability at most [[;2;(1 — p)! = 0 of not reaching s’ eventually.
Apply lemma F.177 to conclude that V3 .. (s,1) > V& oo (s,1).

The proof for s’ reaching s is similar, and so VE norm (s,1) = VE norm (s', l). O]

Conjecture F.252 (PROPREGRET is piecewise rational on v € [0, 1]).

F.11 Varying the reward function distribution

Proposition F.253 (POWER, attainable utility distance, and optimality probability are
convex over mixture distributions). Let D1, Dy be two bounded reward function distribu-
tions, let 6 € [0,1], and let D' :== 0Dy + (1 — 0)Dy be a mizture distribution of the two.
Let s be any state and v € [0,1].

1. POWERp/(S,7) = OPOWERp, (s,7) + (1 — )POWERD, (s, 7).

2. VAl,AQ < A(S) :

™™ (Ar, Ag | ) = 0™ (Ar, Ag | 4) + (1 — O)dp ™™ (Ay, Az | 7) -
(F.258)

8. YF C F(s) : Pp, (F,v) = 0Pp, (F,7) + (1 —0)Pp, (F,7).
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Proof. Ttem 1: suppose v € (0,1). Then

POWERD/(S,’Y) (F259>
1—7 T
= E f(v) — e F.260
[mm ;o ) —e) ] (1200
1—~ T - T
=0 E f(y) —es 1-60) E f(v) —es
[mm 5 Q) —e) r)+(1-0) B | max —— (f() —e,) x
(F.261)
=6OPOWERp, (s,7) + (1 — ) POWERp, (s, 7). (F.262)

Since eq. (F.262) holds for arbitrary v € (0, 1), it must hold in the limits as v — 0 and
v — 1; the limits of POWERp,  , exist by lemma 5.13. Then item 1 follows.

Similar logic proves item 2 via the linearity of expectation over reward functions.

Consider item 3. By the definition of optimality probability (definition 5.9), some f € F'
is optimal at discount rate v with probability Pp, (F,v) when R is drawn from D; and
with probability Pp, (F,7) when R is drawn from Dz. Then by the definition of the
mixture distribution D', the total probability of this event is Pp, (F,vy) = 0 Pp, (F,v) +
(1 —0)Pp, (F,7). This proves item 3. O

Corollary F.254 (Convexity in the space of probability distributions). Let Dy, Dy be
two bounded reward function distributions, let 6 € [0,1], and let D' := D1 + (1 — 6)Dy be
a mizture distribution of the two. Let s be any state, let v € [0,1], and let k € R.

1. If POWERp, (s,7), POWERD,(s,7) > k, then POWERp/(s,7y) > k.

2. Let Al,AQ € A(S) If d%ti,nor"m (Al,AQ | ’7) ’d%L;,norm (Al,AQ ‘ ’)/) >k then

d%lf,norm (Al, AV | ’y) > k.

3. Let ' C F(s). If Pp, (F,7), Pp, (F,v) > k, then Pp, (F,v) > k.

Proof. All items follow directly from proposition F.253. O
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Proposition F.255 (POWERp, , difference bounded by total variation distance). Let

D1, Dy be bounded reward function distributions on [0,1]15],

|POWERD, (s,7) — POWERD, (s,7)| < TV (D1, D3). (F.263)

Proof. If TV (D1,D3) = 0, then POWERp, (s,7) = POWERp,(s,7) and the statement
holds.

Suppose TV (D1, Ds) > 0. Letting Dy, Dy respectively correspond to probability measures
Fy, Fs, consider the finite signed probability measure Fyg :== F1 — F5. The positive sets of
Fyi are the sets to which Fj assigns more probability; vice versa for the negative sets and
F5. By the Hahn decomposition theorem, there exist (non-negative) measures F*, F~
such that Fyig = F+ — F~.

By the fact that F, Fy are probability measures with support contained in [0, 1]‘3 |,
F1([0,1)5) = By(o,1]¥h =0 (F.264)
= Fug ([0, 1]‘3|) (F.265)
= Ft ([0, 1]|3|) —F- ([0, 1]'5\) . (F.266)

Therefore, F'™ ([0, 1]‘3|> =F- <[O, 1]'8‘). Furthermore, they both equal TV (Dy,D3) > 0
by the definition of total variation distance for probability measures. Let probability

measures Ft FZ

onorms Frenorm P€ the renormalized versions of the non-negative measures

F*, F~; renormalization is possible because both measures assign finite positive probability
to [0, 1],

Let v € (0,1) and let s be arbitrary. Let f(R) = 17% (Vi (s,7) — R(s)).

|POWERD, (5,7) — POWERD,(s,7)| (F.267)

(F.268)

/ f(R)dF\(R) - / f(R)dFy(R)
[0,1]1s!

[0,1]ISI

/[O . f(R) (dFy(R) — ng(R))‘ (F.269)
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[ HBdFua(R) (F.270)
[0,1]18I

_ / F(R) (dFﬂR)—dF(R))‘ (F.271)
[0,1]ISI

_ 51 _ 51

=|F (o) B[R] -F (o) B [f(R)]‘ (F.272)

~TV(OLDY)| E[f(R] - E /()] (F.273)

< TV (Dy,Ds). (F.274)

Equation (F.272) follows by the definitions of F.{, ., Fronorm: Equation (F.273) follows
from the fact that F+ ([0, 1]\5l> = F- ([o, 1]IS\) = TV (D1, Dy) > 0. Equation (F.274)
follows from the fact that f is bounded [0, 1], since its domain is [0, 1]°l. Then eq. (F.263)
holds.

Since eq. (F.263) holds for all v € (0,1), it also holds in the limits v — 0 and v — 1. O

Conjecture F.256 (Improved total variation bound). Let F} ,(v) be the optimal value
CDF of D; at state s and discount rate v; similarly define F»,(v). The bound of eq. (F.263)

can be improved to

1 Fy ) (TV(D1,D2))
TV (D17 DQ) max / v dFrJernorm (U), 1- / v d‘Frgnorm (U)
F{ 3 (1=TV(D1,D3)) 0

The bound of proposition F.255 is sharp; suppose Dy puts probability 1 on the all-1
reward function, while Dy puts probability 1 on the all-0 reward function. Then in any

MDP, at any s and for any v € [0, 1],

POWERDp, (s,7) — POWERD,(s,7)| = |1 = 0| =1 =TV (D1, D). (F.275)

Theorem F.257 (POWERp,_, , difference bounded by Wasserstein 1-distance). Let
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D1, Dy be any bounded reward function distributions.
|POWERp, (s,7) — POWERp, (s,7)| < W1 (D1, D). (F.276)

Proof. Suppose v € (0,1) and once again let f(R) = 1_77 (Vi (s,7) — R(s)). We first
show that f has Lipschitz constant 1. Let Ry, Ry € RISl; without loss of generality,
suppose Vi (s,7) > Vi, (5,7)

1_’7 T T
R, — f(Ry)| = —L £.(7) —es) Ty — £,(7) — es F.277
) = fUR)] = = |t () =€) e g (B() =) Ty (27T
1—x T T
< fa - ©Cs a fa — G F278
< fanelgé)( (7) —es) ra—(fa(v) —es) 1 (F.278)
-~ T
=— fu(v) —es a— F.279
S ff??-)(i)( (7) —es) (ra—r) (F.279)
1—n
< ~ Hfa(’y) - eSH1 ||ra - I'b”l (F.QSO)
= Hra - I'le . (F.QSI)

Equation (F.278) follows because f, was optimal for rp, and so (f,(7) —es) "1y, < (f5(y) —

e;)'ry. Equation (F.280) is a simple application of the Cauchy-Schwarz inequality.

Equation (F.281) follows because proposition D.8 shows that Vf € F(s) : [|f(y)]|, = o

and ey is a unit vector. Therefore, f has Lipschitz constant 1. o
We now show the desired inequality.

|POWERp, (s,7) — POWERp, (s, 7)| (F.282)

- /{OMSI f(R) (dFy(R) — dF2(R)) (F.283)

= R AE =P (F.284)
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< sup / fip(R) d(Fy — F»)(R) (F.285)
fip :RISI SR, [0,1]151
fiip has minimal Lipschitz constant < 1
— Wi(D1, Ds). (F.286)

Equation (F.285) follows because f has Lipschitz constant 1 (and so its minimal constant
is at most 1). Equation (F.286) follows by the dual formulation of Wasserstein 1-distance
(which is applicable since both distributions have bounded support). O

Theorem F.258 (Optimality probability difference bounded by total variation distance).
Let Dy, Dy be any reward function distributions. Let F C F(s).

’]P)Dl (F7 '7) - PDQ (Fa ’Y)’ <TV (Dl’DQ) : (F287)

Proof. Let D1 and D, have probability measures F; and Fb.

‘]P)'Dl (F7’Y) - PDz (F77)‘ =

Fy (supp (F(y) > ]:(5,7))) —F (SUPP (F(y) > }—(5’7)))‘

(F.288)
< sup |Fi(B)-F(B)| (F.289)
Be#(RISI)

Equation (F.289) follows because supp (F(v) > F(s,7)) = Ugepsupp (£(7) > F(s,7))
is the finite union of closed sets (lemma F.42), and therefore supp (F(y) > F(s,7)) is a
Borel set. O

However, fig. F.43 shows that optimality probability cannot be bounded by Wasserstein

distance.

Taken together, these results show that strict POWERyp,  ,-seeking and optimality prob-
ability inequality holds within a TV neighborhood in the space of reward function

distributions, and that one action seeks strictly more POWERp, ., than another action
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TO—Y

Figure F.43: Let € > 0. If Dy assigns probability 1 to s — 51—, and D assigns
probability 1 to s = §1s=,, then W1(D1, Ds) = e. However, Pp, (s1,stay,.5) = 1 while
Pp, (s1,stay,.5) = 0.

in a 1-Wasserstein neighborhood of reward function distributions. In particular, the strict
inequality conditions of proposition 5.25 and theorem 5.29 hold within TV neighborhoods
of distributions which are finite mixtures of bounded continuous 11D reward function

distributions.

Conjecture F.259 (Close Dy, D; induce similar dpp "™ metrics). Let Dy, D be bounded
reward function distributions. supa, a,ea(s) d’;i’norm (Aa, Ay | 7) — d’;;’norm (Aa, Ay | 7)‘ <
W1(D1,Ds), where W1 is the first Wasserstein distance on RISI.

F.11.1 Distributional transformations

Positive affine transformation of D allows generalization of our results to other bounds, as
optimal policy is invariant to positive affine transformation of the reward function. Item 3
of proposition F.260 can be viewed as proving Turner et al. [97]’s proposition 4, in the

limit of infinitely many draws from the auxiliary reward function distribution D’.

Proposition F.260 (How positive affine transformation affects optimality probability,
POWER, and normalized AU distance). Let v € [0,1] and let D' be any bounded reward
function distribution. Let m > 0,b € R and let b € RIS be the ones vector times the scalar
b. mD’ + b is the pushforward distribution over reward functions formed by applying the

positive affine transformation f(r) :=mr+b to D’.
1. LethF(S) Pm'D/-‘rb(F”Y):PD’(F’,V)'
2. POWERmD/+b (S, ’y) =m - POWERp (S, ")/) +b.

3. Let Al, AQ S A(S) d::b?ff{)n (Al, AQ ‘ ’y) =m:- d%{f,norm (Al, Ag ’ ’}/)
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Proof. Let D' have probability measure F’ and let mD’ + b have probability measure
Fa//ﬁ'-

Item 1: let v € (0,1). By definition 5.9,

Poprip (Fry) = mex%% (" e F:mell*(R,7)) (F.291)
_ us . * -1 o
- B <3f EF:imell (m (R b),y)) (F.292)
. T . * /
= P (Ferimell (R,7)) (F.293)

Equation (F.292) holds because optimal policy sets are invariant to positive affine trans-

formation m~!(R — b) of the reward function.
Since this equality holds for all v € (0, 1), it holds in the limits v — 0 and v — 1 as well.

Item 2: let v € (0,1).

Vb (5,7) (F.295)
= [ Vi () dE(R) (F.296)
RISI
:/ Vi (s,7)dF' (m™ (R — b)) (F.297)
RISI
= / Vg4 (8:7) dF'(R') (F.298)
RISI
b
= mV5 (s,7) + —— dF'(R') (F.299)
RIS 1—x
b
=m- V35 (s,v) + ——. F.300
o (57 + 1= S (F.300)

Equation (F.297) follows by the definition of a pushforward measure. Equation (F.298)
follows by substituting R’ := m~1(R — b). Equation (F.299) follows because optimal

policies are invariant to positive affine transformations.
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11— Y *
POWERm'D/+b (S,’}/) = T (Vm'D’-i-b (3, ")/) - RNmI'Eb/+b [R(S)]) (F301>
11—y b
= <mVD, (s,v) + = mRINED, [R(s)] — b> (F.302)
L—n . by
= m - POWERy (s,7) + b. (F.304)

Equation (F.301) and eq. (F.304) follow by lemma D.43 since v € (0,1). Equation (F.302)
follows by eq. (F.300) and the linearity of expectation.

Finally, eq. (F.304) holds in the limits as v — 0 and v — 1.

Item 3: let v € [0,1).

dypryn (A A" [ ) (F.305)
- E Ve (s7)] - dF, F.306
/R|5| s~A Vi (5:7)] A ‘ ( )
RISI |s~A s’w
— * _ * / ’ /
= /R|SI SE:A Vs (5,7)] S/LEA/ [VmR/M (s ,7)} ‘ dF'(R') (F.308)
RISI s~A R ’ 1— s/~ A/ R ’ 1— ~ .

=m-dp (A, A" |7). (F.310)

Equation (F.307) follows by the definition of a pushforward measure. Equation (F.308)
follows via substitution R’ := m~1(R — C). Equation (F.309) follows because optimal

policy is invariant to positive affine transformation of the reward function.

A (A1, Az | 7) = 71*@7(1 — ) (A A | ) (F.311)
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=m- lim (1 —~*)dy (A,A"[7) (F.312)
T
=m-dp" " (A1, Ar | 7). (F.313)

Equation (F.312) holds by eq. (F.310).

Equation (F.313) shows the desired result for all v € [0,1). Equation (F.313) holds in the
limit v — 1, and so the relationship holds for all v € [0, 1]. O

F.11.1.1 POWER inequalities under certain distributional transforma-

tions

Proposition F.261 (How non-affine transformations affect POWER). Let v € (0,1), let s
be a state, and let D' be any bounded reward function distribution. Suppose g : RISI — RISI
is measurable and is such that Vr € supp(D’) :

VE € Foa(s) : £(7) e > £(7) T g(r). (F.314)

Then POWERpy (8,7) = POWERy(pr) (s,7). This inequality is strict iff eq. (F.314) is strict

for a subset of supp(D’) with positive measure under D’.

A similar statement holds when all of the above inequalities are flipped.

Proof. Let D’ have probability measure F’. Let g(D’) be the pushforward probability
distribution induced by applying measurable function g to D', and let F, g’ be its probability

measure.
Vi (s,7) ::/ max f(v) 'rdF’(r) (F.315)
RIS| f€F(s)
= max f(7) rdF'(r F.316
[ R (P.316)
2/ max f(v)' g(r)dF'(r) (F.317)
supp(D’) feFna(s)

:/ max f(y) v dF'(g71(r))) (F.318)
supp(g(D’)) F€Fna(s)
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= max f(7) ' dF/ (¢ F.319
/supp(g(D’))feﬂd(s) ) o) ( )
- (F320)

Equation (F.316) and eq. (F.320) follow by lemma D.39 and the definition of supp(D’).
Equation (F.317) follows by our assumptions on g. Equation (F.318) holds by the
substitution r’ := g(r). Equation (F.319) follows by the definition of a pushforward

measure Fé.

Integration is invariant to strict optimal value decrease on a zero-measure subset of
supp(D’), but not to strict optimal value decrease on a zero-measure subset of supp(D’).
Therefore, eq. (F.317) is strict iff eq. (F.314) is strict for a subset of supp(D’) with positive

measure under D’.

1—
Since POWERypy (s,7) = T7 (Vg,(s,'y) —Epp [R(s)]) by lemma D.43,

POWERpr (s,7) = POWERy ) (5,7) ,

with strict inequality iff eq. (F.314) is strict for a subset of supp(D’) with positive measure
under D'

The proof for reward-increasing g follows similarly. O

Proposition F.262 (How non-affine transformations affect optimality probability). Let
€ (0,1), let s be a state, let F C F(s), and let D" be any bounded reward function
distribution. Suppose g : RISI — RIS is measurable and is such that Vr € supp(D’) :

VEe F:f(y) r>f(y) g(r), (F.321)
V' € Foa(s) \ F: () Tr < £'(7) Tg(x). (F.322)

Then Py (F,7) = Pypy (F,7). Equality holds if eq. (F.321) and eq. (F.322) are equalities
for a subset of supp(D’) with measure 1 under D'.

A similar statement holds when all of the above inequalities are flipped.
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Proof. Let D' have probability measure F’. Let g(D’) be the pushforward probability
distribution induced by applying measurable function g to D', and let F, ; be its probability

measure.
o) = /RISI Umaxter £() T r=maxg 5, o /) 7r F (1) (F.323)
= /S . L naxse r £() Tr=maxgrcz o\ f'(1) T dF’(r) (F.324)
> /Supp(p,) Laxeep £(7)Tg(r)=maxerc o\ r £/(1) T 9(r) dF'(r) (F.325)
N /Supp(g(D’)) Linaxeer f(y) T/ =maxer ez o\ /()T dF/(g_l(r/)) (F.326)
N /Supp(g(D’)) Tmaceer f(y) Tr/=maxer ez o\ ()T dFé(r’) (F.327)
= on(o(D) Linaxeer £ Te'=maxgrc 7 (o) £/()TF dF,(r') (F.328)
=Py (F37)- (F.329)

Equation (F.323) and eq. (F.329) follow by lemma D.42. Equation (F.324) and eq. (F.328)
follow by lemma F.62 (1) and the definition of supp(D’). Equation (F.325) follows because

our assumptions on g imply that

Vr € supp(D’) : 1 e>1

maxeep £(7) Tr=maxp ez o\ p /(7)1 = Tmaxeep £(v) Tg(r)=maxp o\ p F(7) Tg(r)

Equation (F.326) follows by the substitution r’ := g(r). Equation (F.327) follows by the

definition of the pushforward measure Fg’.

Integration is invariant to strict optimal value decrease on a zero-measure subset of
supp(D’). Therefore, eq. (F.317) is an equality if eq. (F.321) and eq. (F.322) are equalities

for a subset of supp(D’) with measure 1 under D'.
A similar proof follows when the theorem statement’s inequalities are flipped. O
Remark. Unlike proposition F.261, proposition F.262 does not have a strict inequality

if-and-only-if. This is because even if g strictly increases return for f € F', that increase

may be insufficient to change the optimality status of f € F for any r € supp(D’).
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Proposition I.261 and proposition I.262 significantly expand the initial POWERp, .-
seeking results to g(D) which distribute reward independently and non-identically across

states.

Reconsider proposition 5.25. For e.g. the max-entropy D over [0, 1]|S|, at s’, action a
is strictly POWERp, ,-seeking and more probable under optimality compared to a'.
Proposition F.261 and proposition F.262 show that by e.g. doubling reward at green
states and zeroing the reward at two of the red states (call this distribution g(D)), the
same POWER(p)-seeking and optimality probability statements hold.

F.11.2  Fuq symmetry

Definition F.263 (F,q(s) symmetry group). Let S, be the permutation group on n

elements. For any state s,

SFaals) = {¢ € Sis| ¢ Fnals) = fnd(s)} : (F.330)

Proposition F.264 (Sz, () is a subgroup of Sg).

Proof. Let s be any state. By definition F.263, Sz ,(s) € S|s|. We show that Sz, ()

satisfies the group axioms under permutation composition.

Identity. Let ¢jq € S|s| be the identity permutation. Then clearly ¢iq (Fra(s)) =
fnd(S), SO @iq € S]:nd(s).

Composition. Let ¢1,¢2 € S|s. Then

(#1062) (Faa(s)) = &1 (¢2 (Fuas)) ) (F.331)
= ¢ <¢2 (fnd(s))) (F.332)
= ¢1 (Fnals)) (F.333)
= Fnd(s), (F.334)

and so (¢1 0 #2) € Sx,,(s)-
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Inverse. Let ¢ € Sz, ,(5). ¢ Fud(s) = Fud(s) implies that Fra(s) = ¢~' (Fua(s)), and
SO qbil S S]:nd(s).

Therefore, Sz, ,(s) 1s a group. O
Lemma F.265 (If ¢ - F,q(s) = Fna(s'), then ¢(s) = ¢').

Proof. ¢ - Fna(s) = Fnd(s’) implies that

(Pt e Rt} = {1t (rema}. mam)

But the right-hand side equals {ey } by the definition of a state visit distribution function
f € F(s') (definition 5.3). The left-hand side also equals {ey }, implying that Pye, = ey
and so ¢(s) = s'. O

Proposition F.266 (POWERp,_ . across certain distributional symmetries). Let s, s’
be states. If 3¢ € Sis such that ¢ - Fua(s) = Fna(s’), then POWERp,, ., (5,7) =

POWERy.p,,,., (5,7)-

Proof. Let v* € (0,1), F :== {f(v*) —es | f € Fra(s)} , F' == {f(v*) — ey | £ € Fra(s)}.

POWERD, .4 (5,7) (F.336)
. 1=y T
=1 E f(~*) — F.337
’Y*lgl"/ ’y* rNDbound fglﬁ():) ( (’Y ) eS) r] ( )
L= T
= lim E max (f(7")—es) r F.338
'\/*_)’7 ’Y* I"\‘Dbound fefnd(s) ( (ry ) S) ] ( )
1 _ *
= lim 7 E [max f’Tr] (F.339)
Y=y ’Y* r~¢Dpound |f'€P-F
1 _ *
— lim — ' E [max f’TI} (F.340)
Y=y ’Y* r~¢-Dyouna [f'€F’

= POWERd)'Dbound (8/77) . (F341)
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Equation (F.338) follows because lemma D.39 shows that optimal value is invariant to
restriction to Fpq. Let g : R — R be the identity function, and let f(B | Dpound) =

ErDyouna [g <maXf€ B fTr>] . Equation (F.339) follows by applying lemma D.22 to con-
clude that f(F | Dbound) = f(gb - F | ¢ - Dbound)-

¢ F = {Pyf(v*) — Pge, | f € Fra(s)} = F' by the assumptions on ¢ and the fact that
¢(s) = s’ by lemma F.265. Therefore, eq. (F.340) follows.

Since this holds for all v € (0, 1), it holds in the limits v — 0 and v — 1 as well. O

oy
o ¢ P
¢

O

Figure F.44: By proposition F.266, Vy € [0,1] : POWERp, (s1,7) =
POWERDX»IID (827 7) In general? POWERDbound (Sg’ ’Y) = POWERO‘IDbound (53’ 7)

F.11.3 State similarity

Definition F.267 (State similarity). State s is similar to s if there exists a stochastic
model isomorphism ¢ such that ¢(s) = s'. If all states are similar, the model is vertezx

transitive.

When the dynamics are deterministic, definition F.267 reduces to the standard graph-

theoretic vertex similarity, as shown in fig. F.45.

Corollary F.268 (State similarity criterion). s and s’ are similar via permutation ¢ iff

F(s') = ¢+ F(s).

Proof. Apply theorem F.113. O
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Figure F.45: The tetrahedral graph is vertex transitive.

Lemma F.269 (Similar states have similar non-dominated visit distribution functions).

If s and s are similar via permutation ¢, then Fnq(s') = ¢ - Fua(s).

Proof. State similarity implies visit distribution function similarity (corollary F.268), so
F(s') = {Pyf | £ € F(s)}. Without loss of generality, suppose that Pyf is non-dominated

at §'; this implies Pyf is strictly optimal for reward function R at discount rate . Then

(Pyf(7) 'r > max f'(7)"r. (F.342)
f'eF(s)\{Pyf}

£(7) T (Pg-1r) > '(7) T (Pg-1r). (F.343)

max
freF(s)\{f}

Then f is strictly optimal at state s for reward function Py-1r at discount rate v, and
thus £ € Foq(s). O

Proposition F.270 (Similar states have equal POWERp,_ ). If s and s’ are similar,
Vv € [0,1] : POWERp, , (s,7) = POWERp, . (5',7).

Proof. Suppose ¢-F(s) = F(s'). Apply lemma F.269 to conclude that ¢- Fpq(s) = Fna(s').
Then apply proposition F.266 to conclude the desired equality (with identical distribution
ensuring that ¢ - Dx_p = Dx_up)- O

Corollary F.271 (Vertex transitivity implies POWERp,_  is equal everywhere). If the

model is vertex transitive, then all states have equal POWERp, .

Figure F.44 shows that non-dominated similarity (proposition F.266) allows us to conclude

POWERp, ., equality in a greater range of situations than does proposition F.270.
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F.11.4 Strong visitation distribution set similarity

Definition F.272 (Strong visitation distribution set similarity). Let F, F’ € F(s). We

say that F' and F’ are strongly similar if they are similar via a permutation ¢ € SFoals):

Strong visitation distribution similarity depends on the totality of F,q(s). We aren’t just
interested in whether I/ = ¢ - F — we want to know whether F' and F’ “interact with

Fad(s) in the same way.”

Proposition F.273 (Similar visit distribution functions have the same optimality prob-

ability). If F,F' C F(s) are strongly similar via permutation ¢, then Pp,., (F,vy) =
P¢'Da7Ly (F/,"}/) :

Proof. Let v € (0,1).

]PD (F7 'Y) = rN% |::H'maXf€F f(’Y)Teraxfig}' 1) fi(,Y)Tr:| (F344)
any n

N r"‘d’EDany |:ﬂmaxf’EF’ f/(V)TeraXfie}'nd(s) fi('Y)Tr:| (F345)

=Pyp,,, (F.7)- (F.346)

Equation (F.344) follows by lemma D.42. Let (b1, b2) := 1y, >, and f(B1, By | Dany) =
ErnDany [g (maxble B, bl r,maxp,cp, b;r)} . Then by lemma D.22 and the definition of

strong similarity,

f (F(V)afnd(sary) | Dany) = f ((b : F(’Y)v(b : fnd(sa’Y) | <f> : Dany)
= [ (F'(7), Faa(s:7) | & Dany) -

This implies eq. (F.345).

The v =0 and v = 1 cases hold via the appropriate limits. O

The existence of such a stochastic model isomorphism ¢ on the full model is sufficient

(but not necessary) for strong similarity (see fig. F.46).
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/O\/Q\f’\

5 & 868 8

Figure F.46: Gray actions are only taken by the policies of dominated visit distribution
functions. Considered as singleton sets, all four non-dominated visitation distribution
functions are strongly similar. Conjecture F.274 allows us to conclude they all have equal
optimality probability, even though this is not obvious just from looking at the full model.
Indeed, the left-most and right-most trajectories would not be classified as “similar” under
a definition where ¢ has to be a stochastic model isomorphism.

Figure F.47 shows that vertex transitivity does not imply that all visitation distributions
at a state are strongly similar to each other. By theorem F.113, vertex transitivity shows
that all states have similar visitation distribution function sets, but not that all visit

distribution functions within each set are strongly similar to each other.

(o~—aQ)

Figure F.47: The complete directed graph on two vertices is vertex transitive, but each
self-loop is not strongly similar to each state’s other visit distribution functions.

Conjecture F.274 (Strongly similar non-dominated visit distributions and determinism
imply no instrumental convergence). If the environment is deterministic and all non-
dominated visitation distributions of a state are strongly similar, then no instrumental

convergence exists downstream of that state.

F.12 Orbits

Lemma F.275 (Trivial satisfaction of > ). Let f: © — R, and suppose © is a subset

most

of a set acted on by Sg. Vn > 0: f(0) >0 . o f(0).

Proof. Because f(6) > f(#) is impossible, both cardinalities in definition E.10 are zero,
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and so the claim holds trivially. O

Conjecture F.276 (Lower-bound on joint > agreement strength).

most: Dany

Suppose < fi 2%0 ot: Dany f! >i€1 for countable index set I. Then for all Dyoung, the pro-

2

portion of the Dk(foun 4 € <S| S| .Dbound) which satisfy A;c; fi <foound) > fi (ijound> is
greater than 1 — 3%, /(1 — %)

Proposition F.277 (Orbit tendencies lower-bound measure under Dx ). Suppose
f,g: R* = R are measurable, let n be a positive integer, and suppose f(Rd) >0 ost: Dy
g(RY). Foru € R?, let Opcg(u) = {u’' € Sy-u| f(u') < g(u')}. Suppose there emist
G1y. .. Pn € Sq such that for allu € R : ¢; - Opy(u) C (Sq-u) \ Op<y(u), and when

i #J, ¢i- Op<g(u) and ¢; - Of<4(u) are disjoint.

Then for any 1D distribution D € A(R?), P, _p (f(u) > g(u)) > -

Proof. f and g are measurable, and thus f — g is measurable, and the set (—o0,0) is
measurable in R, and so (f — g)™' ((—o0,0)) is measurable. But this preimage equals
X = {u eER?| f(u) < g(u)}, and so X is measurable.

Let D have probability measure F'.

Pun (£(0) > g(w) = F ({w e B | fw) 2 o(w)} ) (F.347)
> F (Ui X) (F.318)
- Zn: F(¢: - X) (F.349)

=1

= Zn: F(X) (F.350)
=1
= nF(X). (F.351)

Equation (F.347) is well-defined because the right-hand set is measurable for the same
reason that X is measurable. Equation (F.348) holds because assumption on ¢; ensures
that ¢; - X C {u e R? | f(u) > g(w)}.
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If ¢; # ¢;, then suppose u,u’ € R?. If they are not in the same orbit under S, then
¢i-u # ¢;-u’ by the definition of an orbit. Otherwise, the inequality holds by the assumed
disjointness. Therefore the elements of {@- X |i=1,..., n} are pairwise disjoint, and
so eq. (F.349) holds by the finite additivity of probability measures on disjoint sets.
Equation (F.350) follows because probability measure F' is 11D across states and so is
invariant to permutation of X, and because permutations are measurable transformations

with unitary Jacobian determinant.

} = R? and the two sets are disjoint, their probability

Since X U {u c R | f(u) > g(u)
>g(u)) > 2. O

sums to 1 and so Py_p (f(u)

Conjecture F.278 (Generalized measure lower-bound for orbit tendencies). Suppose
f,g:R? = R are measurable, let C' > 0, and suppose f(R?) Zgost: Deny g(R?). Then for
all Dx.ip, Pypy,, (f(u) > g(u)) > CL-H

F.12.1 Blackwell versus average optimality

Turner et al. [99]’s theorem 5.29 applies to average-optimal policies (v = 1), but not
to Blackwell-optimal policies. Therefore, their results are inapplicable to discount rates
v =~ 1. Proposition F.281 shows corollary F.283, which shows that theorem 5.29 holds

when v &~ 1 for almost all reward function orbits.

Definition F.279 (Visit distribution functions which induce RsDs). Let D C RSD (s).

The set of visit distribution functions which induce d € D is:
F(s|rsD € D) == {f € F(s) | Norm (f,1) € D}. (F.352)

Pp,,, (D;1):=Pp_ (F(s|RrsD € D),1).

Lemma F.280 (Average optimality probability is greater than Blackwell optimality
probability). Let D C RSD (s). Pp, (F(s|RsD € D),1) <Pp_(D,average).

Proof. If some f € F(s | RSD € D) is Blackwell optimal for reward function R € RS,
then NORrM (f, 1) is average optimal for R — i.e. Blackwell optimality at a state implies

average optimality at a state [68] . Therefore, the set of reward functions for which
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some f € F(s | RSD € D) is Blackwell optimal is a subset of the set of reward functions
for which some d € D is average optimal. Then the desired inequality follows by the
monoticity of probability. O

Proposition F.281 (Average optimality probability equals Blackwell optimality proba-
bility for almost all reward functions). Let D C RSD (s). For almost all reward functions
r € RIS, Pp (D,1) = Pp_(D,average) (where Dy is the degenerate probability distribution
which places probability 1 on r).

Proof. Lemma F.280 shows that Pp,_(D, 1) < Pp (D, average). So inequality only holds
if Pp_(D,1) <Pp_(D,average). Since Dy is a degenerate distribution, this implies that
Pp (D,1) =0 < 1 =Pp_(D,average). D is non-empty because 1 = Pp_(D, average);
in particular, there must exist d4 € D which is average optimal for r but which is not

induced by a Blackwell optimal policy for r.

Let Dp := {d“’s | m e II* (r, 1)} be the set of RSDs induced by Blackwell optimal policies
for r. Since every reward function has a Blackwell optimal policy [11], Dp must be

non-empty. Let dp € Dp be one of its elements.

We know that d4 &€ Dp, and so dyg # dp. Since Blackwell optimal policies must be
average optimal [68]|, d4 and dp are both average optimal. By corollary D.13,

{reR‘S' | >1}

has measure zero under all absolutely continuous measures on RISI. In particular, this set

argmax d'r
deRSD(s)

has zero Lebesgue measure. O

Corollary F.282 (Average optimality probability equals Blackwell optimality probability
for Deont). Let D € RSD (s). Pp_  (D,1) =Pp_ (D,average).

Proof.

Pp,... (D,1) = s t (3f™ € F(s|rsD € D) : m € II* (R, 1)) (F.353)
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= E [Py (D,1 F.354
E [Pp, (D,1)] (F.354)

= Ig, [Pp, (D, 1, average)] (F.355)
r~ Lcont

=Pp,_, (D,average). (F.356)

By proposition F.281, almost all r € RIS agree that Pp, (D,1) = Pp_(D,average). Since
Deont is absolutely continuous with respect to the Lebesgue measure, it also assigns zero

probability measure to disagreeing reward functions. Then eq. (F.355) follows. O

Corollary F.283 (Average optimality probability equals Blackwell optimality probability
for all orbit elements in almost all orbits). Let D C RSD (s). For almost all v € RIS, il
Dy € Sis| - Dr satisfy Pp, (D, 1) =Pp , (D, average).

Proof. By proposition F.281, the set X = {r e RISI| P, (D,1) #Pp (D, average)} has
Lebesgue measure zero. Let O := {r’ e RIS | Ir € Sis| r':re X} be the set of reward

functions whose orbits contain an element of X. Alternatively, O = {U¢es‘ S|P¢r lre X }

Let p be the Lebesgue measure; we want to show that p(O) = 0.

w(0) =pn <U¢€S|s\ {P¢I‘ |re X}) (F.357)
— i1 (Upesis 6+ X) (F.358)
<Y ue-x) (F.359)

PES| s
= ) p(X) (F.360)
PES| s
=|S|!-0 (F.361)
=0. (F.362)

Equation (F.359) follows by the union bound. Equation (F.360) follows because per-
mutations have Jacobian determinant 1 and therefore are measure-preserving operators.
Equation (F.361) follows because ‘SIS\‘ = |S|! and p(X) = 0.

Therefore, () = 0, and so for almost all r € RISl all D, € S)s - Dr satisty Pp , (D, 1) =
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Py, (D, average). O

Figure F.48: More states are reachable by going up compared to down. Thus, most orbit
elements of S|s| - €5 make it strictly Blackwell-optimal to go up, while also most elements
make it (at least weakly) average-optimal to go down. Therefore, the orbit S|s| - es does
not satisfy corollary F.283.

Conjecture F.284 (Appendix F.12.1’s results hold for child-state distributions 7T'(s)
instead of RSD (s)).

Conjecture F.284 will probably be aided by definition F.285, which takes the place of
definition F.279.

Definition F.285 (Visit dist. functions which induce child visit distributions). Let
N CT(s).

F(s | CHILD DISTRIBUTION € N) = {f € F(s) | lir% TH(E(y) —es) € N} . (F.363)
y—>

Pp (N,0) :==Pp (F(s | CHILD DISTRIBUTION € N),0).

F.12.2 POWER

Conjecture F.286 (Orbit incentives characterization for POWER). Let v € (0,1). The

following statements are equivalent:
/
L. POWERDbound Zmost: Dbound POWERDbound (S 7,}/)

2. For all continuous bounded 11D Dx_;;p, POWERD, ,, (s,7) = POWERD, ,, (5',7).
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3. Fnd(s') is similar to a subset of F(s).
Conjecture F.287 (>p0st: D,,..q 1S DOt & complete ordering for the POWER of states).

Lastly, a remark motivating the requirement of involution in the copy containment
definition (definition 5.17).

Remark. Lemma D.29 and lemma D.33 require similarity via involution (not just via

0 10
permutation). Consider A = 5 ,B = 0 ,¢ = (123). A is similar to B
10 5

via permutation ¢. However, there is no involution which enforces the similarity.
Furthermore, consider the orbit 53 - De, = {Del,DeQ,D%} and consider the conditions

of lemma D.29 with ¢ the identity function.

E [maber] =10>0= E [maXbTr] ,
r~De, | beB r~De, | acA

but the opposite is true for the other two orbit elements. Therefore,

E [max bTr] Limost: Dpouna . A [max bTr} .

r~Dpound | €A r~Dypouna | bEB

Proposition F.288 (Nontrivial copy containment guarantee). If B contains n > 1 copies
of A via ¢1, ..., O, then for anyi=1,...n, A # B;.

Proof. Suppose A = B; := ¢; - A for some ¢;. Then consider any j # i (which exists since
n>1). ¢;- Bi = ¢j- A = B;. But by the set copy definition (definition E.7), ¢; - B; = B;
since j # i. Then B; = B;, which contradicts the set copy assumption. O

F.13 Featurized utility functions

Consider the case where utility functions over outcomes are featurized: u(o) = feat(o) T a,
with feat(o) : {1,...,d} — R" linearly mapping deterministic outcomes to n s-dimensional

feature vectors. Let F := (feat(o;) - feat(oq)) be the feature matrix. For outcome
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lottery set X CRY F- X = {Fx | x € X} is the left-coset.

For feature weighting o € R"™f, the expected utility of an outcome lottery x € R¢
is then the expected value of the a-weighted combination of each outcome’s features:
x'u=x"(F'a) = (Fx)Ta. For example, if an agent maximizes expected utility, it
essentially makes decisions according to the available feature vectors of outcomes, and so
instead of looking for copy containment in the outcome lottery sets A, B C R?, we can

look for copy containment in the feature vector sets F - A, F - B C R"™/.

Proposition F.289 (Feature-level tendencies guaranteed by featurizations which commute
with outcome symmetries). Let A, B C R?, and suppose that B contains a copy of A via

Rdxd

¢ with permutation matriz Py € . Consider featurization F € R™*% which maps

each of d outcomes to their ny-feature vectors.

If there exists a feature involution ¢f € Sy, such that Py F = FPy, then F - B contains
a copy of F - A via ¢y.

Proof.
b7+ (F-A):={P, Falac 4} (F.364)
— {FPja|ac A (F.365)
C {Fb|be B} (F.366)
—F.B. (F.367)

Equation (F.365) follows by the assumption that Py F = FP,. Equation (I.366) follows
because we assumed that ¢ - A C B.

Since ¢y - (F-A) CF - B and ¢y is an involution by assumption, then we conclude that
F - B contains a copy of F - A via ¢y. O

Conjecture F.290 (Multiple feature copy containment ensured by feature commutation).

Proposition F.289 generalizes to the case with multiple feature involutions ¢y, ..., ¢y, .
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F.14 e-Optimal policies

Turner et al. [99]s results assume perfectly optimal agents. We now relax that assumption
slightly to e-optimality, although € may be extremely small (and so these results do not
seem very practically interesting). For a more practical extension, see chapter 6’s total

abandonment of the optimality requirement.

Traditionally, e-optimal policies are defined as m such that for all s € S:
Vi (8,7) = Vi (s,7) < e (F.368)

for fixed v € (0,1). However, in the state-based reward setting, this is equivalent to

7w (! B T (]
(R(s) + 7y max S,NT(IEF,(S)) [VR (s ﬁ)]) (R(s) + ’yS/NT%EF(S)) [VR (s W)}) <e

(F.369)
max E [V”' s, ] ~  E [Wr s ] <~ le.  (F.370
' s/ ~T(s,7(s)) R ( ’Y) s'~T(s,m(s)) R ( 7) 7 ( )
To avoid superfluous division by =y, we modify the traditional criterion to
max E [V”’ s, } - E [V” s, } <e. F.371
' §'~T(s,m(s)) R ( PY) s'~T(s,m(s)) R ( 7) ( )

However, since the magnitude of on-policy value often diverges as v — 1, we instead

consider a discount-averaged per-time step suboptimality of e:

€
1—7

max E [V]{/ (S/,’}/)] -

F.372
' s/ ~T(s,7(s)) ( )

s/NT(IETr(s)) [VE (Sl”y)] =

Multiplying both sides by 1 — +, we arrive at our definition.

Definition F.291 (e-optimal policy). Let € > 0. Policy 7 is e-optimal for reward function
R at discount rate v € [0, 1] when for all s € S,

' / ™ /
H:S“X S,NT(IE’]T/(S)) |:VR, norm (3 77)} - s’NTgE,w(s)) |:VR, norm (3 77)} <e (F373)
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For any fixed v € (0,1), the traditional definition (eq. (F.368)) is equivalent to defi-

ST

nition F.291, in that traditional e-optimality is equivalent to definition F.291’s

optimality.

Definition F.292 (e-optimal policy set). Let € > 0. The e-optimal policy set for reward
function R at discount rate v € [0, 1] is

I (R,v) = {m € II | 7 is e-optimal for R at v} . (F.374)

Remark. When « € (0,1), many reward functions may have multiple e-optimal visit dis-
tributions, whereas lemma F.105 shows that continuous distributions place zero probability

on reward functions with multiple optimal visit distributions.

F.14.1 e-optimal POWERp,, .
The situation for e-optimal POWERp, ., is quite simple.

Definition F.293 (e-optimal policy-generating function). pol : RS x [0,1] — II is an
e-optimal policy-generating function when VR € RS, ~v € [0,1] : pol (R,~) € TI¢ (R, 7).

Proposition F.294 (e-optimal POWERp,  , bound). Let € > 0 and v € [0, 1]. Let pol

be an e-optimal policy-generating function. Then for all states s,

POWERp,,,., (8,7) — POWERPDOJWM (s,7) <e. (F.375)

Proof.
POWERp,_ ., ($,7) — POWERPDTOHM (5,7) (F.376)
- E E [V”’ 2 ] - E [V” ' ] F.377
R~Dany IH;}X s'~T'(s,m(s)) R, norm (S /7) s'~T(s,m(s)) R, norm (S ’Y) ( )
< E F.378
<.E [ (.37

—c. (F.379)
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Equation (F.377) follows from lemma F.11 and definition D.5 of POWERp,

tion (F.378) follows from its assumed e-optimality for all reward functions.

370

. Equa-
O

Theorem F.295 (Optimal POWER-seeking implies e-optimal POWER-seeking). Let k > 1,

s€S8,a,d € Ayel0,1]. If

E [POWERwand (s','y)} >k

s'~T(s,a)

E [POWERDbound (s, 'y)} ,
/ s,a’)

s'~T

then there exists € > 0 such that

E [POWER”D":WM (s',’y)} >k E [POWERPDO:WM (s',’y)},

s'~T'(s,a) s'~T(s,a’)

where pol is any e-optimal policy-generating function.

Proof. Let ¢ := ES’NT(S,Q) [POWER’Dbound (5/7 7):| - kEs’NT(s,a’) [POWERDbound (S/’ 7):|

pol _ pol
SGNJLE(M)’ [POWERDbound (Sas7) kPOWERp, (S, »y)]
sq~T(s,a")

1
=E s, 1(s,0), [ <POWERpDiound (84,7) — POWERp,, ., (Sas 7))

Sqr~T(s,a")

+ (POWERDbound (SG? 7) - kPOWERDbouI)d (80/77))
1
+ (POWER’Dbound (Sa/7’}/) - POWER‘%(;OUHd (Sa/7 7)) :|

= ESaNT(S7a)7 [ (POWERDbOund (8a;7) — KPOWERD, .4 (Sa’vV))

Sgr~T(s,a")

1
_ <POWERDb0und (8a,7) — POWERD,)  (Sa, 7))

+ <POWERDbound (Sar,y) — POWER%C;lound (Sars ’y)) }

& jIE:( ) [(POWERDboulld (Sa7 fy) - kPOWERDbound (Sa/, fY)) —et O]
sq~T(s,a),
Sqr~T(s,a")

=0—¢

(F.380)

(F.381)

(F.382)

(F.383)

(F.384)
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> 0. (F.385)

pol
) Dhbound
cause proposition F.294 bounds POWERp, . (54,7) — POWERPDC; . (8a,7) < € because

Equation (F.384) follows because POWERp, . (Sa/,77) > POWER (Sar,7y) and be-

pol is an e-optimal policy generating function. Equation (F.385) follows for any € < d;

since ¢ is positive, we can ensure that € is as well. O

F.14.2 e-optimality probability
The situation for e-optimality probability is less simple.

Definition F.296 (e-optimality probability). For state s, let F' C F(s), v € [0, 1], and
e > 0.

Pp,, (F7):= P (T F:rell(R,9)). (F.386)

Definition F.297 (Average-optimal policies). II*V8 (R) is the set of average reward-

optimal policies for reward function R.
Proposition F.298 (Characterizing 0-optimal policy sets). Let v € (0,1).
1. II* (R, ) = I° (R, ).
2. II* (R,0) C TIY (R, 0) = T197% (R).
3. 11" (R,1) C TI° (R, 1) = 1% (R).
Proof. If v € (0,1), II° (R, v) must be optimal at every s by definition F.291. II° (R, 0) =
I1ereedy (R) by definition F.14 and TI° (R, 1) = II*¥& (R) by definition F.297. II* (R, 0) C

1ereedy (R) by lemma F.15 and IT* (R, 1) C II®V8 (R) by the fact that Blackwell optimal

policies must be average optimal ([68]). O

Corollary F.299 (When v € (0,1), 0-optimality probability coincides with optimality
probability). Let F' C F(s). If v € (0,1), then Py (F,v) = IP’%WU (F,7).
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S1 —»S9

up X~ | 1\
0 So Ssin@
down 'y 70

sy —>sh

1 0

Figure F.49: All policies are average-optimal, since there is only one RSD. However,
only going up is Blackwell-optimal. Similarly, all policies are greedily optimal, since
R(s1) = R(s}) = 1, but only going up is asymptotically greedily optimal. In this MDP,
Y (R,0) # IT* (R, 0) and TIY (R, 1) # II* (R, 1) by proposition F.298.

Proof. When ~ € (0,1), IT* (R,v) = II° (R, ) by proposition F.298. e-optimality proba-
bility (definition F.296) then reduces to optimality probability (definition 5.9). O

Lemma F.300 (e-optimal policy set monotonicity). Let 0 < e < ez. Then I (R,~) C
I (R, 7).

Proof. Suppose 7 € 11! (R, ~y). Then by definition F.292,

max E [Vﬂ’n (s, } _ E [an (s ] <e F 387
' §'~T(s,m(s)) R,no ( ) §'~T(s,m(s)) R,no ( ) 1 ( )

< €. (F.388)
Therefore, m € 112 (R, 7). 0

Corollary F.301 (e-optimal policy set containment). Let e > 0. For all R € RS,~ € [0,1],
II* (R,7) S T° (R, ) € 1I°(R, 7).

Proof. The first containment holds by proposition F.298. The second containment holds
by lemma F.300. O

Proposition F.302 (e-optimality probability is monotonically increasing in €). Let s be
a state and consider F C F(s), v € [0,1]. Let 0 < €1 < ea. Pp (F,7y) < P%my (F,~) <
P%any (F,7).
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Proof. By lemma F.300 and corollary F.301, IT* (R,~) C II* (R,~) C II? (R, 7). Then
Pp (F,7y) < ]P’%any (F,v) < P%any (F,~) by the monotonicity of probability. O

As € increases, more policies are e-optimal for any given reward function (lemma F.300).
The following result shows that for bounded reward function distributions, “anything goes”

for sufficiently large e.

Proposition F.303 (Under Dyound, every policy can be e-optimal (for the right €)).
Let Dyound be a reward function distribution which is bounded [b,c|. Then for all R €
supp(Dyound) and v € [0,1], T (R,~) = II and for all s, non-empty F C F(s),
PS Y (Fy)=1.

Proof. Let v € [0,1].

VR € supp(DPhound), 5 € S : Vg pomm (8,7) < lim =c. (F.389)

vyl —F

Its minimal normalized value is likewise at least b. Therefore, for all w € II, we have

’ ’ . ™ /
max B Vo (509 = E [V o (7)) (F.390)
< max E |l — E [b] (F.391)
' §'~T(s,m(s)) s'~T(s,m(s))
—c—b. (F.392)

This holds at all states s. So every  is (¢ — b)-optimal, and I1(¢~=%) (R, ) = IL.

Since F is not empty, it must contain some f* € F. Since II(¢™Y (R ~) = II, 7 €
T1(e=b) (R, ~) for all R, and so P{S? (F,~) = 1 by definition F.296. 0

Dbound

Suppose that we know that action a is both strictly POWER-seeking and strictly more
probable under optimality compared to another action a’. Proposition F.294 implies
that there exists an € > 0 for which a is e-optimal POWER-seeking compared to a’. The

following result implies a similar result with respect to e-optimality probability.
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Proposition F.304 (e-optimality probability approaches 0-optimality probability in a
continuous fashion). Let ' C F(s). limeoPp,, (F,7y) = P%any (F,7).

Proof. Let f(e) = IP)EDany (F,7). f is monotonically increasing in ¢ and has range
[IP’ODany (F,7),1] by proposition F.302. Suppose the sequence s := (€;),~; converges to 0.

Choose a monotonically decreasing subsequence s’ := (eé) . s/ must also converge to
jel

0. Then s/ := (f(eé)) . monotonically decreases and is bounded below by PY, L (Fy).
je an;
Therefore, by the monotone convergence theorem, s’f has non-negative limit L.

Suppose L > PODany (F,~). This implies that all elements of s’ are positive. Then there
exist reward functions for which some f™ € F' is e-optimal for arbitrarily small € > 0, but

for which f is not O-optimal. This is impossible, and so L = IP’ODany (F,7y).

Furthermore, since s — 0, (f (ei))i>1 — ]P’%,cmy (F,7v) as well. Since this limit applies for

any sequence s — 0, the result follows. O

Corollary F.305 (For small €, e-optimality probability approximates optimality prob-
ability). Let F C F(s). When v € (0,1), for any § > 0, there exists € > 0 such that

P, (F57) = Pp,,, (F,7) <4.

Proof. By corollary F.299, when v € (0,1), P%any (F,y) = Pp,y (F,7v). Therefore, when
7 € (0,1), proposition F.304 shows that limeo Py, (F,7) = Pp, (F,7). Proposi-
tion F.304 showed that f(e) == Pp, (F,7) is sequentially continuous at € = 0; since
f 1 R — R has metric spaces for both its domain and its range, sequential continuity
implies (topological) continuity at e = 0. Then the claim follows from the definition of

continuity on metric spaces. 0
Lemma F.306 (Strict optimality probability inequalities are preserved for small enough
€). Let k > 1,s,8' € S;F C F(s),F' € F(s'), and v € (0,1). If Pp (F,v) >
kPp,., (F’,'y), then there exists € > 0 such that Py, (F,7) > kPp,,., (F’, 'y).

Proof. Let ¢ := Pp,., (F,7) — kPp,., (F', ’y); note that § > 0 by assumption.

Py (F7) — kP, (F',7) (F.393)
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— (Po.,, (F.7) = Pp,,, (F7))

+ (PDaDy (F,y) —k ]P)Dany )

+k (PDW (F',y) = Po,., (F, )) (F.304)
=0+ (Po,,, (F.7) = Pp,, (F.7) =k (Po,,, (F',7) = Pp,, (Fl7))  (F.395)
>5+0—k(Pp,, (F7) ~Pp,, (7)) (F.396)
> 0. (F.397)

Equation (F.396) follows by proposition F.302. By corollary F.305, v € (0,1) and 6 > 0
implies that we can choose € so that Py, (F,v)—Pp, (F,7) < 9. by doing so, eq. (F.397)
follows. O

Conjecture F.307 (e-optimality results hold for RSD optimality probability).

For shorthand, we define action e-optimality probability, mirroring definition 5.10’s

definition of action optimality probability.

Definition F.308 (Action e-optimality probability). Let e > 0. At discount rate  and

at state s, the e-optimality probability of action a is

Ppoy (s50,7) == P (I € I (R,7) : 7(s) = a) .

R~ Dany

Proposition F.309 (Action e-opt. probability is a special case of visit distribution e-opt.
prob.). For anyy € [0,1] and e >0, Py, (s,a,7) =Pp,, (F(s|m(s) =a),7).

Proof. Let F, == F(s| m(s) = a). For v € [0,1] and any state s,

Pp,., (8,a,7) = RN]IDD (Ir € I (R,7) : 7(s) = a) (F.398)
any
= P (3™ € F,:m e (R, 7)) (F.399)
r~Lany

=Py (Fa,7). (F.400)
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Equation (F.399) follows because f € F, iff 37 € I : f7 = f, 7(s) = a by the definition of
F(s|m(s) = a) (definition 5.4). O

Theorem F.310 (Optimal POWER-seeking incentives imply e-optimal POWER-seeking
incentives). Let s € S,a,a’ € A,y € (0,1). If

E [POWER ! }> E [POWER ' }
s/'~T'(s,a) Pround (8 7) s'~T'(s,a’) Pround (S 7)

and
]P)Dn.ny (S’ a, ’y) > PDany (87 a/’ 'Y) )

then there exists € > 0 such that

E [POWER%OZMM (s ,7)} > E : [POWER%OZWM (s ,’y)}

s'~T(s,a) s'~T(s,a’

and
Dy (5:0,7) > Pp(s,d,7),
where pol is any e-optimal policy-generating function.
Proof. Theorem F.295 guarantees the existence of epowrr > 0 such that
E [POWERpOl s ] > E [POWERpOl s } .
s’wT(s,a) Dbound ( 7’7) S/NT(S,U/) Dbound ( 7’7)

Lemma F.306 guarantees the existence of ep > 0 such that

P3,, (5:0,7) =Pp (F(s [7(s) = a),7) (F.401)
>Pp (Fs|n(s) =a'),7) (F.402)
=P, (5:d,7). (F.403)

Equation (F.401) and eq. (F.403) follow from proposition F.309.

Choosing € < min (epowsr, €p) ensures that both strict inequalities hold. Since both

epowrr and ep are positive, we can ensure that € > 0. O
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The POWERp,  ,-seeking theorems are only concerned with the probability of the ex-
istence of e-optimal policies which seek POWERp, .. Supposing that an agent is only
constrained to follow some e-optimal policy, the agent may end up seeking POWERp, .
with lower probability due to the influence of e.g. some tie-breaking rule for policy

selection.

Conjecture F.311 (Continuous distributions have continuous e-optimality probability

functions). Fixing any s € S, F C F(s),v € [0,1], P%_ . (F,~) is continuous on € € [0, 00).
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