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Abstract

Observers are not abstract entities but physical systems subject to physical laws and limitations. This dis-
sertation investigates the thermodynamics of physical observers, focusing on how physical limits shape
intelligent information processing and decision-making under uncertainty. Two model classes of general-
ized, partially observable information engines are introduced and analyzed. They extend Szilard’s classic
thought experiment to settings where the observer must infer relevant information from available data.

Observers memorize information and use it to take actions. A simple physical model for making the
memory is introduced and the thermodynamic costs of different encoding strategies are analyzed. Ther-
modynamically rational encodings maximize the net engine work output. They are probabilistic in general
and outperform naive coarse graining based encodings. Through analytical and numerical studies, physical
codebooks for rational decision-making are developed, characterizing thermodynamically optimal decision
making strategies in two classes of binary decision problems under uncertainty.

A mapping is established between abstract binary decision problems and partially observable Szilard
engines. This makes the physical framework used here widely applicable, intimately linking decision theory
and thermodynamics.

Extending the analysis of classical physical observers to quantum observers requires a description in
terms of quantum thermodynamics. This is not a straightforward extension, as important thermodynamic
concepts such as work and heat are not uniquely defined in quantum thermodynamics. Two definitions of
thermodynamic work are compared for qubit systems and it is shown that they only agree under specific
conditions. Their comparison reveals a discrepancy in the work costs required for perfect preparation of
qubit states, with possible implications for high fidelity information processing in quantum systems.

The research presented in this dissertation opens the door to a principled approach to understanding

information processing, learning, and decision-making in physical systems, both biological and artificial. By



incorporating the observer into the thermodynamic analysis, it provides a novel perspective on the interplay

between physics, information processing and decision making under uncertainty.
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Chapter 1
Introduction

It is wrong to think that the task of Physics is
to nd out how Nature is. Physics concerns
what we can say about Nature.

Niels Bohr

1.1 Physics of information

Information is physical. This famous aphorism is attributed to Rolf Landauer, who used it as the title of a
1991 research paper [1]. Yet, the idea that information and entropy changes in physical systems are related
is much older, going back to seminal work published by Leo&diin 1929 [2]. In it Szérd addresses
interventions of intelligent beings in thermodynamic systems, a problem rst considered by Maxwell in
a famous thought experiment now referred to as “Maxwell's demon” [3, 4]. Maxwell's demon is a “very
observant and neat- ngered being”, capable of observing and making interventions based on velocities and
positions of individual gas molecules in a large container. In Maxwell's original proposal the demon operates
a trapdoor that separates the container into two halves, allowing it to sort the fast and slow molecules into
separate halves by selectively opening the trapdoor. Such a process creates a temperature gradient in a gas
that was initially in thermal equilibrium, challenging the validity of the Second Law of Thermodynamics.
Clearly, sorting the gas molecules is only possible due to the demon's intervention and so a full ther-
modynamic accounting of the situation has to include the demon in the equation, raising the question of
how to physically describe a sentient observer. In research that would form the cornerstone of his Habil-
itation at Friedrich Wilhelm Universit in Berlin [5] Szikrd realized that no sentient demon is needed.
The demon's function of correlating observations with (binary) decisions can be performed by machinery,
rendering Maxwell's thought experiment amenable to physical analysisar@zibnsidered a special type
of coupling between two parameters of a systenandm?, and referred to this coupling as a “measure-
ment”, if the value ofm allows conclusions about the value of the uctuating parametat thetime of
measurementAfter the measurement andm are assumed to be decoupled andontinues to uctuate,
while m retains its value for some time. Such a coupling implies a memory capability, because knowledge
of the value ofm provides information about the value »fat an earlier time and Saitd showed that this
memory capability alone is suf cient to violate the Second Law if the measurement process is not accom-
panied by a corresponding entropy change. &didlemonstrated that validity of the Second Law requires

Throughout this thesis | will refer to parametens observations or data and to parameters the memory.
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measurements of this type to be associated with a minimum entropy increlaBg2) per bit of informa-
tion? encoded in memoryn about observatior. He introduced and discussed three thought experiments
to argue this point [2]. A detailed review of the notion of information used in this thesis and af&ailost
famous model system, now known as &ail's (information) engine, can be found in Sections 1.2 and 1.3.1
respectively.

After addressing the challenge posed by Maxwell's demon by linking measurements, or more concretely
memories, with entropy changes, %zd soon turned his mind towards other areas of physics. Having ed
the rising anti-Semitism in Germany of the 1930s he was the rst to conceive of a Uranium chain reaction,
while in exile in London [6]. Under these circumstances &zik groundbreaking work on the physics of
information did not receive the widespread attention it deserved.

In the 1950s Eon Brillouin and Dennis Gabor separately revisited Maxwell's demon [7, 8]. While
Szilard's work left the coupling mechanism creating correlations between observations and the memory un-
speci ed and focused instead on the rami cations of the memory, Brillouin and Gabor studied light-based
observations. Both showed individually that the quantum nature of light prevents the demon from observing
individual gas particles without dissipating at least as much energy as predicted &ng'Szhrlier work.

It would take another ten years for Rolf Landauer to publish his detailed thermodynamic analysis of the
switching process in a double-well potential, linking logical irreversibility with entropy generation and thus
thermodynamic irreversibility [9]. A double-well potential can serve as a physical model of a binary mem-
ory, because each well can be used to encode one meta-stable memory state. The stability of the memory
then depends on the height of the barrier between the two wells. According to Landauer's reasoning, reset-
ting a particle in a double-well potential, representing one bit, from an unknown state to a prede ned initial
state dissipates at ledst In(2) of heat into the surrounding heat bath at temperature

All of these subsequent results are less general thaar8zaliginal statement about the entropy changes
associated with measurements, because they only hold for speci ¢ physical systems, whildsSz#im
holds forany measurement that retains information about the state of a system at the time of measurement.
Brillouin and Gabor, who was a fellow student with $zd in Berlin, still credited Szird with the rst
resolution of Maxwell's demon, but Landauer approached the question of thermodynamic costs of a memory
from a more computational perspective, referencing neither Maxwell's demon nardzifoundational
work on the physics of information. The idea that a logically irreversible resetting operatioesponsible
for the dissipation encountered when operating a physical memory was taken up and extended by Charles H.
Bennett in highly in uential work on the thermodynamics of computation [10—12]. This marks a signi cant
departure from Szird's view, in which the creation of meta-stable correlations, and not a resetting step, are
responsible for the thermodynamic costs of physical memories. In 2005 Maissam Barkeshli [13], and later
Takahiro Sagawa and Masahito Ueda [14], used explicit memory models to demonstrate that asymmetrical
memories can be designed such that work is required during the encoding process to set the memory to
a desired state, allowing the reset step to be performed without additional work costs. The total costs of
operating the memory remain the same. The argument of [14] is generalized in Chapter 2.

While there is nothing fundamental about memory erasure, the concept remains widely used in the more
recent literature on the thermodynamics of information and information engines. This is because for deter-
ministic memories with two states it provides a convenient way to account for memory-making costs without
requiring an explicit model of the memory. However, we nd in Chapters 2 and 3 that many situations re-
quire probabilistic memories, or memories with more than two states, and for these more general memories

2Herek denotes the Boltzmann constant. It xes the units of entropy.
3This is now commonly referred to as “erasure”, because all previously encoded information is erased when resetting the
memory to a pre-de ned initial state.



it is not yet clear whether the notion of ascribing all costs to an erasure step is still valid. Since the concept
of erasure is not necessary for thinking about thermodynamic costs of memory making and computation,
this question is only one of convenience.

Recent advances in the creation and manipulation of microscopic systems have led to experimental re-
alizations of Maxwell's demon and Saild's engine, turning them from thought experiments into testable
laboratory setups. Starting with Shoichi Toyabe et al.'s location-based manipulation of a Brownian particle
in a spiral-staircase-like potential [15], nhumerous experiments have since tested and con rnaed'sSzil
predictions using a diverse range of physical systems. These include single-electron transistors [16—18],
photonic systems [19], nanomagnets [20], quantum [21, 22] and superconducting systems [23], as well as
colloidal particles in various potentials [24—27]. These experiments have rmly established two fundamen-
tal limits linking information and energy ows. First, information-to-work conversion can generate at most
kT In(2) of work per bit of information. Second, work-to-information conversion requires atkdaki(2)
of work to encode a single bit. Together, these limits demonstrate the fundamental connection between
physics and information, showing that the abstract concept of information is directly tied to measurable
changes in physical quantities.

1.2 Information Theory

Information theory, pioneered by Claude Shannon in 1948 [28], provides a mathematical framework for
guantifying information and studying its properties. At its core, the theory formalizes the notion of informa-
tion as a measure of uncertainty reduction. While initially developed to address problems in communication
systems, such as noisy transmission and data compression, information theory has since found profound
applications in physics, computer science and biology, e.g. [29—-31]. Its principles continue to shape how we
understand and quantify information across diverse domains.

A core concept in information theory, borrowed from probability theory, is that @raom variable
X | , denoting a mathematical function from a sample set of possible outcorteea measurable
space . Discrete random variables map to a nite or countably in nite range, for example N, while
continuous random variables map to an uncountable in nite set such-asR. Both types of random
variables will be used in this thesis and | generally denote the random variable with a capital letter and
a speci ¢ outcome with a lower case letter, e.g., random varixbleharacterizing a coin toss can have
realizations or outcomes = fHeads Tailsg. The amount of information associated with an outcome
obtained with probabilityp(X = x) 2 [0; 1], is quanti ed by the (natural) logarithm of the inverse of its
probability:

i(x)=In[p(X =x)]: (1.1

To simplify the notation, | will use the shorthapdX = x) p(x) in the following. The quantity(x) is
usually called information content or surprisal of outcoxr{82]. The base of the logarithm sets the units of
information and | will measure information imats corresponding to the natural logarithm (b&seunless
otherwise speci ed. The only other unit of information used in this thesiBtg corresponding to basg
with 1 bit = In(2) nats [32].

The expectation value of the surprisal, over all possible outcomes of random vafialle nes the
Shannon entropy of . Entropy and information are functionals of probability distributions, but to simplify
notation | adapt a shorthand notation commonly used in the information theory literature [32]:

X
H[X]= p(x) In[p(x)] = h In[p(x)]i px) : (1.2)

X



The notatiorh i, denotes an average over probability distribuori-or ease of exposition | only consider
discrete random variables, in this introductory chapter. The extension to continuous random variables is
conceptually straightforward, often simply exchanging sums with integrals, and probability functions with
probability densities. Shannon entropy measures the uncertainty or unpredictability of a random variable.
The more uniformly the outcomes of the random variablare distributed, the larger its entropy. A random
variable withn different outcomes can have an entropy of at nro@t) nats . For a binary random variable
the maximum entropy iB1(2) nats or 1 bit.

Information theory quanti es relationships between random variables through measures sudiuals
information which captures the amount of information one random variable contains about another. For
two random variableX andY, mutual information is de ned as:

I[X;Y]=H[X]+H[Y] H[X;Y]; (1.3)

P
whereH[X;Y ] = Xy p(x;y) In[p(x;y)] is the joint entropy oX andY . Alternatively, mutual infor-
mation can be expressed as the reduction in uncertainty abgixten knowledge ol or vice versa, since
mutual information is symmetric:

IX:Y]= H[X] HIXjY]=H[Y] H[YjX]=I[Y;X]: (1.4)

HereH [XjY]= h In[p(xjy)]i oxy) denotes the conditional entropy, which quanti es the remaining uncer-
tainty about the outcome of given that the value of is known. The notion of information as a reduction
in uncertainty is crucial in understanding information as a measure of correlatidh.affdY are uncor-
related therH [XjY] = H[X]andIl [X;Y ] = 0, while a one-to-one correlation betwe¥nandY implies
H[XjY]=0andl[X;Y]= H[X].

Another important quantity in information theory is the relative entropy or Kullback-Leibler divergence,
which quanti es the difference between two probability distributipfs) andg(x):

X
D)= peoin XX n P&

) ) W) o (1.9)

The Kullback-Leibler divergence is often referred to as a “distance”, but since it is not symmetric under
exchange of the argumen®,(p(x)jja(x)) & D (q(x)jjp(x)), it is not a metric. The relative entropy has
important applications in non-equilibrium thermodynamics [33], where it can be used to quantify the free
energy of a non-equilibrium state [34], and in machine learning, where it is used in model evaluation and
generative modeling [35].

This thesis will exclusively use Shannon information, but other approaches to formalize notions of ran-
domness, complexity and uncertainty exist. Algorithmic information theory [36], developed independently
by Ray Solomonoff, Andrei Kolmogorov and Gregory Chaitin starting in the 1960s, studies complexity
measures on (binary) strings, relating randomness and notions of compressibility. Fisher information mea-
sures the amount of information that an observable random vaMabkries about an unknown parameter

of a distribution that modelX , playing an important role in statistical estimation and Bayesian statis-
tics [37]. Renyi entropies are a one-parameter family of entropy measures that generalize Shannon entropy
and provide a exible framework for quantifying uncertainty, with applications in quantum information
theory, e.g., [38, 39], and quantum thermodynamics, e.g., [40,41].



1.3 Information Engines

Szilard's single particle engine [2] has become the canonical model of an information engine. In line with
Szilard and the ideas in [42], information engines are de ned here as physical systems that memorize in-
formation and leverage the memorized information to extract work from a thermodynamic system. They
consist of two parts: (1) a work medium, from which work is extracted in an information-to-work step, and
(2) a memory, which stores information during a work-to-information step [42]. A modern formulation of
Szilard's engine is reviewed in Sec. 1.3.1.

Information engines are an active research area in statistical physics, with applications ranging from
biological systems, e.g., [43—47] to energy-ef cient computing, e.g., [48-50]. However, much of the recent
literature focuses solely on the information-to-work step, treating information as an external fuel source
while ignoring the thermodynamics of memory, see, e.g., [51-54]. Such a description completely neglects
the thermodynamics of the memory.

The memory serves as a mechanical representation of a physical obseénveinformation engines ex-
tend classical thermodynamic engines by explicitly incorporating the observer into the engine. This enables
a principled approach to studying decision making, free fromahfiocassumptions about the observer's
objective. In Szird's engine, the optimal strategy of the observer is trivial, as the decision problem is free
from uncertainty. To study informatioprocessingand decision making under uncertainty the framework
has to be extended to generalized partially observable information engines. This extended model class was
rst introduced by Susanne Still in [42]. Generalized partially observable information engines are reviewed
in Sec. 1.3.2,

1.3.1 Sziard's engine

The work medium of Szélrd's engine consists of a single gas molecule enclosed in a container. For the
physical memory Szird imagined a mechanical switch with two distinguishable positions [2], but such a
memory model does not lend itself to a concise physical description, because it requires a detailed model of
the mechanical switch. In principle any physical system with at least two meta-stable, distinguishable states
can serve as a physical memory and electronic memories such as transistors are commonly used in practice.
To model the memory as another single particle gas in a container was previously suggested in [14]. Since
I'm interested in a complete thermodynamic accounting of a full engine cycle, | follow this model, because
it can be described using the same physics as the work medium. This is my choice but details of the memory
model do not matter [55]. A full engine cycle, including both memory and work medium, is depicted in
Fig. 1.1. Unlike traditional heat engines, $zi's engine operates with a single heat bath at a constant
temperaturd .

Initially the memory and the work medium are uncorrelated. The cycle ofiStsl engine begins by
creating a work potential: A divider is inserted into the work medium &t0, splitting the container into
two equal compartmerftsThe quasi-static insertion can be performed without any work input [57,58]. This
creates a work potential, because the isothermal, quasi-static expansion of the gas patrticle's volume in the

“In this dissertation | adopt a broad notion of an “observer”, referring to any physical system with metastable, distinguishable
states that can acquire, process and store information about its environment through some physical mechanism. Actions can be
taken based on the stored information. Importantly, this notion does not imply sentience. To maintain a clear and physically
grounded perspective, | will avoid discussions of sentience or consciousness and instead follais Sgpproach, focusing on
simple observer models that can be unambiguously described within a physical framework.

SFigures in this section were created in collaboration with Susanne Still.

8In general, the divider can be inserted at any horizontal position, but a simple calculation shows that inserting in the center
allows for the largest work extraction.



Figure 1.1 Full cycle of a SArd engine, where both the work medium (top row) and the memory (bottom
row) are modeled by a single particle gas in a container (adapted from [56]). The cycle begins with the
quasi-static insertion of a divider into the work medium, panel (2). Once the divider is fully inserted, the
work medium is separated into two equal parts and the horizontal positiohthe gas particle is observed.
Then anx-dependent memory making protocol, (x) is run on the memory, compressing the accessible
volume of the single particle gas representing the memory and thus setting the memory rto istatenel

(4). After the memory is set, a memory-dependent work extraction protoaal) is run on the work
medium, leveraging the information encoded in memory to extract work from the work medium as shown in
panel (5). In the nal step, the partition is removed from the memory, returning both systems to their initial
state. Black trapezes denote weights and represent energetic changes occurring during the cycle. Energy is
invested during memory making in step (4), allowing for energy extraction in step (5).

work medium allows for the extraction of up k3 In(2) of work (see App. A for a detailed calculation).
To extract work on average, the empty side of the container (right or left of the divider) has to be known
at the beginning of the work extraction step. We de ne a binary random varigblef right; leftg !
f 1;1g, where without loss of generality, outcorme= 1 is taken to mean that the right side of the
container is empty at the beginning of work extraction, as shown in panel (5) of Fig. 1.1. The work
extraction mechanism, consisting of a movable divider and pulleys capable of lifting a weight, de nes
which information is relevant for work extraction and here it is the empty compartment, but in other types
of information engines it could be something else. To determine the value of the relevant varjdabte
observer has access to observable datavhich in the Szérd engine consists of a single measurement of
the particle's horizontal positior at a timety, after the insertion of the divider, as seen in panel (3) of Fig.
1.1. The observation of the particletsposition is only available transiently and needs to be encoded into
memoryM to be accessible at a later stage. Speci cally, the observer needs to know which compartment
is empty at the time of work extraction. Conveniently the divider in the work medium prevents the particle
from crossing over once it is in place so the particle remains on the same side of the divider until the end of
the engine cycle. To encode the information into memory-alependent memory making protocal (x)
is run on the memory. Many different protocols can be used for the encoding and the chosen encoding
strategy will affect the engine's overall performance. This strategy dependence will be discussed in detail in
Chapters 2 and 3.

In Szilard engine the optimal encoding strategy is trivial. By construction the value of the relevant variable
U is fully determined by the sign of the observahles sign(x). Coarse-graining the observable based on
the sign,m = sign(x), creates a one-to-one correlation betwaemandu, in fact they are then identical.
This encoding can be implemented by compressing the volume of the memory container by a factor of two
from the right (left) whenever a negative (positive) valuexaé observed. Work in the amount of at least
KT In(2) is invested during isothermal, quasi-static compression of the single particle gas to half its original
volume. Note that this encoding only depends on the signafid not on the precise value. It constitutes
a rudimentary way of storing one bit of information (the sigrxdin memory. At the end of the protocol,
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the state of the memomn is perfectly correlated with the value of the relevant variabland 1 bit of
information has been encoded into memory at an energetic cost of no ledsTthaR).

Once the memory has been set, a memory-dependent work extraction prptogois run on the work
medium. A weight is hooked up to the divider and the divider is used as a piston for isothermal, quasi-static
volume expansion towards the right (left) siderif= 1 (1). Since the observer is certain which side is
empty given the memory state, work extraction can proceed until the piston hits the wall of the container.
During this operation the weight is lifted and energy in the amoukTdh(2) is extracted from the heat bath
on average, as seenin Fig. 1.1, panel (5). Inthe nal step the partition is removed from the memory, allowing
the gas to freely expand into the full volume and returning both systems to their initial states. Technically
there is work potential, created by the compression, in the memory container before the partition is removed,
but this work potential cannot be used by the observer, because it would require information about the empty
side of the memory container, i.e., another memory. Thus the energy invested during setting the memory
cannot be recovered by the observer and is dissipated once the partition is removed.

Run with the optimal encoding strategy, = sign(x), Szilard's engine at bestonverts between infor-
mation and work, but it does not produce amgtwork output over a full cycle, because memory making
and work extraction are performed at the same temperadtufehe Sziard engine is carefully constructed
so that any observatior, allows uncertainty free reconstruction of the value of the relevant qudhtifa
u = sign(x), rendering the optimal encoding strategy trivial. Relaxing both of these assumptions leads to
the class ofjeneralized partially observable information engifié2].

1.3.2 Generalized partially observable information engines [42]

Generalized partially observable information engines extend the concept of information engines, such as
Szilard's engine, by introducing non-trivial uncertainty. They allow a combined treatment of heat and infor-
mation engines by incorporating access to two heat baths.

A key feature of Szdrd's engine is that it iully observable the quantity relevant for work extraction
(the empty side) can be determined with complete certainty from the observable data. Such an idealized
scenario is rarely seen in the real world, whpegtial observabilityis ubiquitous. In a partially observable
scenario the value(s) of relevant variables have tinferred from the available data. Examples abound,
from noisy measurement devices to biological and arti cial systems with limited sensor capabilities and
actuators.

Generalized partially observable information engines can be used as physical models for abstract decision
making problems under uncertainty. An important subclass are partially observalied Sigines, in
which the observer has to solvebanary decision problem under uncertainty. In any partially observable
engine an inference task has to be solved and the ef ciency of the engine depends on how well the observer
solves the inference task. More rational strategies result in better engine performance, providing a way to
study rational decision making from a purely physical perspective.

Run isothermally, fully observable information engines, like the&diengine, can at best convert be-
tween work and information, while partially observable information engines will incur an energetic cost in
each cycle, because perfect inference is no longer possd#aeralizednformation engines have access
to two different heat baths, allowing memory making protocols to be run at a lower temperature than work
extraction. This puts heat and information engines on equal footing, allowing information engines to achieve
positive net work output. Access to a second heat bath is not strictly necessary, because the temperature dif-

"This is for quasi-static operation. If the engine is not run quasi-statically, less work will be extracted during work extraction
and more work will be invested during memory making, resulting in an engine that consumes energy during operation. Using any
other encoding strategy will result in an engine that consumes energy even during quasi-static operation.
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Figure 1.2 Generalized information engines combined the treatment of heat and information engines, by
allowing information engines to have access to two heat baths at different temperatures. In contrast to
standard, fully observable, information engines, partially observable information engines do not allow for
uncertainty free reconstruction of the relevant variable(s) from observable data.

ference can also be supplied by an active bath [59], but, in this thesis, | will only consider the conceptually
more straightforward situation of having two heat baths.

Since their introduction in 2020, generalized information engines, with access to two different temper-
atures, have inspired many follow-up studies in conjunction with stochastic thermodynamics [60-64], yet
the partial observability constraint has largely been ignored. While standard, fully observable, information
engines provide model systems to study thermodynamics of information, the class of generalized partially
observable information engines provides models for a physics based understanding of infopnoatss-
ing and decision making under uncertainty.

1.4 Physics of information processing

A basic function of any intelligent system or observer is to take decisions based on available data. Since
the data rarely fully describe the relevant underlying state of the environment that the observer is reacting
to, these decisions are always taken under uncertainty. A central question for information processing and
decision making under uncertainty is: which strategy is best? This question has no straightforward answer,
because it requires a way to measure “success” or one observer's ability to outperform another.

Decision theory and many machine learning methods are cast in terms of optimization problems. For
these methods rational or optimal behavior is de ned via the objective function. The objective function
is formalized as a functional of the strategy chosen by the decision maker. Strategies are expressed as
some form of mapping from data to decision and a strategy that optimizes the criterion expressed in the
objective function is deemed rational. Finding rational strategies generally requires some type of learning
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or information processing algorithm. One problem with this approach is that objective functions are usually
chosen in arad-hocmanner, relying on the designer's intuition to propose an appropriate mathematical
description. Justi cation of new proposals often does not go beyond “it works”, in the sense that delity
measures are shown to exceed other contemporary methods. But these measures of success, in turn, are
proposed in an entirelgd hocway. It poses a clear conceptual problem when both, the basic de nition of
rationality, and what it means “to work”, are chosathhoc

Looking for physical foundations to information processing and decision making under uncertainty pro-
vides an alternative. Objective functions derived from fundamental principles, rather than empirical trial-
and-error approaches are expected to generalize better across different environments and tasks. They offer
a solid theoretical foundation, making it easier to explain why a rational strategy optimizes for certain out-
comes and how it processes information.

Observers are physical. For the longest time physics has treated observers as al&yseesxf machina
capable of seeing and controlling everything, and set apart from the systems they describe. This abstract per-
spective, while useful in many contexts, led to conceptual challenges. The 20th century brought a paradigm
shift, driven by the advent of General Relativity, Quantum Theory and the Physics of Information, all of
which require observers to be treated as physically embedded entities. As physical systems, observers are
subject to physical laws and limitations. These physical limitations can provide design rules for intelli-
gent information processing [42]. A profound connection between ef cient thermodynamic operation and
the effective use of information was established when it was shown that systems designed to retain infor-
mation about their environments have to be predictive to operate with maximal energetic ef ciency [65].
Minimizing the lower bound on dissipation in generalized partially observable information engines can be
used to derive the well-known Information Bottleneck method [66], a lossy compression technique used
in machine learning, from purely physical arguments [42]. This demonstrates that ef cient information
processing strategies—such as retaining only relevant, predictive information—can naturally emerge from
thermodynamic considerations.

Generalized partially observable information engines are ideally suited to study information processing
and decision making under uncertainty from a physical perspective. The observer's goal is unambiguous:
use available information to extract energy from the engine. To achieve this goal the observer has to solve an
inference problem and how well the observer solves the problem affects the performance of the engine [42].
In Szilard's engine the optimal strategy is trivial, because there is no uncertainty, but what do optimal
observer strategies look like in the presence of uncertainty? | will address this question for two different
model classes of generalized partially observableagriéngines in Chapters 2 and 3.

Pedro Ortega and Daniel Braun modeled bounded rational decision makers as thermodynamic systems
governed by a free energy functional [67—69]. The decision makers trade off expected utility and informa-
tion processing costs and when internal energy is used as a proxy for expected utility, it leads to free energy
as the objective function. Their approach focuses more on behavioral and cognitive aspects of decision
making than on the underlying thermodynamic mechanisms. No physical observer model is provided and
in contrast to the rst-principles approach taken in this thesis, the work by Ortega and Braun relieadn an
hocobjective function. Later, Artemy Kolchinski and David Wolpert studied work, entropy production and
information under externally imposed protocol constraints [70]. They focused on the energetic trade-offs in
constrained computation within the framework of stochastic thermodynamics of systems in contact with a
single heat bath, deriving bounds for entropy production and extractable work under protocol constraints.
In the presence of protocol constraints, not all information available to the observer can be used. In this dis-
sertation | do not impose protocol restrictions. Instead, the focus is on partial observability, which requires
observers to make decisions based on imperfect information while still allowing them to take optimal actions



once that information has been processed. Put plainly, the core challenge for the observer in this work is to

solve an inference problem; once the inference is complete, optimal actions can be taken accordingly. This

emphasis on the observer's inference strategy sets this dissertation apart from the existing literature.
Decision problems with protocol constraints likely also require non-trivial information processing strate-

gies to effectively navigate the imposed restrictions, even in the absence of any partial observability and

thus free from uncertainty. Strategies derived from studying partially observabdedSzilgines outperform

naive approaches in a Saitl engine with protocol constraints. This is brie y discussed in Chapter 5.

1.5 Overview

This dissertation places the physical observer at the center of investigation, exploring how uncertainty due
to partial observability shapes intelligent information processing strategies. Rational observer behavior is
analyzed purely from a physical perspective, emphasizing the fundamental constraints imposed by ther-
modynamics. By focusing on modeling and understanding physical observers and examining the structure
of thermodynamically optimal strategies, this work sets itself apart from previous literature, offering new
insights into the interplay between information, energy, and decision-making under uncertainty.

The dissertation consists of three projects. Chapter 2 introduces a canonical model of a generalized par-
tially observable Szilrd engine, based on observing the original@dilengine at an angle. This simple
constraint is suf cient to produce an interesting information processing problem in which optimal deci-
sion strategies are no longer trivial. Maximizing net engine work output over all possible data encoding
strategies, results in complicated mappings from observations to memory states. The optimal encodings are
analyzed. They are found numerically, using the Information Bottleneck algorithm [66], and are used to
construct a physical codebook, fully characterizing the physics of thermodynamically optimal observers for
this model class. Phase transitions in the number of memory states and the ef ciency of optimal strategies
are studied numerically. The analysis highlights the complexity of thermodynamically optimal strategies,
even for such an elementary system. The partial observability constraint limits inference quality, precluding
the engine from operating at Carnot ef ciency. This work constitutes the rst detailed analysis of a gener-
alized partially observable information engine, demonstrating how optimal strategies navigate the trade-off
between a memory's thermodynamic costs versus its potential gains.

Chapter 3 extends the analysis of thermodynamically rational decision strategies by introducing a simpli-
ed decision-making problem where each observation either provides complete information or no informa-
tion at all about an underlying binary variable. This problem can be mapped onto a generalized, partially
observable SzZird engine, making it amenable to physical analysis. The chapter is split into two parts:
rst, optimal strategies are studied numerically and a physical codebook is constructed. This inspires the
introduction of a class of parameterized encodings; in the second part, the parameterized strategies are used
to analytically derive all pertinent quantities characterizing thermodynamically optimal decision making.
The emerging optimal strategies are elegant and easy to grasp. Thermodynamically rational strategies are
compared to naive coarse-graining of the observable and the difference in engine performance is quanti ed.
A simple yet powerful result in this chapter establishes a mapping between abstract binary decision prob-
lems under uncertainty and partially observable @dilengines, providing a physical framework to study
arbitrary binary decision problems. Importantly this mapping accounts for uncertainty due to observer-
dependent constraints, such as the ones discussed in Chapter 2, as well as measurement errors. Partial
observability due to measurement error is brie y discussed in Chapter 5.

Both chapters on generalized partially observable information engines highlight the fact that naive coarse-
graining of the observable is not, in general, a thermodynamically rational strategy. In the large regime where
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information processing quality dominates the engine behavior, optimal encoding strategiexbalslistic

maps from observables to memory states. Coarse-grained encodings are optimal only when the uncertainty
is negligible or the temperature difference is huge. Both of these regimes are rather uninteresting from
an information processing perspective, because in the limit of vanishing uncertainty, optimal strategies are
trivial, while in the limit of very large temperature differences, the heat engine aspect dominates.

Chapters 2 and 3 consider classical observers, yet previous research has shown that quantum observers
can have advantages when dealing with quantum systems [71-74]. The chapters on classical observers
heavily focus on energetic constraints and on minimization of the lower bound on dissipation. In a thermo-
dynamic framework a notion of dissipation goes hand in hand with a notion of thermodynamic work. In
guantum thermodynamics no Hermitian work operator and no unique de nition of work exists, making a
straightforward extension of the classical approach to quantum systems non-trivial. In Chapter 4, | explore
and compare two different formalizations of work in quantum systems by applying them to qubit operations
and shown that predicted work costs only agree under certain conditions. This highlights the importance of
choosing an appropriate work measure for a given setting. Comparing the predictions of the two frameworks
reveals a discrepancy in the work costs required for perfect preparation of qubit states.

In the nal chapter, | conclude the dissertation by summarizing its key ndings and brie y outlining
ongoing work and potential extensions.
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Chapter 2
Partially Observable Szilard Engines

Almost a century ago, Leo Saild replaced Maxwell's “demon” by machinery. The resulting informa-
tion engine concept laid the foundation for studying the physical nature of informatioards=iduced

the demon's role to mapping an observable onto a work extraction protocol, thereby creating and utilizing
a meta-stable memory. While Smitl demonstrated that this map can be implemented mechanistically,

it was not chosen automatically by the demon, or “observer”, but rather givanori. This choice
implements the demon's intelligence. In $zd's original setup, the choice is trivial, but we show here
that nontrivial data representations emerge for generalized, partially observablel 8rifjines. Partial
observability is pervasive in real world systems with limited sensor types and information acquisition
bandwidths. Generalized information engines may run work extraction at a higher temperature than
memory formation, which enables the combined treatment of heat- and information engines. To date,
Szilard's (fully observable) information engine still serves as a canonical example. Implications of par-
tial observability are under-explored, despite their ubiquitous nature. We provide here the rst physical
characterization of observer memories that result in minimal engine dissipation. We introduce a new
canonical model, simple yet physically rich: a minor change tcd8#8 engine—inserting the divider at

an angle—results in partially observable engines. We demonstrate how the demon's intelligence can be
automated. For each angle and for each temperature ratio, an optimal memory is found algorithmically,
enabling the engine to run with minimal dissipation. While naive coarse graining is suf cient for the
special case of full observability, in general, minimally dissipative observerngrababilisticmemories.

We propose a simple model for an implementation of these memories, and construct a nontrivial phys-
ical codebook. We characterize the performance of engines with minimally dissipative memories, and
compare their quality to that of engines using an optimized coarse graining of the observable.

Information engines convert information to work and vice versa. They are useful theoretical constructs to ad-
dress questions about the physical nature of information. Their origins go back to Maxwell's iconic thought
experiment, often referred to as “Maxwell's demon”, which was conceived in the context of discussions
about the role information plays in thermodynamics, and the statistical nature of the Second Law [3, 4].
Szilard contributed to this discussion a concrete physical mechanism in which the sentient being (the
“demon” that plays the role of observer) is replaced by machinery.a®tslidea can be summarized as
follows: a divider is introduced into the center of a container with a one patrticle gas, reducing the accessible
volume by a factor of two. The gas can then do work, on average kip tn(2), wherek is the Boltzmann
constant, in a process of isothermal, quasi-static expansion, at tempdrafiure divider is used as a piston

The contents of this chapter are published in New Journal of Physics [75] under the title “Partially observabiieeBgines”.
The paper was coauthored with Susanne Still.
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that moves into the empty half of the container in the process. For this to be possible, the observer needs to
know which side of the container is empty. $zd pointed out that the observer's function is to (1) create

a memory that is stable over the duration of work extraction, and (2) use this memory to make a decision,
which exploits the expanding gas and makes the engine do work. This can be implemented by machinery,
such as a switch, and pulleys appropriately attached to a weight—the engine needs no sentient being.

Szilard and many others since, pointed out that it is the creation and destruction of the meta-stable
memory, which adds to the entropy production of the overall process [2,9, 76—78]. The second law is not
circumvented by any such information engine, as long as the energy bill of the “observer” mechanism is
taken into account. This needs to be done, because the observer is an integral part of the engine, without
which it could not function.

Recent experimental efforts have succeeded in building devices which show that such information engines
are feasible [15-18, 20-22, 24, 26, 27, 79-91], and that they can achieve the ultimate information-to-work
conversion limit ofkT In(2) per bit of information, a limit dictated by the second law of thermodynamics
[2,9,92].

There is a sizable and rapidly increasing body of literature on information engines. Nonethelésd'sSzil
engine still serves as a canonical example. The “observer” in these engines is reduced to machinery, but its
“intelligence” is implemented priori by the designer. This intelligence manifests in the decision making,
which is determined by the mapping from observable data to a meta-stable memory. The designer decides
to choose the optimal map. But could that also be done automatically, by an algorithm?

For the Sziard engine, that optimal map from data to memory is simple: coarse grain the observed
particle position into left/right of the divider. But imagine, for a moment, a different map (corresponding
to a different “observer”), namely coarse grain into 3 regions of equal size, two of which are on either
side of the divider, and the third covers the center. On average, that observer would be able to extract less
work, namely onIy%kT In(2). This shows that there are, in principle, ways in which an observer could err
by choosing a suboptimal data representation. But this fact might get overlooked easily in the context of
Szilard's engine, because the most ef cient data representation is trivial.

This is the case, because %rd assumed that the particle's position along the axis perpendicular to the
divider is observable. That assumption implies that all of the information that is necessary to extract the
maximal amount of average work is trivially available, because it is contained in the observable data. The
ensuing literature followed in the same footsteps, and as a result, models of engines that we may call fully
observable information engines assume that all the quantities which the observer needs to know to enable
full work extraction are available (albeit potentially corrupted by noise).

However, there exists a larger classpairtially observablenformation engines, for which observables
are correlated to some degree with those quantities. For this more general class of information engines [42],
the lowest possible entropy production is proportional to the amount of unusable information retained in
memory, even in the limit of negligible measurement noise. Fully observable information engines are a
subclass, trivially able to retain zero useless information in the noise free limit, whereby they can reach the
ultimate limit of zero entropy production in quasi-static operation.

The need to make decisions basedpartial knowledge is ubiquitous in real world situations, where the
choice of the observer's data representation matters. A central question, relevant to machine learning and
decision making under uncertainty is: which strategy is the best? This question opens up deep problems,
because one has to specify a metric that measures “goodness”, or, colloquially, a sense in which one observer
is doing a better job than another observer.

The connection between the lItering of usable information and an engine's ability to run without unnec-
essarily wasting energy enables answering which observer does the best job in the sense of allowing for the
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smallest amount of energy dissipation [42]. Following this reasoning, ondararefrom a purelyphysical
argument, an information theoretic data compression strategy [66], and hence nd the algorithm that auto-
mates the “intelligence” of the observer in information engines. (This algorithm trivially nds the optimal
coarse graining for SaAkd's engine).

This reasoning opens the door to using information engines not only to discuss the physical nature of
information, but also to put adaptive information processing on a clear physical footing, and thereby provide
a thermodynamic foundation to study the physics of intelligent observers. To that end, it is crucial to know:
what are the characteristics of observers that process information in this thermodynamically optimal way?

Here, we explore this question by analyzing a parameterized class of engines that arises naturally when
Szilard's model is generalized to partial observability (see sections 2.2.3 and 2.3). This model is simple
and generic, allowing us to isolate effects stemming from the mismatch between what the observer can per-
ceive, and what the observer can do. The class of generalized partially observaine &zjines and their
corresponding optimal observers, which we analyze here, serve as a canonical example to provide a basis
for further considerations (see discussion at the end of section 2.7). We nd that parametric optimization
of deterministic coarse grainings does not discover minimally dissipative observers. Optimal memories are
intrinsically probabilistic. We compute them, and analyze their physical characteristics in sections 2.5-2.7.
The cost-bene t trade-off structure is analyzed in section 2.5, and its connection to the computation of a rate—
distortion function is explained. section 2.6 provides a model for a physical implementation of probabilistic,
minimally dissipative memaories, and the thermodynamic ef ciency these memories afford is examined in
section 2.7.

2.1 Information Engines

Information engines alternate between two basic steps. First, information is acquired in a form that is stable
over the remaining cycle. Then, this information is used to convert heat from an available heat bath to work
output. Some models in the recent literature have focused only on the information-to-work step [51, 53, 93],
neglecting the thermodynamics of the memory. In that way, one can arrange things to use information as
fuel. We follow here instead the normal way of analyzing thermodynamic machines as cyclic processes. For
information engines, this means that costs for running a meta-stable information carrier (memory) must be
included in the engine's overall energy bill.

Therefore, the ternmformation enginedenotes a cyclic process, comprised of (a) an isothermal work-
to-information transformation, and (b) an isothermal information-to-work transformation. The former rep-
resents a simple, mechanistic “observer” inside the engine, acquiring and converting observable data to a
physical representation thereof that is stable over the remaining cycle. We refer to thisdasatinepre-
sentation step The latter uses awork mediumto convert heat from the bath to work output via a given
work extraction apparatus. We refer to this step asabek extraction stepbecause work is done by, i.e.,
extracted from, the engine.

Information is always context dependent, it is informatidnoutsomething. A classical bit of information
corresponds to a meta-stable state of a system that can be in two, identi ably different, states. What that
bit meansdepends on the context: if it is correlated with another system, or another degree of freedom in
the same system, then it contains information about this other system, or this other degree of freedom. To
use this information, there must be a read-out mechanism in place, some device that in uences a sequence
of eventsdependingon the state of the physical information bit. Those two components are what give the
abstract bit concrete meaning, and make it potentially useful.

Ininformation engines, the work extraction device plays the role of the read-out mechanism. For example,
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in Szilard's engine, the quasi-static movement of the divider can be arranged to lift a weight [2]. It is the set
of all used implements (in this case, divider, weight, and pulleys) that constitute the work extraction device.
To function, the Szérd engine requires knowledge of which side of the container is empty. A different work
extraction device might require different information. We call all quantities that need to be known to extract
work, relevant It is clear from the discussion that the physics of the work extraction device de ne which
guantity (or guantities) is (are) relevant.

The observer's memory must contain information about the relevant quantities. The ultimate information-
to-work conversion limit of, on average, 1 bitkd In(2) of work can only be reached by the engine if the
relevant variables are known with certainty. For that to be possible, the observable data has to contain all
the information about the relevant variables, and the memory process has to retain that information.

Engines for which the relevant variables are not fully observable need to infer those from the available
data. Partial observability is a generic constraint faced by most real-world systems. It means that the
observer inside the engine must solve an inference task. The ef cierartélly observable information
engines depends upon how well the observer solves the inference task [42].

We may allowgeneralizednformation engines to run the two distinct processes of (a) forming the mem-
ory, and (b) extracting work, at two different temperaturBsand T®, respectively [42]. This enables a
combined treatment of heat engines and information engines.

Standardnformation engines, upon which the literature has largely focused, are fully observable, and are
run isothermally. They have®= T, and the relevant variables are either contained in the set of observables,
or fully reconstructable from it without uncertainty. Standard information engines are thus a subset of the
larger class of generalized, partially observable information engines, introduced in [42].

The study of generalized, partially observable information engines enables the derivation of a construc-
tive data compression algorithm from optimizing energy ef ciency: maximizing the upper bound on the
engine's net average work output, or, equivalently, minimizing the lower bound on dissipation, over all
possible data representations yields a method for predictive inference [42], known in lossy compression
and machine learning as tteformation Bottleneck66] method. The Information Bottleneck approach
has been generalized to dynamical and interactive learning [94], as well as to quantum information pro-
cessing [71]. The generalized Information Bottleneck framework contains interesting classes of models
as special cases [95, 96], some of which might explain some important aspects of neural processing and
machine learning [97-100].

Szilard's ideas paved the way for a physics based understanding of information. The core insight is that
information is proportional to energy ows. Itis thus logical that the ef ciency of informaficocessingan
be measured in thermodynamic terms. The derivation of minimally dissipative observers, provided in [42],
opens the door to a physics-based understanding of the foundations of signal processing and learning, for
which the physical characteristics of minimally dissipative observers need to be understood. We analyse this
in sections 2.5-2.7. Keeping in mind this bigger picture, we now review some aspects of érd 8adine,
before introducing our canonical example in sections 2.2.3 and 2.3. To build intuition, we then perform
a naive parametric optimization of deterministic memories in section 2.4, before considering probabilistic
memories.

2.2 Szihrd Engine
In comparison to the Carnot process, 8alls engine does not require access to heat baths of different
temperatures. In both cases, the isothermal expansion, in which work is produced by the engine, is identical,

but to achieve volume reduction, two different strategies are used.
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Figure 2.1 Sketch of S&kd engine cycle, explicitly including another physical system to implement the
memory—nhere another one particle gas (right column, gray). The protocol applied to the memory depends
on the measurement of the particlg'position, and is denoted byy (x): if x < 0, compress the memory

such thaim < 0, and ifx > 0, such thaim > 0 (this case is sketched). Conversely, the work extraction
protocol, ( m), performed on the work medium (center), results in expansion of the gas towards the right,
if m < 0, or towards the left, iilm > 0 (sketched). Average work and heat are displayed for quasi-static
transformations an@®= T.

In the Carnot process, the gas is compressed, a process which requires work. Isothermal, quasi-static
compression of a one particle gas to half of the accessible volume requires that work be done on the gas in
the amount okT In(2). If the expansion of the gas were to take place at the same temperature, then this cost
would annul any work done by the engine. The expansion must happen at a larger tempgPaitire,for
the engine to produce net work output. In this way, the engine converts a temperature difference to work.

In the Szihrd engine, the isothermal compression is replaced by three steps: insert the divider in the
center kK = 0), measure the particlels position (from which the observer knows with certainty which side
of the container is empty), and remember the empty side for the duration of the work extraction process. It
is assumed that no work is necessary to insert the divider. Work is extracted at the same temperature—the
Szilard engine, in contrast to the Carnot process, does not appear to need a temperature gradient.

However, the memory used by the $zi engine has to be implemented by some physical device, and the
energy bill involved in running it must be taken into account. To memorize one of two outcomes, the memory
must have at least two states, stable on the timescales needed. There are many possible implementations.
The memory attains meaning by being coupled to degrees of freedom that allow for work extractiaml Szil
envisioned a mechanical switch, imagining that a weight could be attached to the moving divider via either
of two pulleys, such that the weight gets lifted when the divider moves into the empty side of the container.
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One could say that the position of the mechanical switch constitutes the memory, but, in general, any bistable
system could be used as memory.

A bistable memory can be modeled by a particle in a double well potential, as in [9]. The potential
could be turned into a box potential with a barrier of in nite height and vanishing width. This means that
the memory could be implemented by another one-particle gas in a container, together with a piston, as
sketched in gure 2.1.

To ensure that the memory is in a speci ¢ state, the gas has to be compressed to half the volume—work
is done on the gas, on average at léastn(2).

This simple argument alone shows that &ails engine could never produce net work output. At best,
Szilard's engine can recover the energetic costs encountered by the observer for running the memory. Unless
the memorizing is implemented at@ver temperature than the work extraction process.

We end up with an engine that, while producing no net work output when run at xed temperature,
nonetheless provides a concrete mechanismotvertbetween work and information. On average, the
process that generates a data representation comvehtg2) of work into one bit of information, while
the work extraction process converts one bit ikfoln(2) of work. In units of nats, which might be more
natural for some, on average one nat can be converte@tThtaf work and vice versa.

2.2.1 Erasure protocols

It has been discussed at great length in the literature that the costs associated with cyclically running a
memory can be completely assigned to the erasing of that memory, by implementing a carefully designed
protocol [9,11,13,14,92,101, 102]. This special protocol that contains a step in which the memory is reset
to a certain state (i.e. erased) is more involved than our simple protocol. Here, we simply set the memory
via isothermal compression, and later release the partition ( gure 2.1). In a protocol containing erasure, the
setting of the memory is cleverly split apart into the erasing step and a step correlating the new state of the
memory with the measurement outcome.

The bottom line costs are identical for both protocols, namely at k¥asimes the information captured
in memory [14, 42,92, 103]. However, with the right choice of parameters, it can be made to look as if all
the cost is encountered during the erasing step [14]. Including erasure in the protocol is thus not a necessity,
but rather an optional (ultimately arbitrary) choice. To go through the argument in detail, we generalize, in
appendix B, the erasure treatment from [14], which was introduced to elucidate precisely this point, and we
compare it to the simpler set-and-release protocol considered here (gure 2.1).

2.2.2 Some variants of Szilrd's engine

Many variants of Szérd's engine have been explored in the literature, for example, containerkwith
dividers andN particles, e.g. [104] and references therein. Importantly, quanturar8 shgines have been
analyzed [57,105,106], and it has been determined under what conditions the assumption is valid that sliding
in the divider costs negligible energy [57].

It is instructive to calculate what happens if the divider is put off-center into the containerardszil
considered this possibility. The volume then gets divided into a smaller voliumepn one side, and a
larger volume)  V , onthe other side, witb< 6 1=2.

Thus, with probability , the particle will be found on one side, and with probability on the other
side of the divider. The work that can be extracted differs, depending on where the particle is. If it is in the
smaller part, then more work can be extracted.

In this paper, we adopt the convention that work done on the gas is positive, while work done by the gas is
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negative, and calleextractedvork. The work that can be extracted in the isothermal, quasi-static expansion
of the one particle gas from initial volum¥; to nal volume V; > V; at temperaturd, is proportional to

the logarithm of the volume change,
Vs
W=KkKTIn — 2.1
Ny (2.1)
In appendix A we explain this for readers unfamiliar with the matter.
The total average extracted workWey, is then composed of two terms: with probability the gas
expands fromV to V, contributingkT In(1= ) of work, and with probabilityl , it expands from

V V toV, contributingkT In(1=1  )) of work:

Wex( )= KT In 1 +(1 )In % ; (2.2)
We see immediately that this is the maximum amount of information the observer could have about which
side of the divider is empty, because the probability of these events is givemiyl , respectively.

To state this more formally, de ne the random variablevith two outcomesuy: if the f larger, smalley
side of the container is empty, then let= f0; 1g. To write the probability of either outcome(u) =
p(U = u), we use the following notatiorp(u = 0) denotes the probability that random variablénas the
outcomeu = 0. Here, the probability that the larger side of the container is empgigus= 0) = , while
pu=1)=1 , and the entropy isl [U] = n() (1 )Hin@a )L. Thus, the average extractable
work is Wex( ) = kTH[U].

By de nition of mutual information, any other random variable (for example a menmrycould carry
information up tol [M; U] = H[U] H[UjM] 6 HJ[U] (because classical conditional entropy is a non-
negative quantity, i.ed [UjM ] > 0).

To maximize average work done over the paramet@ne nds = 1=2. Placing the divider anywhere
but in the middle does not increase the engine's average work output.

A similar calculation leads to the insight that if the measurement is corrupted by error, or the memory
is corrupted by a noise process, then one should leave a residual space for the particle, the relative volume
fraction of which is given by exactly the error probability [107].

To see this, for simplicity assume the divider is in the middle of the container, at posito®, and
assume the container has volume V, with unit transverse area, so that it extendisr@ction between
x = V=2andx = V=2. A two-state memory will be formed and then used to adjust the work extraction
contraption as follows: ifn = 1, then the divider will move quasistatically to the right until it reaches
positionx = V(1=2 ), whereby a residual fractional volumé remains on the right side of the divider,
with 1=2 > > 0. Symmetrically, fom = 1, the divider moves to positioxn= V( 1=2).

The memory's staten = 1 is assigned to the event that the particle is to the left of the divider, i.e.

X < 0, but with probabilityq an error is made, and the memory state ends up in state 1, hence
p(m =1jx < 0) = g. Symmetrically, for the other sidg(m = 1jx> 0) = q.

Whenever an error is made, the action taken in response will lead to the gas being compressed, rather than
expanded, and this occurs with probabilityTo avoid compression to zero volume, the residual voluvhe
is left. Work will be done on the gas with probability in the amount okT In(1=2 ). Whenever no error

INotation: entropy and information are functionals of probability distributions. But the information theory literature
[32] often adopts the following shorthand notation, which we usefU] h Io%[p(ln]ip(u) fol\'zentropy, H[UM]

h log [p(ujm)]i ., ., for conditional entropy, and for mutual informatiofM; U ] log p(prgq";;:(a) Sy Bracketsh ip

denote averages over the probability distribugion
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is made, work is extracted in the amounkdf[In(2) + In(1 )]. The extractable work is reduced because
of the residual volumelrf(1 ) is negative). Altogether, we can write down the total average extracted
work,

Wex( )= kT [In(2 + qin( )+(@ gIn(1 )I; (2.3)

and maximize over,to nd = q.

The maximal extractable work is thus proportional to the information the memory captures about which
side of the container is empty. To see that, let the random varidliiave the two realizations 1, 1g,
whereu = 1 denotes that the right side is empty, while= 1 denotes that the left side is empty. Then
p(u)y=1=2,H[U]=1In(2),

(
1 g; u=m

p(ujm) = _ (2.4)
q; else

andl[M;U]=In(2)+ qgin(g)+(1 g In(1l g). Hence,

Wex = KTI[M; UT: (2.5)

2.2.3 Partially observable generalized Salrd engines

Measurement error is not the only mechanism that can limit available information. Real world observers
typically face constraints that limit how much information is available and can be used. Therefore, there
are many situations in which lowering measurement noise is insuf cient. The case in which an observer
can directly measure all quantities that need to be known to extract work is a special case in the larger
class of situations. The more general class of observers has access only to observables that are correlated
with relevant quantities, but not necessarily in a one-to-one relationship. In this general case, the observer
needs to infer the relevant quantities from the observables. Not all of the information the observer keeps
in memory about the observables is necessarily informative about these relevant quantities. The total mem-
ory can thus be split into relevant, useful information, plus irrelevant, useless information. The amount of
relevant information stored in memory depends on the data representation strategy used to map observable
data to memory states, which is characterized by the conditional distribytjorjx). The amount of heat
dissipated in a cycle, and the thermodynamic ef ciency of the resulting engine depend on this data repre-
sentation [42]. Data representations that allow for the smallest possible dissipation are those that capture as
much relevant information as possible while retaining as little irrelevant information as possible, i.e., those
that are best at predicting the quantities of interest from the available observations [42].

One way to picture a scenario involving partial observability is to ask what would happeréaifd&zjro-
tocol was changed to measuring and making the merbefgreinserting the divider. The observer could
then use the memory to decide where to insert the partition, to maximize expected work output. The observer
would have tgoredictthe particle's location at the time of insertion, taking the delay between measurement
and insertion into account. For that, the observer must estimate the particle's velocity. However, the ve-
locity is not directly observable, only the particlesposition is. The observer has to infer velocity from
differences in position. The involvedness of this model would obfuscate the crucial points illuminating the
trade-off between thermodynamic cost of a memory and thermodynamic gain derivable from the memory.
In particular, the delay dependent estimation error is convoluted with the error stemming fromsthatch
between what the observer can perceive and what the observer can actively change in the observed system. It
is important to realize that while partial observability can manifest in some cases through measurement error
alone, in the more general case itis due to this mismatch, representing a fundamental limitation. In this gen-
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eral case, the partial observability constraint cannot be eliminated, not even by decreasing the measurement
error to zero.

To isolate and study the consequences of this mismatch, a much simpler, perhaps the simplest, way to
visualize an example is sketched in gure 2.2. Imagine that the observer part of thedSzilgine measures
the particle's position projected onto an axis tilted away fromxttexis by a viewing angle, (left drawing).

Figure 2.2 Equivalence (center panel) between (1) tilting the observer's viewing ar{tgé panel), and
(2) inserting the divider at an angle= =2 , While the particle'sx position is observable (right panel).
Both alternatives result in equivalent partially observabledsdiengines.

For the observer, this results in a situation with three distinct areas. There are two areas where knowing
the particle location determines with probability one which side of the container is empty. Observing the
particle in the central area (between the dotted lines sketched in the left and right panels of gure 2.2),
however, leaves some uncertainty.

An equivalent example results from inserting the divider in the originaB&ribox at an angle,, while
leaving the observer's viewing angle unchanged. Figure 2.2 shows the transformation between the two
alternatives (middle drawing). The geometry with the tilted divider (right drawing) is slightly more intuitive,
because the probability of nding the left side empty, given the particle's precigesition, follows the
shape of the divider, see equation (2.6) below.

2.3 Tilted divider Szilard box

Inserting the divider into the container at an angle is a minimal change tar&gikengine that yields a
partially observable information engine, given that only xhposition of the particle is observable. The
sketch in gure 2.3 shows such a modi ed Saitl box, drawn in three dimensions, centered on the origin.
The angle, , between the-axis and the divider parameterizes a family of partially observable information
engines. Szird's original engine is recovered for= =2,

For simplicity, assume xed unit length of the container in bathandy-direction. The divider then
touches the walls at = cot( )=2 (see gure 2.3). The uncertain region is the area in between. In this
area, the particle's position is correlated with which side of the divider is empty, but not in perfect one-to-
one correspondence. The size of the uncertain region igot( ), vanishing for = =2. The uncertainty
in this region is not attributable to measurement noise, but rather stems from the structural limitation. Even
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perfect, noise-free, measurements would not solve the issue.

Figure 2.3 Sketch of work medium in our model: one particle gas with a divider inserted at aigfi®-
ducing an uncertain region,= cot( ).

For simplicity of the exposition, we limit the angle betweert 6 6 = 2inthe main text, and include
the less interesting range6 6 =4 in appendix D. In appendix F, we also discuss that an alternative,
equivalent parametrization would be to x the angle, and vary the length of the contaixliiaction. The
relative length of the certain regions compared to the uncertain region determines the amount of relevant,
usable information contained in the measurement.

When the particle's position is recorded to the right of the central region, ke», ¢c=2, then we know
for sure that the left part of the box is empty. Conversely, & c¢=2, then the right half of the box must
be empty. As before, let the outcomes of the random varidddeu = f 1; 1g, whenever théright, leftg
part of the box is empty.

Which side of the container is empty is precisely what the observer needs to know to extract work. The
random variabldJ is thus the relevant variable here. ForalR [c=2; 1=2] we know with certainty that
the left side of the box is empty, i.@(u = 1jx) = 1, and similarly forx 2 [ 1=2; c¢=2]the right half
must be emptyp(u = 1jx) = 0. However if the particle is observed in betweerg=2 < x < c= 2, we
can only make a probabilistic guess, and the probability of either side being empty depentinearly:
p(u=1jx)= % . In summary, we have:

8
20 X6 c=2

p(u=1jx) = >%+%; c2<x<c=2 (2.6)
"L X > c=2

with c = cot( ).
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We always have a choice regarding how to represent available data. For the origiaad 8aiine, it is
clear how to do that. Without a tilt, it is self-evident to coarse grain the partixlp@sition into the regions
left and right of the divider, i.e. choose a map frano m suchthain = 1,8x< 0,andm =1,8x > 0,
that is setn = sign(x).

With a tilted divider, it is less obvious how to choose the optimal data representation. The ner we grain
the particle'sx location, the more useful information we can capture. But we also require more energy to
run a more elaborate memory. If the memory is prepared at a lower tempergtuhan the temperature
at which the information is turned into worK,° then there must be a natural trade-off between the cost
incurred for a more detailed memory vs the added gain. The optimal data representation must therefore
depend on the temperature ratios T&T > 1.

Access to two heat baths at different temperatures can be introduced to #hrel 8nifjine by isentropic
compression and expansion of the container alongthris. The transformations applied to change the
temperature need to be such that correlations between memory and work medium are not changed in the
process. The depth of the containerzidirection can be used to change the volume for the purpose of
changing the temperature of the gas, while keeping the divider geometry xed.

2.3.1 Relevant information in memory

As before, imagine that another physical system serves as memory. Let that memoly tisbtiect states

o P(mix)

Imem [[M;X]= o(m)
p(m;x)

(2.7

depends on the conditional probability distributige{snjx) that characterize the stochastic map from ob-
servables to memory states. If this map contains no randomness, then the conditional entropy is zero,
H[MjX]=0,andl [M; X ]= H[M]. We call these assignmerdsterministic

How much of the memorized information is predictive of the relevant quantity? The relevant information
that can be used to extract work is the mutual information retained in memory about which side of the box
is empty:

o Puim)

et I[M;U]= p(U) ( ),
p(m;u

(2.8)

whereu is inferred fromm by calculating

p(ujm) = hp(UjX)i p(xjm): (2.9)

with probability densityp(x) = 1 =L, conditional densityp(xjm) = p(mjx)p(x)=p(m) andp(m) = hp(M]X)i 5x)-
(Since we chose the length of the containexidirection to beL = 1, p(x) will not show up in the fol-

lowing calculations. In appendix F we discuss thes 1 case). In equation (2.9) we made use of the
fact, that when the raw data ggven then the probability ofi does not depend on the memory state, i.e.
p(ujim; x) = p(ujx). Recall that the data representation chosen by the observer is characten®ed ),

i.e. by the map from observable data to memory. It is important to remember that relevant information is a
functional ofp(mjx). It also is a functional op(u; x), which, in turn, depends on the geometry of the box,
that is, on the tilt angle.
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The remainder of the memorized information cannot be used and is thus irrelevant:

Lirrel Imem lrel: (2.10)
Irrelevant information is non-negative, becapéejm; x) = p(ujx) implies that

p(m; xju)

p(mju)p(xju) XU 2.
POPOID) iy (2.12)

| irrel

Since conditional information,[M; X jU], is hon-negative, we hauge > O.

For the same reason, relevant information captured in memory can never exceed the total information,
I [U; X], that the particle'sx position contains about which side of the container is empfid; M] 6
I [U; X].

To calculatd [U; X] = H[U] H[UjX] as a function of the tilt angle, (and thus as a function of the
size of the uncertain regiar), rst note that due to symmetrg(u) = 1 =2, and thudH [U] = In(2) .

Because of the natural logarithm, information is measured in nats. Thoughout the paper, depending on
context, we sometimes divide lry(2), to have information in units of shannon [Sh]. Colloquially, the name
for the unit shannon is often replaced by bit, language we use throughout the paper.

Next, to calculatéH [UjX ], we need the conditional probabilities,

! (
c 1, u= 1
ux?2 - = = 2.12
p > 3 | ( 0 u=1 (2.12)
h i 1 X. —
cC ¢ 5 = u= 1
2 Z- Z = 2 c 2.1
P UuX > 3 Lk y=1 (2.13)
! ( ¢
1 0 u= 1
ux2 =, = = : 2.14
p > L ou=1 (2.14)
Inserting these intbl [UjX ] = h In[p(ujx)]i;,.x) gives
: c
H[UjX] = E: (2.15)

(The detailed calculation is provided in appendix C.) Therefore, the particlgdssition contains informa-
tion about which side of the box is empty in the amount of

1 [U: X] = In(2) g | maX (c): (2.16)

This is the maximum amount of relevant information that the observer could possibly extract from the
measurement, capture in memory, and turn into work:

el 6 Irr2|aX(C): (2-17)

2.3.2 Work extraction from relevant information

Let us run the following memory-dependent work extraction protocol:
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(a) Isolate the container from the heat bath and reduce the container's dimenzgidiréation, thereby
changing the volume of the entire container frdfrto VO 6 V, increasing the temperature by the
factor = T%T.

(b) Connect to a heat bath at temperaftife Extract work in an isothermal transformation in which the
wall moves into the direction of the space that is estimated to be empty with highest probability, given
the state of the memory, while leaving an optimal residual volume.

(c) Pull the divider out.

(d) Isolate the container from the heat bath and increase the container's dimergsidindotion to change
the volume of the entire container froufto V in order to lower the temperature backTo

(e) To close the cycle and prepare for the next cycle, re-insert the divider.

How much work does this protocol extract, on average?

First we analyze the two isentropic processes, steps (a) and (d). The isentropic compression in step (a)
reduces the volume of the entire container frgno V0. Because the process does not change the geometry,
the particle continues to reside in one half of that volume. Therefore, the volume the gas occupies changes
from an initial volume ofV; = V=2to a nal volume of\; = V%2, This causes the temperature to
change from the initial temperatufe = T to Ty = T® The adiabatic condition relates volume change to
temperature change,

3
Vi v 7,
VIR S (2.18)
(it is explained in appendix A.2). Evaluating it gives:

During the isentropic expansion in step (d), the gas occupies the entire volume of the container, which
changes fromvV°to V. The starting temperature & = T® We evaluate equation (2.18) for this trans-

formation, to getv %=V = (T =T‘5%. Together with equation (2.19), this tells us the nal temperature:

(Ts =T‘§% = (TzT%% ) Tt = T. We obtain the same temperature which we had at the beginning of the
work protocol.

The work done on the gas during isentropic compression is compensated by the work during isentropic
expansion (this is explained in appendix A.3).

The average work that can be extracted from the one particle gas in our engine during the isothermal
expansion at temperatuf@in step (b), depends on the accuracy with whicten be inferred fronm, via
p(ujm), equation (2.9). This inference may result in an eqgn), de ned as follows. Let) be the true
value ofu. Then the probabilityp(u = 4jm) = 1 g(m). This means that with probability q(m)
the gas expands and does work against the piston, but with probalfitity the piston does work on the
gas, which is compressed. Therefore, we must leave a residual volume. The optimal value for this residual
volume can be computed similarly to the calculation around equation (2.3), but now the average amount of
work that is extracted, given a memory staiedepends og(m), and thus the residual volumém) must
be chosen accordingly. With probability ¢(m) the gas is expanded froi®&2toV®  (m)V? and with
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probabilityg(m) it is compressed frolw =2to  (m)VC Thus,

wWqm) = kT°[1 q(m)]in [1Vgnz)]v0 (2.20)
V=2
aim)In W’

= kT°In@)+[1 qm)in[L  (m)] (2.21)

+qg(m)In[ (m)] :

As before, this is maximized by choosingm) = g(m), which gives an average work, averaged over all

memory states, of
!

X X _ _
kT In@2)+  p(m)  p(ujim)In[p(ujm)]

we =
= KTYH[U] H[UM]) = kT o (2.22)

We have thus veri ed that the work extraction protocol extracts an average amount of work proportional to
the relevant information kept in memory [42].

The isothermal transformations in this work protocol are performed quasi-statically, in such a way that the
system remains in equilibrium throughout. The work calculated in equation (2.22) is thus an upper bound
on how much work can be extracted from the tilted divider &@dilbox, on average.

2.4 Deterministic memories, parametrically optimized for work extraction

The absolute maximum extractable work depends on the geometry of the box, thatisegnequations
(2.16) and (2.17). But how much relevant information is retained in memory depends on the choice of data
representation, vip(mjx). Different representations capture different amounts of relevant information.

To build intuition, we now explore what fraction of this maximally retainable relevant information can be
extracted with deterministi -state memories (coarse graining #axis intoK regions), wher& ranges
from 2 to 5.

Intuitively, one expects that coarse graining should respect the symmetry of the problem. For two states,
the best way to coarse grain is to assigre sign(x), as in the original Szilrd engine. For three states,
the choice is more complicated, but can be parameterized by one paramétet, measures the size of
the center partition. Four states can also be parameterized by just one parameter, due to symmetry. Five
memory states are parameterized by two parameters. These parametrizations are shown in gure 2.4.

2.4.1 Two-state memory
The deterministic two-state memory is given by

1, if m=sign(x)

. (2.23)
0; otherwise

p(mjx) =

The error probability has to be the same for each memory state, due to symmetay(ig. . The
probability of error can be read off from the geometry of the box. dbis c=4, which ranges fronagp = 0
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(a) Deterministic 2-state memory parametrization.(b) Deterministic 3-state memory parametrization.

(c) Deterministic 4-state memory parametrization.(d) Deterministic 5-state memory parametrization.

Shaded regions are proportional to the ergrr(m).

at = =2toqp =1=4at = =4. Therefore, the optimal strategy for the isothermal expansiar at
step (b) is to leave a residual volume fraction of ¢ = c=4. We then extract, on average

w® = kTInE) h(c=); (2.24)
where we use a non-negative entropy function with
h(x) 1 x)In( x) xIn(x)> 0; (2.25)
de nedforx 2 (0;1), andh(x =0)= h(x=1)=0.
The average extracted work is positive, and increasedrageases from=4to = 2. The less tilted the
divider, the closer t&T%In(2) can be extracted (see gure 2.5).

Let us be incredibly pedantic and double-check that the relevant information is ilm§2ed h(c=4). Due
to symmetry, we have(m) = 1 =2, andp(u) = 1 =2, henceH [U] = In(2) . The conditional probabilities
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Figure 2.5 Average extracted work as a function oRed line ( w2, equation (2.24)): using the deter-
ministic two-state memory. Blue line (W(?), equation (2.30)): using the three-state memory with c.

arep(u 6 mjm) = ¢+, andp(u= mjm)=1 c=4. This results in a conditional entropy of

. X 1 X _ .
HIUIM] = 5 P(ujm)In[p(ujm)] (2.26)
m2f 1;1g u2f 1;1g

c C C

= 1 2 In 1 21In 2
= h(c=); (2.27)

and hence for the relevant information

1@() = 1M;U]=H[U] H[UM] (2.28)
= In(2) h(c=): (2.29)

While the total relevant information available in the partiche'sosition, equation (2.16), decreases linearly

with the size of the uncertain regior,the amount of relevant information captured by this coarse graining
decreases as a convex function, see gure 2.6. The difference, which is a measure for lost information, will
thus have a maximum, but rather than the absolute loss, we are interested in the relative loss, namely how
much information is lost as a fraction of how much there is to be summarized.

Equivalently, we can plot the retained relevant information as a fraction of the maximum relevant infor-
mation, i.e. | r(sl)(c)zlrrgﬁx(c) =[In(2) h(c=4k)]=(In(2) c=2). Thisis done in gure 2.8 (blue triangles),
where it is compared to memories with more states, which we will address in the following paragraphs.
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Figure 2.6 Relevant information retained by the deterministic two-state mem(ﬁry;), equation (2.29),
(red), as a function af. Compared to maximally extractable relevant informatidif* (c), equation (2.16),
(black).

2.4.2 Three-state memory

Compare this to a three state memory. To begin, let us choose the simple three-state coarse graining that
maps each certain region to one state 1 if x > c=2andm = 1if x 6 ¢=2), and maps the uncertain
region to a third statenf = 0 if ¢=2 <x < c= 2). The error for statemmn = 1liszero,gg(m= 1)=0.
Every time the memory is in one of these states, we can thus let the volume expand by a factor 2. The total
probability that one of these two cases occurs isc. But form = 0, the error isgg(m = 0) = 1 =2, and
thus we cannot do anything to extract work, on average.

Note that the probability of not being able to do anythioggrows tol, as gets closer to= 4, which
makes the memory effectively a one state memory, i.e., for = 4, when there are no certain regions, no
information is contained in this coarse graining.

The average work the observer can extract using this memory is

w® = kToN@)1  ©); (2.30)

which is zero for = =4, and increases tT °In(2) as approaches= 2.

Because of the symmetry, memory state= 0 cannot be used to extract work, on average. Hence, this
memory state is akin to a “waste basket” of widthwhen thex position appears in this region, we basically
throw the measurement away. This helps to decrease the error made when the memory is in the other states
to zero. But it is not necessarily the way to get the most work out. Just how bad this strategy is depends on
the geometry of the box, i.e. the width of the waste basket. There is a valuseich that more work can be
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extracted with the two state memory foral46 < wa > W‘?). This value is determined by
setting equation (2.24) equal to equation (2.30), and comes out to roiglly (see gure 2.5).

Let us see if the observer can do better with three memory states. hethe width of the interval
assigned to the waste basket memory statex 0. In general,” can differ fromc. Choosing” > ¢
decreases the amount of relevant information captured. If we assign a smaller intervainc=testate
by choosing < ¢, then the probability of not be able to do anything is reduced. However, when we have a
signal, there is now a residual error. This error can again be read off from the geometry of the box.

Itis given by the area of the triangle on the other side of the divider, divided by the area that corresponds to
state 1, respectively (see gure 2.4b). The area corresponding to states 1lis(1 ")=2, respectively.

The area of the triangle (& *)?=8c. Due to symmetry the error for both states is the sag(en = 1) =
g(m =1) (";c), with

S I

(;e) = 21 (2.31)
The error for staten = 0 remainsgz(m = 0) = 1 =2. The relevant information captured by this memory is
[[U;M]= H[U] H[UjM]=In(2) H[UjM], with

HUM] = “InQ @ thmnm<yq1 (2.32)
qGon@ CoD
= “In@+@  )h( (ie); (2.33)
and thus
19¢) = @ ) In@ h((io) : (2.34)

If the residual volumes in the work extraction protocol are properly adjusted to match the error probability,
then the average extractable work isv® = kT4 & ().

We plotl r(esl)(‘), normalized byl [0 (c), as a function of=cin gure 2.7, for ten different values af.
There is an optimal waste-basket lengtfic) associated with the maximum extractable work (diamonds
in gure 2.7, left panel), which moves towards smaller relative lengths as the divider is tilted m@re (
larger). This is displayed in the right panel gure 2.7.
We see in gure 2.7 that the maximally retained relative relevant information attains a minimum, as a
function ofc. This was also the case for the two-state memory.
In gure 2.8 we compare the relative value of captured relevant information at the optimal value of
with that captured by the two-state memory. The minimum shifts towards slightly lgrgeithe number of
states increases from two to three. Three states substantially increase how much relevant information can be
captured. Figure 2.8 also compares parametrically optimized four- and ve-state memories, which we will
discuss in the following paragraphs. Note that the above trend continues for larger numbers of states.
It is intuitive that the optimal coarse graining should re ect the symmetry of the problem, whereby the
m = O state is centered around the origin, as is the case in our parametrization, equation (2.34). Asymmetric
memories capture less relevant information (which we con rmed numerically).
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Figure 2.7 Normalized average extracted work for the three-state memory as a functiofleft). Relative
waste basket length =cfor the three-state memory that maximizes ovére relevant information retained,
equation (2.34), and thus the potential thermodynamic gain (right). Plotted as a funation of

2.4.3 Relevant information for four- and ve-state memories

In the last subsection we saw that for a three-state memory it is always bene cial to choaseNow we
study how much relevant information can be captured by deterministic four- and ve-state memories, which
we will parameterize similarly.

The ve state memories require two parameterandd. As for the three state memoryparameterizes
the center state, which we have called the waste basket, because the error in that state is 1/2. The four state
memaories requires only one parameter, and because there is no center waste basket, we call this parameter
d.

As with the three-state memory, we can allow the length of the parts of-thés assignedtm = 1to
be less thaie and it turns out that this is the optimal choice for both, the four- and the ve-state memories.

This means for the four-state memories that out of the three different chses,(d = ¢, andd > ¢),
d <c is best.

X m | gu(m)
1=26 x6 d=2| 2| (d;0
d=2<x 60 1] d;0

0<x 6 d=2 1 | Nd;0

d=2<x 6 1=2 2 (d; 0

Table 2.1 Memory assignments and errors for parameterized four-state memoridsgth

The parametrization of the assignments and the errors are listed in table 2.1 and sketched in gure 2.4c.
In statean = 2we havegu(m =  2) = gu(m = 2) = (d; ) (equation (2.31)) whiley(m = 1) =
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(m =1) =~ (d; 0, with

Nd;o) = > : (2.35)

For this memory the relevant information is given by:

'r(;) = (1 din2 h()]+ d[In2) h")]
In2) (1 dyh((d:09) dh((d;0): (2.36)

For completeness the two suboptimal cases (c andd > c) are discussed in appendix H.

Any symmetric ve-state coarse graining again has a waste basket in the center, the length of which we
parameterize by. The parametrization for the cade< ¢ and™ < d is shown in table 2.2 and gure 2.4d.
Other, suboptimal, cases are discussed for completeness in appendix H.

X m | gs(m)
1=26 x6 d=2 2| (d;o
d=2<x 6 =2 1[N +do
=2<x 6 =2 0 | 1=2

=2<x 6 d=2 1 | +d0o

d=2<x 6 1=2 2 (d; 0

Table 2.2 Memory assignments and errors for parameterized ve-state memoriésndttandd < c.

The residual errors for states = 2 aregs(m = 2) =: (d;c), and for the statesn = 1 we have
g(m= 1)=:~(C +d;0.
The relevant information is:

18 = @ i@ @ dyh((d;0q)
(d HYh®( + d;0): (2.37)

We recover the four-state version (equation (2.36)) fbr O.

2.4.4 Extractable work as a function of the tilt

For different values of the tilt angle, we numerically found the maximum value of the relevant information,
maximized over the parameter(s) of the memory. We denote optimal parameterssuiplerscripts, e.g.

is the parameter value forthat maximizes relevant information. The value of the relevant information
at the optimal parameters is denotedlhy(c). It changes with the tilt, because the size of the uncertain
region,c, changes with the tilt. Total available relevant informatibf}{*(c), equation (2.16), diminishes
with increasing divider tilt, i.e. increasing c. We normallzg(c) by it to investigate how close the relevant

to the maximum attainable relevant information for a given tilt. The results are plotted in gure 2.8.

Itis interesting to note that, as we saw for two- and three-states, we nd a “worst” tilt angle for every xed
number of states, in the sense that the parametrically optimized memory captures the least relative amount
of relevant information at that angle (and correspondngds the number of memory states increases, the
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Figure 2.8 Normalized relevant information (left) for parametrically optimized deterministic partitions of

function ofc, for the parametrically optimized K-partitions that retain maximal relevant information.

angle at which this minimum occurs becomes closer to =4, wherec = 1, but it is always larger than
=4,

In gure 2.8 we see that memories with more states can retain a larger fraction of the maximum relevant
information than memories with fewer states. The optimal three-state memory always keeps more relevant
information than the two-state memory but is in turn outperformed by the best four-state memory in terms
of relevant information retained, and so on. As can be expected, returns diminish as the number of states
becomes larger: the relative increase in relevant information, gained from adding one more state, becomes
smaller. This suggests that further increasing the number of memory states will result in ever diminishing
gains in terms of relevant information retained, and thus extractable work. The parametrically optimized
ve-state partition already captures over 93% of the maximum relevant information for all tilts.

2.4.5 Cost of deterministic memories

As more states get added and the memory becomes more detailed, the cost of running it increases. Running
a memory contributes an energetic cost of no less kifdmem to the engine's overall energy bill [9,42,92].
To build intuition, we examine the costs of the deterministic memories we have studied in the last section.
The amount of information that the memory captures about the data is givegehy= I [M;X ] =
H[M] H[M]jX]. Since the assignments to memory are deterministiyl j)X] = 0, and therefore,
I[M; X ]= H[M]. The entropyH [M ], can readily be evaluated for the different determinisitic memories.
For two states, it is
13 = In@): (2.38)

mem
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The irrelevant information captured by the deterministic two-state memory is thus

1@ = h(c=); (2.39)

irrel

which is zero forc = 0, the original Szihrd box, and increases monotonicallycte 1, where the divider is
tilted between the two corners of the box, and there are no certain regions.
For three states, we hapém = 1)=(1 “)=2andp(m =0) = 7, so that:

18, = In@R)@ )+ h(): (2.40)

This is maximal, with a value dh(3), when the waste basket covers the center third okthgis™ = 1=3,
and goes tdn(2), as’ goes to zero.

Recalling the value of the relevant informatidrﬁl)(‘), equation (2.34), we see that the deterministic
three-state memory retains irrelevant information in the amount of

L ()= hCY+(@ )h( (50)): (2.41)
Four-state assignments hgyen = 1) = d=2andp(m = 2)=(1 d)=2, whereby we get
lm = In@2)+ h(d); (2.42)
19, = hd+@  dh((dg) dh(xd;o): (2.43)
Five-state partitions have probabilitipém = 0) = “,p(m = 1) = (d 7)=2andp(m = 2) =

(1 d)=2, andthus

1€, = @ @ “InC)

(d Hin(d ) @ dIn@ d); (2.44)
18 = @ dh((dg) In@ d] In()
+(d )[h(*C + d;0) In(d 7)]: (2.45)

We compare the memory (gure 2.8, right panel) and the irrelevant information ( gure 2.9, left panel)
retained by the two-state memory to that retained by the parametrically optimized three-, four-, and ve-state
memories. The two-state coarse graining captures a xed total memory of 1 bit. As the divider becomes
more tilted, an increasing amount of that memory encodes irrelevant information. We plot the fraction of
irrelevant information kept in memory in gure 2.9 (right panel), and see that for two states it increases
monotonically from 0% to roughly 80%, as the anglehanges betweer 2 and = 4.

As we recall from gure 2.8, coarse grainings with more states can keep a larger fraction of the available
relevantinformation. This comes at an increased cost in terms of total memory kept, as we see in the right
panel of gure 2.8. When the tilt increases, more resources are utilized, until they are depleted (here the total
memory comes to an approximate plateau). However, much of the cost is overhead, capturing increasing
amounts of irrelevant information, visible in gure 2.9, left panel. The relative overlgagl=l mem (plotted
in the right panel) is slightly larger, the more states are used.
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Figure 2.9 Total (left) and relative (right) amount of irrelevant information captured in memory as a function
of ¢, for the parametrically optimized K-partitions that retain maximal relevant information.

2.5 Optimal data representations balance between cost and gain

The observer part of the engine ought to use a representation of the observed data that allows the information
engine to encounter the smallest possible amount of dissipation, on average. Equivalently, it should be
constructed such that the engine's average net work output is maximized.

There is no reason to believe that the best way an observer can summarize the measurements should
be given by adeterministicpartition of the observed-values—in general, we ought to optimize over all
probabilistic assignments, that is over all conditional probability distributgrgx).

The average heat generated during the memory making process is lower bo@nhd bkT 1 [M; X ],
and the average heat absorbed during work extraction is upper bou@eiéoyk T [M; U ]. Therefore, the
overall dissipation is no less tharQ Q%> k(TI[M;X ] TY[M;U]) [42]. The total work coming out
of the engine for our protocol is given by the amount of work produced in the information-to-work, or work
extraction, step, W° = kT9 [M; U], equation (2.22), minus the energetic cost of running the memory,

W = kTI[M; X ]:

wo w=k TA[M;U] TI[M;X] : (2.46)

The amount of heat dissipated with our protocol on average, over a cycle, is the negative of equation (2.46),
ie. Q QY%= W + W0 Equation (2.46) has to be maximized, over all possible data representations,
p(mjx), or equivalently, minimally achievable dissipation is minimized. The data representation that cor-
responds to the optimum is the one we are looking for. It is clear from equation (2.46) that the solution
depends on the choice of the temperature ratio TT. Dividing by kT does not change the optimization

34



problem, we thus nd that we need to solve [42]

min I[M;X] | [M;U]
p(mjx) X
subject to : p(mjx) =1; 8x (2.47)

m

The constraints ensure normalization of the probability distributions. This derivation shows that thermody-
namically optimal memories are solutions to the Information Bottleneck [66] optimization problem.

2.5.1 Rate—distortion function

Written in this form, it is clear that this optimization is a rate-distortion curve calculation [28, 66, 108, 109].
To see that, rstrecall thadt[M; U] 6 |[X;U]. The difference| [X;U] |[M; U], is the information lost
because the memory issammaryof the observable data. This information loss measures how much of the
relevant information available from the observable data is discarded in the memory making process. Since
p(ujx) = p(ujx; m), the information loss is given by

D E

IGUT 1MiU] = D[p(upokp(uim) (2.48)

h [
whereD [p(ujx)kp(ujm)] P 4 P(Ujx) In g((lj’rf])) is the relative entropy, or Kullback-Leibler divergence,
between (a) the probability distribution of the relevant quantity, given knowledge of the observable data,
p(ujx), and (b) the probability distribution of the relevant quantity, given knowledge of the memory state,
p(ujim). While p(ujx) encodes everything there is to know abauytgiven the observable datp(ujm)

encodes what can be inferred from the memory. Relative entropy measures the mismatch between these two
distributions. It quanti es the average bit-cost of encoding samples fifjx) with a code optimized for

p(ujm). Replacing the optimization in equation (2.47) by

in I[M:;X D[p(ujx)kp(uj
p?r]nljr)]() [ , ]+ [p(U]X) p(UJm)] p(x;m)

leaves the solutions unchanged, sihfig; X ] does not depend gi{mjx). This shows that the optimization
problem is a rate-distortion curve calculation with distortion functigp(ujx)kp(ujm)].

2.5.2 Information Bottleneck algorithm

The temperature ratio = T%T appears in the optimization as the parameter that trades off between how
much relevant information the model captures vs how much the model costs.

This ratio parameterizes the family of solutions to equation (2.47), all of which have to ful Il the following
saddle point conditions, a set of self-consistent equations,

D jx)kp(uj
_ p(m)e  DIpuikp(uim)]

p(mjx) = | —p(m)e DB (2.49)
pujm) = mm(mjx)ip(xju): (2.51)
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which can be computed numerically by an iterative algorithm. The Information Bottleneck algorithm is
similar to the Blahut-Arimoto algorithm [66, 110, 111]. Numerical calculations are performed using a “de-
terministic annealing” procedure, adapted from [112]. Appendix J details the numerical implementation.

2.5.3 Characteristics and quality of optimal memories

Given a geometny;, there is an optimal memory, for each temperature ratiéyl lling equations (2.49)—
(2.51). Let us denote it bp,, (mjx). The quality of this family of optimal data representations can be
visualized by plotting the work potential retained, that is

kTAei(;c) KkTO[M;U] Poye (Mix)’ (2.52)
against the energetic cost required to run the corresponding memory,
KTlmem(;¢) kT I[M;X] Do (mix)” (2.53)

In units of kT, we plot | ( ;c) against mem( ; C), in gure 2.10, for the geometry with diagonal tilt, i.e.
uncertain regiorc = 1.

Figure 2.10 Thermodynamic bene t against cost derived from optimal memories (one foreémhc = 1.

If there is a given constraint on the expectation of how much energy shall at least be extracted from the
heat bath, and turned into work, during the information-to-work step of the engine, then the memories that
form this curve allow us to determine the smallest value of the temperature ratio at which this is possible,
and they furthermore tell us the minimum cost that the observer has to encounter, in order to enable this
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amount of work extraction, at this lowest possible temperature ratio. We visualize this in gure 2.10 for
an example by drawing a horizontal line &t ( ;c) = 2, reading off the value = 13 at the solution,
and plotting it next to the curve, and then reading off the cost of the solution at this point (vertical line),
I mem( ;€)=0:82

To compare curves like the one in gure 2.10 foifferentgeometries, i.e. differert, we divide the
extractable work at the optimal data representation in unik§othatis | ¢( ; c), by the maximum, given
the geometry (also in units &T), i.e. | 77 (c), equation (2.16). The ratid.( ;c)=I737(c), is plotted
in gure 2.11 against the minimum work cost in units kT, | hem( ;C). For visual ease, we plot the

information in bits, i.el mem( ; €)=In(2).

Figure 2.11 Normalized extractable work, against total information kept in memory, evaluated at the optimal
memories (one for each), for different values ot. Inset magni es the most interesting region.

Geometries with only slight tilts (small c) are dominated by large certain regions. Their optimal curves
are steeper, with larger curvature, and apprdaglt ; c)=1737*(c) = 1 at smaller memory costs. In that

sense, they are more compressible (the notion of source compressibility is adapted from [109], see appendix

).

Each of the curves can be used to read of the best possible code if capacity constraints are imposed on
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the memory. We see in gure 2.11 that the relative amount of relevant information captured by memory
encodings that encounter the same cost decreases as the tilt increases.

As we know, the optimal solution for the original Saitl engine geometry, without tilt, is a deterministic
coarse graining into two memory states. This retains 1 bit, all of which is relevant information. This solution
is (trivially) found by the numerical algorithm for all values> 1, and the point is plotted as a cross in
gure 2.11. In gure 2.12, we compare optimal codes that cost exactly one bit of information, for four
different geometries, by visualizing their assignments. The one bit is distributed between three memory
states. The third memory state gets utilized more as the tilt increases.

Figure 2.12 Memory assignments of optimal memories Witk ( ; ¢) = 1 bit, for different geometries;.
Corresponding displayed to right. Red lines markc=2, where the divider touches the top/bottom of the
box.

Note that for the original SZird engine for = 1 a second solution exists producing the same amount of
(zero) dissipation. The second solution corresponds to doing nothing, i.e. the point (0,0) in the information
plane of gure 2.11, for which we did not plot the cross symbol, because it coincides with the solution
at = 1 for all tilt angles, and would thus obscure the plot. The originalédiengine is trivially fully
compressible, because it is fully observable, meaning that all relevant quantities can be measured.

For Szifrd's engine, these two are the only optimal solutions, whereby the information plane is reduced
to two points, with a gap in between. Similarly, we nd visible gaps at phase transitions [113] to increasing
numbers of memory states, in the information curves for different tilt angles ( gure 2.11). For geometries
with ¢ 6 0:2, one-bit memories fall into the phase transition gap (which is why we dispta@:3in gure
2.12).

For each individual geometrg,is xed, as isl 57 (c), equation (2.16), and we can plot retained relevant
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information at the optimal solution of equation (2.47)( ), as a function of total memorymem( ).
The optimal memories draw out a monotonic, concave curve in the information plane [66], akin to a rate-
distortion curve [108]. The curve delineates feasible from infeasible region: no codes exist above the curve,
and the codes that lay below the curve are suboptimal. The local slope of the curve is givefiy 1=,
which is 1 at the origin and approaches zero asymptotically, as all of the relevant information is captured
and the memory's size increases.

We show the optimal memories in the information plane for the least compressible gecmetty,
(where the divider is tilted to= 4, touching the corners of the box) in gure 2.13. The upper bound on
relevant information (displayed on tlyeaxis) isl 57 (c = 1) = In(2)  1=2nats, orl  1=In(4) 0:28
bits, which is shown as a dotted line. On thexis, the upper bound on how much total information can
be retained about a position measurement should follow from the measurement error, which would be given
by instrumentation. However, numerically, we approximate the continuqasitions in the box by 10000
discrete values. The maximum amount of information that can be captured in memory is then set to a little
more than 13 bits. We cut off at 2.5 bits, where the optimal code already captures 96.6% of the available
relevant information.

The solution for = 1 assigns alk-values to one memory state. This captures no information, and does
not allow us to exploit the partially observable $rd engine—wheif °= T, then the best solution is to do
nothing.

Figure 2.13 Relevant information against total information kept in memory, evaluated at the optimal memo-
ries (one for each, black curve) displayed far = 1. Colorful curves are evaluated for memories that are
optimal under the additional constraint of allowing no more than K stdtes. 2 (blue),K = 3 (orange),

K =4 (green)K =5 (red).

As the temperature ratio = T%T increases, this solution becomes suboptimal, and a phase transition
occurs to a solution that uses two memory states. The assignments from obseneadurements to the
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memory states are not deterministic at the phase transition. i&sncreased, they become increasingly
less probabilistic, in the sense tha{M jX ] becomes smaller. As one traces out the optimal curve, phase
transitions occur to memaories with increasing numbers of memory states. In gure 2.13, we point to those
with arrows labeled ! K + 1, indicating the transition frorK to K + 1 memory states for the rst ve
transitions. (It can be expected from the geometry of our problem that transitions o¢Cur tostates, but

this is not necessarily true in general [66, 113].)

Figure 2.14 Optimal, probabilistic, assignments from observables to memory states before and after the
phase transitions. Displayed is the optimal probability of using memory statgven thatx is observed:

Popt (MjX). From top to bottom, the rst assignment after a phase transition and the last one before the next
phase transition are displayed for increasing numbers of states, starting witl2. Geometry with=4

tilt, i.e.,c = 1. Approximate values of at the phase transitions are displayed to the right.

To obtain a better intuition for what the optimal data representations look like, we visualize them at
the phase transitions in gure 2.14. The rst panel shows the rst optimal two-state solution right after the
phase transition. We see that it contains very little information, as the assignments are close to uniform. This
changes as increases. The second panel shows the optimal two-state solution right before the next phase
transition. The third panel shows the optimal three-state solution right after that phase transition, and so
forth. This visualizes how the assignments become increasingly deterministic in between phase transitions,
but that optimal memories aret deterministic assignments. Instead, optimal data representations assign
observations ok positions probabilistically to more than one memory state.
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One can force the number of states in the numerical calculation to be equal to two, while increasing
The solutions to the self-consistent equations obtained under this constraint then branch off from the optimal
curve in the information plane, at the point where the next phase transition occurs (blue pointsin gure 2.13).
The constrained two-state solution will eventually become deterministicjsasicreased. At that point, 1
bit of information is kept in memory, less than 0.19 bits of which are useful, in the sense of being relevant
with respect to allowing the observer to extract work from the system. This point in the information plane
is plotted as a triangle in gure 2.13. The solution coincides with the deterministic two-state assignment we
studied in section 2.4, see equation (2.29).

We trace out all curves with xed 6 5 states in gure 2.13. Their endpoints coincide with the de-
terministic, parametrically optimized, partitions we studied in section 2.4. They are plotted using the same
symbols as in gure 2.8. Compare the richness of the full optimization problem and its solutions to the naive
analysis of section 2.4 in the information plane: the latter produces only the end-points of the constrained,
suboptimal curves, whereas solving equation (2.47) provides us with the entire family of optimal solutions,
one for each .

The choice of memory thus depends on the cost-bene t trade-off parameténr a given geometry,
there is an observer memory for each value pfvhich enables minimization of the dissipated heat per
cycle. Using a costlier memory becomes worth it only if the temperature ratiis, increased to a point
where the added bene t outweighs the additional cost.

Figure 2.15 Left: optimal memories evaluated in the information plane foi0:2. Right: corresponding
memory assignments before and after phase transitions.

If the observer faces constraints, say metabolic constraints, limiting maximally allowable cifgi¥o
then there is a maximum thermodynamic bene t that can be achieved at a minimukhthis temperature
ratio, the optimal memory carridgnem( ) = 150", The magnitude of the corresponding maximum
thermodynamic benet can be read off from the curve in the information plane, as it is determined by
the relevant informationl . ( ). Conversely, if a xed minimum thermodynamic gain is required, the
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minimum cost to achieve it, at the minimal possible temperature ratio, can be read off.
Gaps in the curve due to phase transitions are obscured in gure 2.13 by the colored curves that trace

together with the corresponding optimal assignments before and after phase transitions. As before, arrows
point to phase transitions frok to K + 1 memory states on the curve, but we now plot only the end points

of the constrained, suboptimidl state memories, not the entire constrained curves, and the gaps &

and2! 3are therefore visible. Looking back at the comparison plot in gure 2.11, we see that th8

gap is larger foc = 0:2, compared t@ = 1.

Compare the assignments in gure 2.15 to the assignments for the stronger tilt, gure 2.14. Because
the certain regions start to dominate for= 0:2, assignments in those regions, towards the walls of the
box, are largely almost deterministic before the phase transition from 2 to 3 states, and remain so thereafter.
The probability weight of the new staten(= 0) is thus more concentrated towards the middle, and the
assignments after the phase transition are less fuzzy compared to the geometry with the diagonal tilt and no
certain regions, as can be seen in gure 2.14, third panel from the top.

Figure 2.16 Relative contribution to relevant information from the certain regions, as a function of the
combined size of the certain regioris, c.

The three-state solution right after the phase transition is thus relatively more costly 12 than for
c = 1, but it also contains relatively more relevant information. This explains why the gap at the phase
transition is larger.

For the geometry witlt = 0:2, the deterministic two-state memory falls just below the gap (triangle,
gure 2.15). The difference between optimal memories and the deterministic, parametrically optikhized,
state memories of section 2.4 is less pronounced fo0 :2, compared t@ = 1, because the certain regions
dominate more. These effects are even stronger for smaller tilts, as the dominance of the certain regions
increases. The relative contributionl #* (c) from the certain regions is5'=I 5™ = (1 ¢)=[1 c=In(4)],

rel
plotted as a function of their combined side, c, in gure 2.16 (detailed calculation in appendix E).
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2.5.4 Phase transitions for different geometries

At a phase transition, the total information captured in memory increases disproportionally more than the
amount of relevant information retained. This is a consequence of minimizing the lower bound on dissi-
pation, because when the temperature ratio changes, the relative contributions of cost versus potential gain
are weighted differently. The discontinuities in gures 2.10, 2.11, 2.13, 2.15, and 2.20-2.23 are due to this
effect.

Figure 2.17 Value of at phase transitions, where the number of memory states changek ftotd + 1.

Phase transitions occur at largeras the tilt increases, and with it the size of the uncertain regiofhe
trend is highly non-linear, as can be seen in gure 2.17. A signi cant region is almost at, before there is a
strong increase. The nonlinearity is more pronounced for ld¢ger

2.6 Constructing minimally dissipative memories

The preceding analysis showed that minimally dissipative memories regyababilistic partitions, instead

of the more familiar deterministic coarse grainings. In fact, the naive approach of looking for parametrically
optimized deterministic coarse grainings, could never discover minimally dissipative memories (cf. section
2.4, and appendix G).

Probabilistic coarse grainings are not common in physics, and are not intrinsically intuitive. To picture
how to physically construct a probabilistic memory, let us consider the example of implementing the memory
with another one particle gas in a container with unit height, width, and depth, at tempdraieeall that
there is one optimal memory for each value of This optimal memory is characterized by the solutions
to optimization equation (2.47), that is, the probabilitmg, (m) and p,, (mjx) which fulll equations
(2.49)-(2.51).

the particle in the memory boy (s chosen to avoid linguistic and visual confusion with the work medium,
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of which thex position is measured; this choice can be made without loss of generality). For any given
measuremenk, run the following protocol on the memory:

(a) Toensure that the particle resides in each memory state with probagjlifyjx), we want to create
initial volumes of sizep,,; (Mjx). This is done by in$rting an array Kf 1 dividers, indexed by
a=1;:15;K 1, into the memory cube at positions ., , Popt (MjX) (S€e gure 2.18). The rst
divider (@ = 1) is inserted at positiop,,; (M = 1jx), the last divider at positiofi  p, (M = K jX).

P

(b) Tobe able to read out the memory without knowledge, ahove the dividers to positions .5 , Popt (M),

8a. These nal positions do not depend @nand the value o can henceforth be read off without
knowledge oix.

As aresult, of this preparation, statewill occur with probabilityp,,. (mjx), whenx is given, and with
probability p,, (M) on average (over ak). The work extraction protocol (labele@ m) in gure 2.18,
described in section 2.3.2) is then chosen according to which memoryratageread out.

Figure 2.18 Mechanism to implement optimal memories, as described in the text. Sketched here is an
example withc = 1, = 7:76,x = 0:02. The three different cases that can occur are visualized in color,
for particle location and corresponding work extraction protocol applied to work medium (section 2.3.2):
(m = 1) partition moves left/right (black/blue), leaving optimized volume equap( 6 mjm);

( m =0) partition does not move.

The average work done on the memory in this process is predidely, [M; X ], in the quasi-static
limit: with probability py, (mjx), the volume will be changed frofd; = py, (Mjx), to Vi = pyy (M).

The resqging work iV (m; x) = KT In[pyg: (MjX)=pyp: (M)]. The average work per observation is then
W(X) = Popt (MjX)W(m;X), and the overall averad®V (X)i px) = KT 10 [M; X ].

Since it is not immediately intuitive what the optimal divider arrays for the memory making protocols
should look like, we further visualize them in gure 2.19, for selecteshieasurement values located in the
left half of the work medium box, for each of the optimal solutions displayed in gure 2.14 (the geometry
with diagonal tilt,c = 1). Due to symmetry, plottingk values in the other half would be redundant.
Displayed on the left of gure 2.19 is the position at the edge of the container; moving towards the right,
X positions increasingly closer to the center 0, are displayed.

In each of the subplots for differemt positions, the probabilitiep,,(m) are displayed along on the
x-axis of the plot, as the widths assigned to each valua.ofFor visual ease, the-axis is labeled with the
values ofm only in the top row of each two rows with the same number of memory statesnd solid lines
divide between solutions with differeit. In each subplot, a solid line is plotted across the width of each
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state, ap,,: (Mjx) on they-axis. Grey shades are added to guide the eye. The heights of the white areas
thus correspond to the initial volumes delineated by the divider array in the memory making process ( gure
2.18), while the widths correspond to the nal volumes. The last subplot (far right) displays the probabilities

p(ujm), which give the individual memory states their meaning via the inference they imply. (Recall that

u=f 1;1g, when thef right, leftg side is empty).

For example, in the second line, the optimal two state memory right before the phase transition is plotted.
Here, the staten = 1 implies a larger probability that the right side is empty, corresponding to a lower
p(u = 1jm), while m = 1 implies that the left is empty with higher probability. No compression of the
particle in the memory box occurs if the particle is observed in the cexter Q): then the divider is
inserted in the middle and left there. Visually, this corresponds to two white squares in the subplot. In
contrast, the white rectangle in the subplot on the beft ( 1=2) indicates that if the particle falls into the
larger initial volume, then compression will occur: the divider is inserted close to the edge of the container
and moved to the middle. This procedure will most likely result in the memory state 1, because the
particle will reside in the larger volume with higher probability. In the unlikely event that the particle falls
into the smaller initial volume, expansion occurs, negative work is done on the memory (meaning that work
is derived from it), and we end up with an inaccurate inference, resulting most likely in loss during the work
extraction protocol performed on the work medium.

While certain memory states dominate for certaivalues, it is never the case that there is no residual
volume in any of the other memory states (as there would be for a deterministic coarse graining). As a result,
for odd numbers of states, whar= 0 is measured, there is a chance that the chosen protoaal), will
move the piston in the work medium. This is not immediately expected or intuitive, but it makes sense when
boththe minimal cost and the maximal possible gain are taken into account.

The mapping from observations to memory visualized here is highly nontrivial, and could not easily have
been discovered without the use of the iterative algorithm (section 2.5.2). Due to space limitations, only ve
X positions are displayed in gure 2.19, but remember that they are drawn, in principle, out of a continuum.
A movie, changing with , to greater resolution ir is supplied onliné

2See supplementary material https://stacks.iop.org/NJP/24/073031/mmedia ] for a movie of the visualiza-
tion of the physical codebook displayed in gure 2.19, to higher precisionand .
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Figure 2.19 Visualization of the method for making optimal memories corresponding to those displayed in
gure 2.14.
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2.7 Thermodynamic ef ciency of engines with optimal memories

Thermodynamic ef ciency, de ned as the total work output divided by the heat absorbed at the higher
temperature, = ( W% W)=Q" is a classical performance measure for engines. Importantly, no engine
can surpass the Carnot efciency; =1  T=TC For generalized information engines, we have [42]:

T mem ,
=1 =5 . (2.54)
Memories that contain relatively more relevant information, i.e. lafgge®lnem, result in higher thermo-
dynamic ef ciency at the same value of= T%T.

In the previous section, we showed that for each value tifere is a memory that maximizes net engine
work output and minimizes dissipation. These optimal memories have the feature that no other memory that
costs the same can yield more, i.e. out of all memories with the same thermodynamiclcbst,ef, the
optimal memory enables the largest gaiit,A ¢, for a xed temperature ratio. Under the constraint of
partial observability, Carnot ef ciency is not achievable, because a solutionlwijtle | mem is infeasible
for > 1when the divider is tilted (see gure 2.11). The ef ciency that can be achieved with the minimally
dissipative memories is plotted in gure 2.20, where it is compared to the Carnot ef ciency.

Figure 2.20 Ef ciency achieved with optimal memories as a function,gblotted for different tilt angles.
Dotted line: Carnot ef ciency, .

For geometries with smaller tilts, optimal memories result in ef ciencies closeg tor heir behavior is
dominated largely by the temperature ratio, but as the tilt increases (@rtfex in uence of information
processing inef ciency becomes stronger. The curves have discontinuities at phase transitions to more

memory states.
It is clear from equation (2.54) that thermodynamic ef ciency, as de ned for heat engines, extends natu-
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rally to generalized, partially observable information engines. Standard information engines are a subclass
of generalized information engines, with= 1, and full observability, hence trivially;e; = 1 mem. In the
guasi-static limit a standard information engine is able to recover the cost of running the memaory, and hence
can reach zero ef ciency. Away from thermodynamic equilibrium, the average thermodynamic ef ciency

of stochastic standard information engines is non-positive. These facts serve as a useful reminder of the
inherent limitations of information engines.

Figure 2.21 Relevant information per unit of total information kept in memory as a functiofootiifferent
divider tilts (differentc).

The ratio of average work extracted perl nem has been used as an alternative ef ciency measure for
standard information engines (e.g. [114], and references therein). In the quasi-static limit, this measures
the ratio of thermodynamic gain over thermodynamic cost, given ky=I mem for generalized information
engines, and given by 1 for standard information engines. Since quasi-static operation provides a bound
for engines operating away from equilibrium, the average of this measure does not exceed 1 for stochastic
engines [114]. It is important to remember that using this measure in placéeguation (2.54)) distracts
from the fact that standard information engines cannot have positive thermodynamic ef ciency. At best they
can recuperate the thermodynamic cost of operating the memory they need to function.

Figure 2.21 shows the relevant information per bit of memiggy( ; ¢)=Imem( ; C), evaluated at the op-
timal memories, as a function of plotted for different geometries (different valueschf Phase transitions
are marked on the curves for the diagonal tilt (lowest cueve,1), and for the slightest tilt displayed (top
curve,c = 0:01). Ascdecreases, curves asymptote to 1, which is reached by the origir@idSailgine.

While | e1=Imem gives interesting insights into the structure of the process at hand, using it as an infor-
mation processing ef ciency measure would be misleading, as it would suggest that the fuzziest memories
(points at the left edges of the curves in gure 2.21), which keep almost no information at all (see gures
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2.14 and 2.15), achieve the highest ef ciency, and are therefore “best” in that sense. It is crucial to remember
that the “goodness” of a memory can only be judged under a constraint: of two memories with the same cost
(Imem), the one that captures more useful, relevant information (ld¢ggiis better. Of two memories that
contain the same amount of relevant informatigg, the one that is more concise (smallggn) is better.

For a given cost-bene t trade-off ( xed) there is a best memory, but which memory is best overall cannot

be decided.

Is the memory that does not summarize anything at all, i.e. with continmoes x, the best memory,
because it captures all of the available relevant information? But it does not summarize anything. Is a
two-state memory not better, because it achieves substantial compression? These questions have no answer,
all we can say is that using a more detailed memory is not worth it, until the temperature ratiohes a
certain value. For example, in the geometry with 0:2, using a two state memory is not worth it, until
reaches roughly 1.2, see gure 2.15.

Figure 2.22 Fractional reduction from Carnot Ef ciency as a function of for different divider tilts
(differentc).

It is instructive to note that, in general, the reduction from Carnot ef ciency depends on the ratio of
irrelevant to relevant information kept in memory

_ llirrel .
TO IreI -

C (2.55)

Relative reduction is plotted as a function o T&T in gure 2.22 for the optimal memories (that solve

the optimization problem, equation (2.47), and thereby result in minimal dissipation). Comparing curves for
geometries with a smaller tilt to those with a larger tilt, we see that for small tilts, the Carnot ef ciency is
approached at smallervalues, because these geometries result in more compressible systems (in the sense
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of data compression). For example, when 2, the geometry with the slightest tilk € 0:01) can operate
close to Carnot ef ciency, with a relative reduction of only rougBi#%. At the same value, = 2, the
geometry with the diagonal tilt uses one memory state and thus cannot be used for work extraction. For this
geometry, the relative reduction from Carnot ef ciency is signi cantly lowered only at much largalues
(inset of gure 2.22), and even at= 80, the relative reduction is still roughti/0:6%.

The relative ef ciency reduction plotted in gure 2.22 has an inverse dependenceraltiplied by the
irrelevance ratio) jrei =lrer: ( ¢ )= ¢ = (lirrel =lvel)=( 1). In gure 2.23, we plot the irrelevance
ratio, lirrel ( ; €)=lel( ; C) as a function of , for different geometries (differemtvalues).

Figure 2.23 Ratio of irrelevant information to relevant information, evaluated for optimal memories, as a
function of for different tilt angles. The inset shows the curve for the smallestcit (:01) with the
corresponding phase transitions ugkto= 4 (the number of states after the transition is shown).

It shows that as the tilt in the geometry increases, information processing becomes a more dominant factor
in reducing thermodynamic ef ciency. For the geometry with the smallest tilt,=a®, a two state memory
can be found with small irrelevance ratio of approximatgly =l,e) = 0:02 (see inset of gure 2.23). As
increases to 10, the irrelevance ratio of the corresponding optimal memory increases to approximately 0.07.
In this regime, the inverse dependence odominates the relative ef ciency reduction ( gure 2.22). In
comparison, for the diagonally tilted geometry, at 2, summarizing nothing at all is the best strategy,
which does not allow for any work extraction, and only starting & 3, do we see a phase transition to a
two state memory, with irrelevance ratio of approximately 2, and a relative reduction from Carnot ef ciency
of nearly 100% ( gure 2.22). At = 10, the optimal memory has an irrelevance ratio of almost 4, and as a
result, the engine ef ciency is still reduced by over 40%, in relative terms ( gure 2.22).

The limitation posed on the quality of the observer's inference by partial observability precludes the
engines from achieving Carnot ef ciency. Other constraints could be imposed on an observer, in addition
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to partial observability. Another common limitation in real world situations are nite time constraints—the
observer might not have enough time for (near) quasi-static operation, the engine might have to produce
a certain amount of work in a given time frame. There is a fundamental trade-off between power and
ef ciency [115-124]. Whenever time is of the essence, this trade-off should be re ected in the choice of
the observer's data representation. Partial observability, as we have seen, changes the fundamental limit on
achievable dissipation, and we thus expect that it also changes the trade-off between power and dissipation.
Exploring physically motivated strategies for data representation in the presence of partial observability
and nite time constraints, requires a stochastic thermodynamics treatment of partially observable feedback
controlled systems. The insights we have presented here serve as a foundation for this extension, together
with prior work on feedback controlled systems, e.g [125-136]. Our results provide a gauge for the quality
of nite time protocols: without constraints on time, intelligent observers can afford to choose minimally
dissipative data representations, as an ideal strategy.

2.8 Conclusion

We introduced the rst general model for partially observable information engines, via a minor modi cation
to Szilard's engine—sliding the divider into the box at an angle. This results in a partially observabiel Szil
engine, since only the particlessposition is observable, and needs to be used to infer which side of the box
is empty.

The model allowed us to study the physical characteristics of minimally dissipative observer memories.
Importantly, this opens the door to better understanding the physical basis of intelligent information pro-
cessing, and of the automatization thereof.

We used the framework of generalized information engines, where memory formation and work extrac-
tion are allowed to happen at different temperatures, because it allows for a combined treatment of heat
engines and information engines. One advantage is that traditional performance measures apply, such as
thermodynamic ef ciency. The standard information engines typically discussed in the literature are a sub-
class of generalized, partially observable information engines.

Minimally dissipative observer memories can be found by means of an algorithm [42, 66]. We computed
those for our model class (parameterized by the tilt angle). The trade-off between a memory's thermo-
dynamic costs versus its potential gains is governed by the temperature ratio. Using a memory with more
predictive power results in more work potential; an effect proportional to the higher tempefeturag in-
crease in the memory's thermodynamic cost is proportional to the lower tempeiatBene ts of a more
detailed memory thus start to outweigh costs whenever the temperature rafld=T is large enough. For
any given geometry, and for eachthe algorithm nds the minimally dissipative observer memory.

We analyzed the quality of the these optimal memories by showing how the thermodynamic gain changes
as a function of the thermodynamic cost, and we discussed how the resulting curve is related to the curve
in the information plane that shows how much relevant information optimal memories keep as a function
of how much total information they contain (in analogy to a rate-distortion curve). The trade-off between
data compression and keeping relevant information is determined We compared different geometries,
which differ by their tilt angles, and thus have uncertain regions of different size. The stochastic process
generating our observables (the particlejgosition) is less compressible (in the sense of data compression),
for larger tilts, compared to smaller tilts. The solution for 8ail's original engine is found trivially by the
algorithm.

Memories that minimize the lower bound on dissipation (which can be achieved in the quasi-static limit)
are probabilistic assignments of measurement outcomes to memory states. To gain intuition, we visualized
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a few of them, and compared their thermodynamic cost/bene t structure to deterministic partitions found by
parametric optimization. We discussed a physical implementation of these probabilistic, minimally dissipa-
tive memories, and visualized the nontrivial physical “codebook” necessary for their construction.

An information engine's thermodynamic ef ciency depends on the quality with which the observer pro-
cesses available information. Of the total information kept in memory, some is useful information about
guantities that are relevant with respect to extracting work (here, which side of the box is empty). The
remaining information is useless, or irrelevant. Memories that capture a larger relative fraction of useful,
relevant information enable the engine to run at larger thermodynamic ef ciency. The partial observabil-
ity constraint puts a signi cant enough limitation on the quality of possible inferences to preclude Carnot
ef ciency.
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Chapter 3
Thermodynamically rational decision making under
uncertainty

Part 1 - Numerical Analysis

Information engines model “Maxwell's demon” mechanistically. However, the demon's strategy is pre-
described by an external experimenter, and information engines are conveniently designed such that
observables contain complete information about variables pertinent to work extraction. In real world
scenarios, it is more realistic to encounter partial observability, which forceshyscalobserver, an
integral part of the information engine, to make inferences from incomplete knowledge. Here, we use
the fact that an algorithm for computing optimal strategies can be directly derived from maximizing
overall engine work output [42]. For a simple binary decision problem, we discover interesting optimal
strategies that differ notably from naive coarse graining. They inspire a model class of simple, yet
compelling, parameterized soft partitionings of the observable.

We analyze and compare three different observer classes: (1) optimal observers, (2) observers limited
to the parameterized soft partitionings introduced here and (3) observers limited to coarse graining.
While coarse graining based observers are outperformed by the other two types of observers, there
is no difference in performance between unconstrained, optimal observers and those limited to soft
partitionings.

3.1 Introduction

Thermodynamics provides a physical foundation for quantifying information. This was rst made explicit

by Szilard's 1929 thought experiment [2], motivated by thoughts about Maxwell's “demon” [3,4]. The
Gedankenexperiment can be understood as an “information engine” that converts between information and
work. Szilard suggested that the accessible volume of a one-particle gas in a container can be reduced by
insertion of a divider without doing work, instead of compression with a piston [2]. Compression costs at
leastkT In(Vi=\t) of work if the gas is compressed from volurdeto volumeV;s < V; in an isothermal
guasi-static process at temperatlirék denotes the Boltzmann constant), yet if the insertion of the divider

is suf ciently slow, it does not require work [57]. Both insertion and compression create a work potential,

The content of this part is taken from the manuscript “The physical observer inGaadseilgine with uncertainty”, which was
coauthored with Susanne Still and is currently under review at Physical Review E as part of a joint submission.
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because work can be coupled out of the system via isothermal, quasi-static expansion of the gas at tempera-
tureT, using the partition as a piston. If the work potential was created by inserting the partition, knowledge

of the particle's location is needed in order to reliably extract work from the system. Thereby, the demon
can leverage information to turn thermal uctuations into work.

The demon's function as a real world observer, embedded and itself a part of the information engine, is
thus reduced to correlating an observation to a binary decision about the protocol to be applied, contingent
on which side of the container is empty. The demon requires a physical memory for this task, because the
location of the particle, before the piston starts to move, has to remain correlated to the protocol by which
the piston moves throughout the work extraction process. If the divider is inserted in the middle of the
container, then one bit of information can be convertekitdn(2) of work.

The past two decades have seen enormous progress in measuring and manipulating microscopic objects,
which has enabled experimental veri cation, and spurred further analysis of information engines [15-18,
20-27,51,53,59,80-91, 93, 137-146].

But thermodynamics also provides a physical foundation for intelligergessingf information. Strate-
gies for representing available data without unnecessarily racking up thermodynamic costs can directly be
derived from physical bounds on dissipation [42]. This requires careful thought about the demon's choices.

In Szilard's Gedankenexperiment, the demon's choice of how to represent observations in memory re-
ects how “intelligent” the demon is, together with its actions on the system, the latter being based on a
decision about the direction of piston movement required for volume expansion. These choices agie made
priori by an external experimenter, and the information engine is carefully designed such that the observable
contains complete information about the quantity that needs to be know for successful work extraction, and
therefore the best data representation and action strategy is rendered trivial by design.

A common characteristic of most situations involviiegl world observers, biological and arti cial alike,
is partial observability. It arises from intrinsic limitations on what can be observed and what can be con-
trolled by a physical agent. Usually knowledge of the variables pertinent to control hasitéebed
from available data. Observations are typically correlated with, but not identical to, neither in a one-to-one
relationship with, the quantities that need to be known for successful control. Partial observability is so com-
mon, because most real world observers are subject to physical constraints dictating what can be measured
and what can be controlled, and these constraints typically exclude the convenient, one-to-one relationship
between observables and variables pertinent to control, that is built into most models of information en-
gines [51,53,93,137,139,141-143]. Examples abound: Animals with limited sensors and limited actuators,
robots in complex environments, networks of neurons that have access to visual data and need to infer what
is in the image, so that down the information processing stream, a useful action can be taken based on this
inference.

Together with partial observability, another generalization is required to study the thermodynamics of
decision making under uncertainty. An information engine based oar8zilideas uses information to
extract work in an isothermal process, it does not use a temperature gradient to convert heat to work, as
a regular heat engine does. Therefore, in a cyclic process that includes the physical memory, such an
information engine cannot produce net work output, on average, because running the memory converts at
least as much work to information as information is re-converted to work when it is being used [2, 9, 16,
42,57,92]. Generalizing to engine processes that allow information to be created at a lower temperature
than the temperature at which it is converted to work, lets information engines be treated in one framework
together with heat engines [42]. In the case of 8zik engine, the result is a Carnot process, if the demon
(or observer) uses a data encoding and decodingnthaimizesaverage net engine work output at each
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value of the temperature ratto However, if the observer uses a suboptimal data representation, then Carnot
ef ciency cannot be achieved.

Extension of the information engine paradigm to generalized, partially observable engines provides a
foundation to the study of the physics of information processing and decision making under uncertainty.
Optimal observer strategies for data representation and inference can be derived from maximization of the
engine's average net work output [42]. The resulting thermodynamically optimal memory making strategies
have complex, nontrivial physical characteristics, even for simple examples [75]. While&nd3zdriginal
setup coarse graining is optimal (all observations of the particle to the left/right of the divider can be lumped
together, which is equivalent to coarse graining the con guration space accordingly), in the general case,
thermodynamically optimal data representations do not always result in coarse graining, because they can
be probabilistic maps. The resulting “soft” partitioning of observables is much less common in physics, and
perhaps less intuitive.

To improve intuition, we investigate here a stylizedly simple example: a partially observaliedSail-
gine with two distinct types of observations, those without uncertainty, and those with maximum uncertainty.
The analysis of this rudimentary binary decision problem with uncertainty sheds light on emerging optimal
memories in the simplest case, and thus improves the most basic understanding of the thermodynamics
involved in decision making under uncertainty. It is important to fully understand the physics of binary de-
cision making under uncertainty in the presence of thermodynamic constraints, as this constitutes one of the
crucial building blocks of energy ef cient computation. Previously, thermodynamic frameworks have been
used to model bounded rational decision making via maximization of a free energy functional [67, 69], re-
sulting in a different optimization problem than the one considered here. They also fail to include a physical
model of the observer.

Our analysis pays attention to a fact @ril pointed out: the full model of an information engine (and
therefore also the accounting of entropy production) has to entail not only the engine's work medium, but
also an explicit, physical model of the engine's memory. In Sec. 3.2 we describe our model, which is a
parameterized extension of the example introduced in [42].

In Sec. 3.3, optimal encoding strategies are computed numerically and their behavior is analyzed. We nd
that the physical process governing optimal observer memories is indeed easy to understand. There are two
qualitatively different regimes depending on the amount of uncertainty present in the engine. In Sec. 3.3.2
we study how constraining the observer's model class affects engine performance. The optimal strategies
we nd algorithmically inspire the use of a parameterized model class, consisting of soft partitions. These
parameterized soft partitions are only a small subset of all possible probabilistic strategies and yet they are as
good as optimal strategies, while computationally less cumbersome to compute. Importantly, they capture
the intuition behind optimal strategies in a clearly interpretable form. Restricting observers to naive coarse
graining of the observable, Sec. 3.3.2.2, is not suf cient to achieve optimal performance.

3.2 Model

We consider here an extremely simple model problem, in which an observation either leads to certainty or
carries with it maximal uncertainty.

As the information engine's work medium, we use a single-particle gas in a container of unit length in
all three spatial directions, endowed with a divider that can function as a piston. This contraption is used as
the work extraction device, together with some machinery capable of implementing isothermal, quasi-static
expansion of the one-particle gas, in accordance wittag¥d original idea [2] (see also [42,57,75,92]). The

1This is further discussed in [75] and in a forthcoming article.
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difference is that the divider shape is chosen such that it models partial observability when only the particle's
X position is available to the observer. We elaborate on this below. As the memory, we use another one-
particle gas in a different container, endowed with dividers which can also function as pistons. Our physical
memory making protocol can implement not only deterministic, but also probabilistic memories [75].

Thermodynamic costs and gains are in reference to volume changes of a single-particisajhsr-
mal, quasi-static compression frovf to V; at temperaturd requires, on average, work input of =
KT In(Vi=Vt) (Vi > V¢), and, conversely, volume expansion allows, on average, for the extraction of

W = KT In(V; =M) (Vi < V). We adopt the convention that energy owing into the gas is positive.
Thus, work done on either, the work medium, or the memory, is re ected by a positive valle while
work done by the engine is re ected by a positive value & .

The data available to the observer is #hposition of the particle in the work medium, at tirg, X(tm ),
which we abbreviate bx. The probability density is constant inside the container, and since the container
has unit length, we havgx) = 1.

To convert thermal motion of the particle in the work medium to work, in an isothermal process, the
observer needs to know which side of the container is empty when the work extraction protocol is run.
De ne a random variablay, which has outcom#& whenever the left side of the container is empty, arid
when the right side is empty.

The work medium's geometry then sets the correlation betwesmdu [42, 75]. Let the divider split the
volume in half, so thap(u) = 1 =2, which is, without knowledge of, the observer's best guess regarding
thea priori probability of either side being empty.

Let the work medium container have two regions of equal width along{tes, one at either side of the
divider, within which measurements provide certainty ahguand a region of widthwv in the middle with
maximal uncertainty (henceforth referred to as “uncertain region”):

left certain region: Xe [ 1=2; w=2] (3.1a)
uncertain region (middle): Xy ( w=2;w=2) (3.1b)
right certain region: Xr  [w=2;1=2] (3.1¢)

The work medium is characterized Ipgujx), the probability of the left (or the right) side being empty,
given measurement outcorme Sinceu is binary, one of these two functions suf ces, @@ = 1jx) =
1 p(u=1jx). Our modelis given by

8
2 0 x2X_

p(u=1jx)= 3 x2Xwm: (3.2)
' 1 x2Xg

This model describes a parameterized version of the modi ed@&zéngine introduced in [42], shown
on the right in Fig. 3.1. It also describes an equivalent&@dikengine, depicted on the left of Fig. 3.1,
that uses a divider, the shape of which re ects Eq. (3.2). Conveniently, any binary decision problem,
described by(ujx), can be modeled by a partially observable &zilengine with a divider shaped to follow
p(u = 1jx) [147]. We nd this intuitive to think about, and therefore use it for the analysis performed in
this paper. But let us take a brief look at the two equivalent models and their relation to each other.

The example of [42] constrains a single gas particle to an accessible volume (white) of the container

2In order to apply thermodynamic concepts to the analysis of the single-particle engine, we may imagine arbitrarily many such
engines running in parallel or consider many runs of a single engine.
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Figure 3.1 Two realizations of the information engine's work medium described by Eqg. (3.2). They are
equivalent to each other f@b<1 a) = w=(1 w). Sketchedw = 1=3 (left), a = 1=3andb=1=2

(right).

(inaccessible regions are shaded dark gray in Fig. 3.1). The divider (black line) can move up and down,
e.g. parallel to the-axis, but the observer only has access to the partigl@ssition. The empty side of
the container (above or below the divider) has to be inferred from partial information, because the particle's
y position cannot be directly observed. Manipulable and observable degrees of freedom are correlated by
the chosen shape of the accessible region. This model can be parameterized by the volume of the uncertain
region in the middle, that is, by its width, and heightb, (a; b2 [0; 1]).

To map between the two equivalent models depicted in Fig. 3.1, note that the two resulting information
engines will behave identically whenever the ratio of the volume of the uncertain régjpin the total
volume of both certain region¥,, is the same for both engines. For the one parameter engines on the left
of Fig. 3.1, this ratio is given by,=\; = w=(1 w). For the two parameter engines on the right, the ratio
isVu=\ =2abH1 a). Therefore, any choice @ andbthat satis es2ab{1 a)= w=(1 w) for any
w 2 (0;1) produces two physically equivalent engirfesOne easy way to think about the mapping is to
x a=1=3,thenb= w=1 w) maps any one parameter engine with 1=2to a corresponding two
parameter engine. For > 1=2, we x b= 1 and choosa = w=2 w) to map from one type of engine
to the other.

3.2.1 Available usable information

We use theory from [42], and closely follow the analysis performed in [75]. In the interest of readability, we
will brie y review pertinent quantities below. For further details we refer the reader to [42, 75].

The observer uses the knowledge it has stored in memory to extract work via isothermal expansion of the
one-particle gas in the work medium. Before we address how much information the observer actually keeps
in memory, we want to know the baseline: how much usable information is available from the observable?
That is, how much information does the observable datacontain about the relevant quantity? The

3We only considew 2 (0;1) sincew = 0 corresponds to a regular Saitl engine whilew = 1 corresponds to an engine
with no usable information at all. Both of these cases have trivial optimal strategies (coarse grain into two symmetric states and do
nothing respectively).
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mutual information between andx?,

p(x; u)

I'{u;x]:==In p(x)p(u) p(x;u)

; (3.3)

guanti es the total reduction in uncertainty the observer has about which side of the container is empty,
upon receiving the particles position:

[Tu;x]:= H[u] H[ujx]; (3.4)

with Shannon entrop¥ [u] := h In[p(u)]i 5y, and conditional entropi [ujx] := h In [p(ujx)]i peu:x)-
Sinceu is a binary random variable with(u) = 1=2, its entropy is given byH [u] = In(2) nats, or
equivalently one bit. Using Eq. (3.2), the conditional entropy is
Z w=2 1
Hujx] = 2 dx = In(2) = win(2): (3.5)
w=2 2
The maximum available usable information is thus linear in the total volume of both certain regions together
(the volume reduces to their combined width alongxhaxis, which isl  w, because the container has

unit transverse area):
[u;x] 1®*w) =2 w)In(2): (3.6)

3.2.2 Usable and total information in memory

To capture any of this information, a memory needs to be made that is stable on the timescale over which
it is needed (namely the duration of the work extraction protocol), because the measurement outcome is
available only transiently. Thus the available informatii* (w) is lost, unless it, or part of it, is saved in
memory. Let the physical memory's state be givembyThe information that the memory captures about
the observable,
p(mjx)

p(m) p(m;X),
depends on the conditional probability distributige{snjx) that characterize the stochastic map from ob-

servables to memory states.
If this map contains no randomness, we can write

Im I[m;x]=H[m] H[mjx]= In

(3.7)

1 if m=f(Xx)

3.8
0 else (3:8)

P(M)X) = mf (x) =

where is afunctionZ Z ! f 0;1g inspired by the Kronecker-Delta, afidx) is a functionR ! Z
that maps observationsto memory statesn. We call memories with this propergeterministic Their
conditional entropy is zerdd [mjx] = 0, and thud [m; x] = H[m]. Deterministic memories are equivalent
to coarse graining of the observable space.
How much of the memorized information is predictive of the relevant quantity and can thus be used to

“Bracketsh i, denote averages over the probability distribution
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extract work? It is the mutual information retained in memory about which side of the container is empty:

pujim) o)

Iy I[m;u]l=H[u] Huim]= In o(u) p(m;u).

Here,u is inferred fromm by calculating

p(ujm) = hp(mjx)p(ujx)i (xy=p(m); (3.10)

but sincep(ujx) is symmetric around = 0, we havep(u) = 1 =2. The probability of left/right side being
empty, given memory stata, is thus determined from the ratio of two different averages: the memory-
making rulep(mjx) is averaged over the likelihood of observirg givenu, and then compared to the
probability of memory staten occurring given data, averaged over(x)

p(m) = hp(mjx)i (x); (3.11)

also called the “weight” of state.
It is important to remember that usable informatoretained in memoryl,, is a functional ofp(mjx)
(see Appendix K). It is also a functional pfujx), which depends on the physical constraints imposed by
the work medium and by what the observer has access to. In our model, it depends on the geometry of the
divider in the work medium, speci cally on the widil of the uncertain region.

3.2.3 Physical encoding and decoding—cost and gain of a physical memory

While the memory making strategy, abstractly, is a probabilistic rule for assigning data to memory, which

is mathematically speci ed bp(mjx), physically, this encoding is implemented by a sequence of actions,
s(x;t), performed on a system that is used as memory. This sequence of operations results in the creation of
distinct memory states. The initialization of the sequence of actions depends on the observedwdiué of

the nal memory states can be read out by a pre-speci ed physical decoding mechanism indeperdent of
Therefore, after the data-triggered sequence of actions on the physical memory is complete, a measurement
has been committed to memory, and the observer then has continuing access to the memory's state until it is
deleted after work extraction, to close the engine's cycle.

There are many possible choices for physical memaories, and obviously an electronic memory would be a
practical choice. However, for simplicity of the exposition we choose a one-particle gas in a container with
unit length along thg-axis and volumé/, into which dividers can be inserted perpendicular toyteis.

These dividers can act as pistons, moving parallel to/tagis. We choose thg-axis simply for semantic
convenience, to avoid confusion with the work medium, in which the partiglpgsition is measured. The

same assumptions are made as in the typical Gedankenexperiment involving any &wijine: the dividers

are assumed to be very thin, and are inserted slow enough, so that the probability of doing work on the single
particle during incision is zero.

The process of creatingla state memory involves the following steps: at titye, the x position of
the particle is made available to the observer, and depending on the vaduthefobserver selects 1
positionsy!" (x) at which dividers are inserted into the memory container. While the positions are chosen at
timety , the process of insertion can occur suf ciently slowly. After the dividers are fully inserted, they are
moved quasi-statically, parallel to tlyeaxis, to positiony, , which do not depend or. The memory is

®In previous papers [42, 75] we called usable information about the relevant quantity “relevant information”, in accordance with
the wording of [66].
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Figure 3.2 Physical encoding (memory making) proceds(re t), is shown in the bottom panel, in response
to the availability of a measurement (second panel). Initial (ini) and nal ( n) divider positions delineating
memory statesn are denoted by, (see text). Physical decoding (work extraction) procedure consists of
a memory-dependent protocalm;t), applied to the work medium (fourth panel). Parameters: 0:3;

=2+ ;X2 XR.

then stable for the remaining cycle and can be read out at any time by accessimp8igon of the particle

in the memory container. This physical encoding and decoding mechanism, illustrated in Fig 3.2, is the same
mechanism as proposed in [75]. Depicted are the work medium and the memory. In the second panel, the
work medium'’s state is sketched at timg. The resulting< 1 insertion positions in the memory" (x),

are shown in the bottom panel, second drawing, and the nal positions in the merarsre shown in the

third and fourth drawing in the bottom panel.

The initial positions are chosen to p (x) = o ,, P(MYx). This choice ensures that the relative
volumes between dividers are initially equal to the probabiyp'emjx) that characterize the observer's
strategy. The nal positions are-independent, set tgh = = o ., p(MY, ensuring that the relative
volumes between dividers are equal to the average probabp{ties= hp(mjx)i (v), which are the same
for any outcomex. Only the initial step of this protocol requires and this moment thus sets the time of
measurementy, .

In this process, there are different possibilities regarding which dividers the particle initially gets trapped
in between (indicated by different colors in Fig. 3.2). If the particle happens to be trapped between two
dividers, whose distance shrinks during memory making, then the resulting compression costs energy. The
average work associated with isothermal volume changes of the one-particle gas at tempeisatire-

KT In(Vi=M), whereV; = v;V denotes the initial volume between the dividers, expressed in terms of the
memory container's total volum¥. Similarly, Vi = v;V denotes the nal volume. If; > v¢, then
compression occurs, which costs work in the amouniVof= KT In(vi=v ). If, on the other hand, the
distance between the dividers increases, then work in the amountof kT In(v; =v) can be extracted

in this process.

With probabilityp(mjx) the particle initially gets trapped between dividers that, at the end of the memory
making process, enclose the volume corresponding to memorynstalaus, the volume fraction changes
from v; = p(mjx) to vy = p(m) with proba}pility p(mjx), and therefore, the average work cost, given
this particular realization ok is W(x) = kKT |, p(mjx) In[p(mjx)=p(m)]. The overall average cost of
running this memory is thud/ = W (x)i (xy = KT Iy [42,75].
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Labels associated with memory states,i.e. the values associated to the outcomes of random variable
m, can be chosen freely in the mathematical description. In Fig. 3.2, and throughout the paper, we use the
labelsm 2 f 1;1g for memories with two states, and the label f 1; 0; 1g for three-state memories.

SinceK 1 dividers are needed to credfe partitions of the volume, two parameters determine the
physical memory making process for any two state memory, naynglywhere can be either the initial
(ini) or the nal ( n) position of the divider. The distancestothewallsarg ; =y ;and y; =1 vy ;.

In certain contexts it is convenient to display these initial and nal distances, because that type of display
compactly conveys information about the volume changes of the partitions created in the memory container,
which correspond to the memory states. This provides intuition about how the associated costs appear. We
use this type of display in Sec. 3.3.1.3, in Fig. 3.7. Memories with three states, are determined by the four
parametery ; andy,, and the distances to the walls are givenby ; =y ;,and y; =1 y,, while

the distance between the two dividersigy =y, Yy ;.

After the dividers have reached their nal positions, the observation is committed to a stable memory, to
which the observer has access henceforth. The memory statan then be read off from the particlg's
position. For three-state memories, as depicted in Fig. 30§ y";,thenm=1;ify", <y vy,
thenm = 0;andifyy’ <y 1, thenm = 1. Two-state memories work analogouslyOiky y";, then
m= Lify" <y 1 thenm=1.

This proposed physical method is a concrete, rudimentary way of “writing dewin’some precision.

Note that while information about the particle position in the work medixms required for the choice

of the locationg/N (x), it is not required when the memory is read out. Thus, two paramefgrandy’

fully determine the read-out for three-state memories, as depicted in Fig. 3.2. Similarly, the read-out of two
state memories is fully speci ed by one parameyet, .

Depending on the given memory state, the observer then chooses the protadoh; t) to apply to the
work medium (fourth panel in Fig. 3.2). The state of the memory lets the observer infer the probability
of either side of the work medium being empty using Eq. (3.10). The inference is turned into an action
on the work medium, in such a way that it utilizes information to extract work from thermal uctuations.
Physically, this is implemented by a mechanism that applies the work extraction prateol), to the
work medium. This procedure can be understood as the decoding part of the physical code book.

In our context, this enables isothermal expansion towards the side of the work medium container that has
the larger probability of being empty, (m) = argmax, p(ujm), up to a residual volume,(m)V? where
V9is the volume of the work medium container, attached to a heat bath at temp@rétiiee purpose of
leaving a residual volume is to avoid compression to zero volume due to an inference error. The optimal size
of the residual volume is given by the probability that the inference is wrong, (') = p(u 6 u jm)

(recall thatu is binary) [75, 107].

One can conceptualize the movement of the divider during work extraction as proceeding in two parts.
The two vertical parts of the divider move from positions w=2to x = 0. Thereatfter all parts of the
divider move together until the vertical part reaches its nal position, leaving a residual volun{eny¥ ©
on the side that is most likely to be empty.

This mechanistic implementation of the work extraction protocol requires only the speci cation of (i)
direction, and (i) residual volume on the smaller side. Those can be condensed into one variable, for
example the volume on the left side at the end of prota¢at;t), V-(m), in units of the work medium
container's total volumeY® v-(m) = V-(m)=V°®. If the inference suggests that the left side of the
container is most likely empty (m) = 1, thenv-(m) = (m). If the inference suggests that the right side

5Due to symmetry there is an obvious choice to specify either the left or right nal volume fraction, however, one of those
suf ces.
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of the container is most likely empty, = 1, thenv:(m) =1 (m). They, , together withv-(m),
fully specify thex-independent physical decoding scheme.

For the example depicted in Fig. 3.2, the protoatin = 1;t), applied to the work medium, results
in volume reduction on the left side of the divider, with nal volurile(m = 1) = 0, while the protocol
a(m = 1;t) results in volume reduction on the right side (Withm = 1) = V9, anda(m = 0;1)
corresponds to no change in the work medium.

When the work medium is manipulated in this way, information saved in memory is leveraged to extract
work, on average. We allow the engine to perform work extraction at a higher tempeF&tard than
the temperature at which the memory is formed and destroyed. At the beginning of the work extraction
protocol, the particle in the work medium container occupies a volu'[‘PJeThe volume relative to the
total volume,V? of the containery? = V\%:VC is exactly equal to tha priori probability that either
left or right side of the work medium is emptyi? = p(u) = 1=2. The nal occupied volume depends
on whether the inference was correct or not. If the observer correctly inferred the empty side, then the
occupied volume expands¥’= (1 (m))V? thatis, the relative nal volume ig?= p(u jm) 1=2,
implying an average work extraction oW Ym;u ) = kKT n (v?=v9 = kT In[p(u jm)=p(u )]. This case
occurs with probabilityp(u jm). The other case occurs with probability p(u jm), and results in a

volume reduction tof = p(u jm), and hence work done on the work medium, on average, in the
amount of Wo(m;u 6 u)= KkTOn[p(u6 u jm)=p(u 6 u )]. Thus, for each outcome ofi, we have,
Wqm) = o P(ujm) In [p(ujm)=p(u)]. Averaging ovem, we see that the average work derived in this

way is proportional to the usable information captured in memony°= kT [42,75].

The chosen physical memory encoding and decoding procedure saturates limits on dissipation. Note that,
due to the fact that the operations are isothermal, quasi-static processes, dissipated (absorbed) heat equals
work done on (by) each system (memory/work medium), Qs W andQ®=  W?O(all quantities are
averages). Thus, heat is dissipated in the amount®f Q%= k (Tl TAy). Thisis the general lower
bound for any partially observable information engine [42], as average heat generated during the memory
making process is lower bound byQ kT I,, and average heat absorbed during work extraction is upper
bound byQ® kT9,. Therefore, the overall dissipationisnolesstha@ Q° k(Tlm TYy).

3.2.4 Optimal memory-making strategies

The maximum net average work output deliverable by this type of partially observable information engine is

thus achievable by our memory making and work extraction protocol design. It is a positive quantity when
W Ois positive, after subtracting memory costs,; we de neW/s .= W W, which is given by

Wpet = kT,  kTlpy. Inunits ofkT it is

out

1
ieroWeu = lu

%I m: (3.12)
The average work output depends not only on the temperature ratio, but also, on the statistical structure of
the partial observability, characterized pfujx), and on the data representation, characterizeplinjx).
While p(ujx) is given and xed by the physical constraints of the sefofmjx) has to be chosen by the
observer, and it is this choice that we address here

The optimal strategy can simply be calculated by maximizing the engine's net average work output, Eq.
(3.12), over all possible data representation schemes, characterized by the probabilistic mapping from data
to memoryp(mjx) (alternatively, dissipated heat can be minimized, resulting in an equivalent optimization

"It helps to take another careful look at these dependencies, which we do in Appendix K
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problem with the same solutions). This argument directly justi es [42] the “Information Bottleneck Method”
(IB) [66]. The optimization is:

max | [m;u] lol [m; x] (3.13)
p(mjx) X T
subject to : p(mjx) =1; 8x;

m

where normalization of the probability measure is ensured by the consFt)rqup(mjx) =1; 8x.
The temperature ratio sets the trade-off between energetic cost of the memory and potential energetic
gains [42]. As a shorthand, de ne the ratio of higher to lower temperaturesad =T > 1. For any xed
, there is an optimal solution. All solutions have to ful Il a set of self-consistent equations. The optimal
assignments at each p,, (mjx), are easily calculated from the saddle-point condition, and are consistent
with average memory state probabilitigg,, (m), and optimal inferenceg,,; (ujm), computed with Egs.
(3.11) and (3.10), respectively [66]:

popt (m)e D [p(ujx)iiPop (uim)]

Popt (MiX) = m Popt (M€ DIP(UX)i Popy (Ujm)] (3.142)
popt(m) = mopt(mlx)l (x)s (3.14b)

, p(u)
um) = mjx)i 3.14c
popt( jm) = popt(m)mopt( X (xjuy: ( )

These solutions can be computed numerically, by iteration, with the Information Bottleneck algorithm [66].
The -dependent optimal code book, consisting of the encogligg(mjx), py: (M), and the decoding,

Popt (UjM), is computed once, at the beginning of the information engine’s run time. It is used to set the

physical code book parameteyd (x), y," , andv: (m), which then remain xed for alN cycles of oper-

ation. The energetic costs for executing the algorithm are not considered in this analysis, since the focus is

onN !'1 , whereby the upfront computational costs per cycle would become negligible.

3.2.5 Full engine cycle

An important aspect of the engine model we consider is that work extraction is allowed to occur at a higher
temperaturd ®> T than memory making [42]. To enable this, isentropic compression alorzyabes is
employed, after the memory is formed, leaving correlations between memory and work medium intact, and
leaving the mutual information unchanged.

Work is then extracted from the work medium by an isothermal transformation at tempeF&twrs-
ing the inference-based, memory dependent protatml; t) discussed in Sec. 3.2.3. To close the cycle,
isentropic expansion along tlzeaxis is used, which recovers precisely the work needed for the isentropic
compression, whereby the two isentropic steps of the cycle together contribute nothing to the overall engine
work output [42, 75].

In summary, one engine cycle consists of the following steps:

1. Memory preparation at temperatdrein response to an observation of thposition of the particle in
the work medium. The container of the one-particle gas implementing the work medium is assumed
to have unit length along all three spatial dimensions. The container used as the memory has unit
length along the-axis, and volumé/.
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2. Change of temperatur€,! T9 by isentropic compression along thexis.

3. The work medium container has volui@and is attached to a heat bath at temperafifréVork is
extracted by a memory-dependent protaah;t) applied to the work medium.

4. Change of temperature back to starting temperafifté, T, by isentropic expansion along tkze
axis; restoration of the memory to its initial state, by pulling out dividers; restoration of the work
medium to its initial state, by inserting divider in the centered starting position.

3.3 Results

The example we study here is constructed such that one expects memories to have at most three states,
because coarse graining the observations into three groups captures all available usable information, i.e.,
mappingx 2 X to one memory state (without loss of generality, we can label inby 1), mapping
X 2 Xm tom =0, and mappingk 2 Xg tom = 1. Which side of the container is empty is then known
with probability one, whenevean = 1. This case occurs with probabiliy w, and allows the observer
to extract up tkT °In(2) of work whenever it occurs. With probability, nothing can be said about and
therefore no work can be extracted on average. In total, atkidkt  w)In(2) of work can be extracted,
on average, when the observer uses this data representation.

This speci ¢ memory is deterministic and has three memory states; we label information quantities that
depend on this memory with superscrigB). All available usable information is retained,

18 =1 w)In@)= 1M, (3.15)

and the maximum work that can be extracted, on average, is tW/8= kT9q Max,
The minimum amount of work necessary to run this memory is proportional to the total information

stored W = KT Ir(#g), with
1939 =1 w)In@2)+ h(w): (3.16)

We abbreviate b} a non-negative binary entropy functiéh!  R:
h(x) 21 x)In(2 x) xIn(x)>0; (3.17)

de ned forx 2 (0;1), withh(x =0)= h(x=1)=0.
When the engine is run using this deterministic, three-state memory, it produces an average net work
output (in units okT9 of

w (d3)
wu_ = @ win@+( ¢ 1)h(w); (3.18)
kTO
where ¢ =1 1= = (T° T)=TCs the Carnot ef ciency, which depends only on the ratio of high to

low temperature, = T%T.
From the fact that there is a zero crosSiag

h(w)

W= T wine)

1 (3.19)

8The zero crossing starts ai. = 1, when there is no uncertaintyv(= 0), and diverges as full uncertainty is approached
(w ! 1). When the uncertain region spans half of the bex{w = 1=2) = 3, and when it spans a thirdz;c(w = 1=3) =
3In(3)=(2In(2)) 2:77.
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we see immediately that for all smaller values, ,¢(w), using this particular memory is worse than doing
nothing. The reason for this is that for smallthe costs of having this deterministic three-state memory are
not outweighed by the resulting amount of extractable work.

The thermodynamic value of information, which is, in this simple example, proportional to the ratio
of temperatures at which the isothermal transformations are performed, dictates the appropriate detail with
which information ought to be stored. Therefore, even if data are abundant, and statistical over tting [148] is
not an issue, the model can still be too complicated in the sense that it retains information about the observed
system, which the observer cannot use to derive any net bene t, because of given physical constraints.

An observer that memorizes non-zero useful informatigri 0, can run the information engine success-
fully with positive net work output only if the ratio of memorized informatidg,, to usable information,

Im=ly, is less than the temperature ratics . For a xed strategyp(mjx), the ratio is given by,
and we know that the temperature ratio must excetdmake it worthwhile for the observer to employ this
strategy. Note that information ratios, such asr measures found in e.g. [23,114] do not help us to decide
if observerA is doing better in terms of net work output than obseBebecaus&V)S{[A] > W M8 [B] is
equivalentta(I m[A] Im[B]D)=(Iu[A] 14[B]) <

While we expect the deterministic three-state solution to maximize the average net work output for large

, we expect there to be other solutions that maximize the net work output at smallarSec. 3.3.1
we explore and numerically analyze these optimal memories, found by maximizing the net engine work
output over all probabilistic mapp(mjx). Careful analysis of the optimal strategies inspires a simple yet
interesting class of parameterized soft partitionings, which we introduce in Sec. 3.3.2.1. The new model
class constrains the observer to a much smaller set of possible encoding strategies, yet it results in no tangible
engine performance loss. In Sec. 3.3.2.2 we constrain possible observer models even further, limiting them
to basic coarse graining (hard partitioning) of the observable.

3.3.1 Optimal observers - numerical results

The data representations which allow for maximization of the engine's average net work output at any value
of the trade-off parameter are found algorithmically as the solutions to Egs. (3.14). Fop 1 these
optimal memories are identical to the deterministic three-state memory discussed above, but for smaller
the optimal memories are not deterministic.

For each xed geometry ( xed value af), it is the case that with increasing temperature rati@ach bit
of usable information captured in memory becomes increasingly valuable, in the sense that it can be turned
back into increasingly more work output. It thus becomes worthwhile to keep more bits of information in
memory. Figure 3.3 shows, for different valuesmfthe average net work output of the engine, Eq. (3.12),
evaluated for the memories that maximize it at each

At = 1, an optimal solution is always to do nothing, because the engine cannot possibly produce
positive net work output, on average, whBfh= T. Now, to do nothing, no decision at all is required, and
this corresponds to a zero bit memory, mapping all values of the observed quantity onto one memory state.

When increases, it becomes worthwhile to do something. Then, a decision is required, whereby the
memory has to have at least two states. Those solutions for which the optimal memories have two states
are displayed in red in Fig. 3.3, those with three states in black. Points at which the one-state solution is
optimal are plotted in grey, with zero average net work output. When we talk about the number of states, we
mean the smallest number of realizations for random variahleompatible with a mapping for which the
engine's net average work output has the vale,, (mjx)]  I'm[Pop: (MjxX)]= 9,

®Itis usually possible to arti cially construct degeneracies, as has been pointed out e.qg. in [149], however, those are uninforma-
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Figure 3.3 Maximum net engine work output in unitskdf® Eq. (3.12), as a function of for different
engine geometries (different). Red marks two-state, black three-state, and gray one-state memories.
Dashed red: Unmodi ed SAkd engine, for comparison.

We observe two differentv regimes. Fow < w . smaller than a critical value/; two changes occur:
from one to two memory states, at a critical value gf ,(w), and from two to three memory states at a
critical value of , 3(w). While the one-state solution is optimal up to larger values,afsw increases,
the phase transitiol from two to three states happens at the critical valjye;(w) = 2, regardless of the
value ofw. Analytical calculation of the critical values is possible, if optimal strategies are expressed in
terms of the parametric soft partitionings introduced in Sec. 3.3.2.0x AD, we have the original S&td
engine, for which we know that a deterministic two-state memory is optimal for all valuegyo¢lding,
effectively, a Carnot engine). It is plotted as a dashed red line in Fig. 3.3 for comparison.

Forw  wg, there is so much uncertainty in the observations, that a two-state memory is never optimal,
and we have only one phase transition, from one to three memory statgs, @v). The value ofw,
corresponds exactly to an uncertain region spanning half of the work medium container. This can be shown
analytically using the parametric soft partitions [147].

Henceforth, we focus most of our analysis on the more interesting regien w ., with two phase
transitions in the number of memory states.

tive about the structure of the optimal solutions.
Following the de nition introduced in [113], we refer to a “phase transition” as a qualitative change in the objective function
landscape of the Information Bottleneck algorithm.
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Figure 3.4 Information plane representation of optimal memories for select engines with3 (left) and

w  0:5(right). Fraction of the maximum usable information as a function of total information retained.
The gaps in the curves occur at the phase transition from two- to three-state memories. Black césk: Szil
engine (v = 0).

3.3.1.1 Cost-bene t trade-off

How does the expected output work scale with the minimum input work necessary to run the memory? To
compare between different geometries with uncertain regions of different sizes (different vahie svef

have to normalize the optimal work outpi 9 ,(w; ), by the maximum possible work outpT {1

w)In(2). The resulting measure Ig(w; )=1 w)In(2). How does this scale with the corresponding
thermodynamic cost encountered for the optimal memory? In unitsTofthe cost is simply the total
information kept in memoryl ,,(w; ). The minimum input to maximum output work relationship, i.e.

the thermodynamic cost-bene t relation, of the least dissipative data representation possible atleash
corresponds to a (properly scaled) plot in what is often called the information plane (e.g. in [150]).

This is displayed for seleet < w in Fig. 3.4a, and fow  w¢ in Fig. 3.4b. Cost-bene t relationships
to the left of these curves are unattainable (this is the “infeasible” region in rate-distortion theory), while
regions to the right of the curves are suboptimal.

Forw < w (Fig. 3.4a), there is a gap at the phase transition from two- to three-state memories, because
both the necessary work input and the derivable work output change discontinuously. As the uncertain
region vanishesw ! 0), the solution for the regular Saild engine is approached: coarse graining into
two symmetric regions, which costs one bit and yields one bit, indicated by the black cross in Fig. 3.4. The
curve forw = 0:4 largely overlaps with the curve fav = 0:3, and is thus omitted in the plot.

Forw  wc (Fig. 3.4b), optimal memories immediately transition from one state to three states. Since
there are no optimal two-state memories, there are no visible gaps in the curves.

The endpoints of the optimal curves in the information plane are reached once all usable information is
captured in memory, which corresponds to 1 onytkexis of the plots in Fig. 3.4. These endpoints overlap
with the information plane coordinates of the deterministic three-state coarse graining, characterized by
Egs. (3.15) and (3.16). It is worthwhile to emphasize the fact that those deterministic memories, which
retain all of the available usable information, are only one point (for every valué @f the information
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plane. In contrast, solving the full optimization problem, Eq. (3.13), yields a solution (and thus a point in
the information plane) for every, resulting in the much richer representation depicted in Fig. 3.4, which

re ects the underlying statistical nature of the problem, and which reveals how useful data compression
is [151].

The total amount of available usable information decreases linearly with increasing uncertainty, Eq. (3.6).
Engines with very large uncertain regions (last four curves in Fig. 3v4b, 0:8) require less than 1 bit of
memory to encode all usable information. For these engines the endpoints of their information curves thus
lie to the left of the Sz#rd engine marker (black cross) in Fig. 3.4b. While this might seem surprising at rst,
note that these memories capture much less than 1 bit of usable information. Their memory cost is so low,
because the whole uncertain region, which spans at3€asof the full engine volume, gets mapped onto a
single memory statgy(m = 0) = w. Consequently the two other memory states, which are associated with
the two certain regions of the engine are realized much more infrequentlypfaith- 1) = (1  w)=2,
and the entropy of the memony,[m], which upper bounds,, = H[m] H[mjx] H[m)], is thus less
than 1 bit.

3.3.1.2 Strategies to maximize net engine work output

Optimal memories are deterministic only for small and for very large temperature ratioBpr <

1 2(w), the thermodynamic value of usable information is so low, that there is no incentive to memo-
rize or to do anything. For very large the relative value of usable information, compared to the cost

of memorizing, is so large that coarse graining into three regions, and thereby capturing all usable infor-
mation, is optimal despite the thermodynamic cost it entails. For otvatues, memories that maximize
the net average engine work output are not coarse grainings, but rather characterized by those probabilistic
assignmentgy,,; (Mjx), which solve Egs. (3.14). What do they look like?

For the geometry wittw = 0:3, we visualize them in Fig. 3.5, plotting,, (mjx) in grey scale for
the four memories found around the phase transitions. The top plot in the upper panel is the rst memory
after the transition from one state (doing nothing) to two states. This memory captures only a tiny amount
of information, thus costing only ever so slightly more than zero joules, but also yields only a negligible
amount of usable information, and thus negligible work potential. This is re ected by the inference being
close to chance, as can be read off from the left plot in the lower panel, which digglagsim) for this
memory.

Recall that each memory state corresponds to a work-extraction protocol performed on the work medium,
which allows for isothermal expansion in the direction of the most likely empty side, up to a residual volume,
determined by the remaining uncertainty in the inference. The work extraction protocohusdsfer the
most likely empty side. Mathematically, this inference is characterizeghjyujm). This is plotted in the
lower panel of Fig. 3.5 for all memories depicted in the upper panel, labeled by the valuatathich
the memories are optimal. The black dashed lines separate memory states, and the distance between them
corresponds to the probabilitg,, (m), with which the individual memory states occur. Their labets,
are plotted under the-axis.

As increases, the optimal memory eventually approaches the two-state memory which occurs right
before the phase transition to three states, displayed in the second plot of the top panel in Fig. 3.5. The
employed strategy is to assign measurements in the certain region to the respective memory state, almost
with probability one, and to assign measurements in the uncertain region to either state at random. This
memory making strategy, which was found algorithmically, is an elegant solution that optimizes the cost-
bene t trade-off for = 21, i.e. when usable bits result in twice the thermodynamic gain, compared to

HAt = 2, optimal two- and three-state memories produce exactly the same amount of net engine work output [147]. The
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Figure 3.5 Memory assignmenpg,;(mjx) (upper panel) and inference derived from the memory states
Popt (UjmM) (lower panel) fow = 0:3 (red lines ak =  w=2). Dashed lines indicate state boundaries (see
text).

what it costs to memorize them. Despite its simplicity, it is not immediately obvious that it would have been
guessed “by hand” without knowledge of the analysis presented in this paper. This strategy is quite distinct
from a naive coarse graining gfinto two connected regions that correspond to two memory states.

To gain intuition for this strategy, consider the limit in which measurements in the certain region are
assigned to the respective memory state with probability one. In this limit, the total information stored by
this memory is(1  w)In(2) nats?, so it costs at leastT(1 w)In(2) of work to encode on average.
Compare that to coarse graining into positive vs. negativalues,m = sign(x), which captures one bit,
or In(2) nats, of information and costs at le&st In(2) of work on average. The inference erromis2
in each cas€, whereby the memory-dependent work extraction protocol is the same (leaving a residual
volume ofw=2, extracting up t&kT°In(2 w) of work). Therefore, in this limit, the reason why the optimal
two-state memory is better than naive coarse graining into positive and negatalaes is that it saves
encoding costs without reducing the amount of extractable work. The savings grow with the relative size of
the uncertain region: on averagé& w In(2) of work can be saved in each cycle. Note that in every cycle,
the observer performs an action on the work mediunp(agm) 6 1=2).

optimal solution is degenerate at 2, yet we choose to discuss the two-state memory=al , because it achieves the maximum
net work output with less memory states.

12This is calculated in [147], and depicted in Sec. 3.3.2.1, where one hasge<kin Eq. 3.24.

B3This is calculated in detail in Appendix L and [147].
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Figure 3.6 Memory assignmenpg,; (mjx) (upper panel) and inference derived from the memory states
Popt (UjmM) (lower panel) forw = 0:1 (left) andw = 0:7 (right); red lines ax = w=2. Dashed lines
indicate state boundaries (see text).

For the optimal two-state memory found at 2, the corresponding,,,; (ujm) is plotted in the second
plot from the left in the lower panel of Fig. 3.5. There is signi cant remaining uncertainty in the inference
corresponding to either state, due to the fact that observations in the uncertain region contain no usable
information, yet they are assigned to either state at random.

We get an approximation of how certain the inference is by considering again the limit in which measure-
ments in the certain region are assigned to the respective memory state with probability one. The probability
of the left side being empty is then

(
. w=2 m= 1
u=1jm)= 3.20
p( jm) L w2 me1 (3.20)

Forw = 0:3, there is 15% remaining inference uncertainty for this approximation. This is close to the
numerical value for the optimal memory depicted in Fig. 3.5, which is approxima8sly

When the stakes are high enough, in the sense that it is proportionally more important to have usable
information, compared to saving on costs, becauigelarge enough, then it makes sense to afford the use
of a third state, one in which the observer admits to knowing nothing, and hence also can do nothing with
the work medium that would, on average, result in engine work output. This happens whén

The rst memory after the phase transition (third plot from top in upper panel of Fig. 3.5) assigns mea-
surements in the uncertain region to the state that corresponds to the decision to do nothing with probability
one, while assigning the certain regions with higher probabilityp7 %0 to the state that corresponds to the
protocol on the work medium which lets the gas expand into the empty region, and with remaining proba-
bility (  43%) to the state that corresponds to doing nothing, but never to the state that corresponds to the
decision to compress the gas. Importantly, for those two memory states that result in actions on the work
medium, the inferencp,, (ujm) is now one, ifu = u (m), and zero otherwise. This is shown in the third
plot from the left in the lower panel of Fig. 3.5. The main gain of this type of memory is that the observer
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can act on the work medium with certainty.

As increases, the bene t of having more usable information increasingly outweighs the cost of running
the memory, and for large, the deterministic three-state solution is found (fourth panel from top in Fig.
3.5). Note that the inference associated with each memory state does not change as optimal three-state
memories become more deterministic. What changes instead is that the observer exploits the two certain
memory states more often, asncreases, and more rarely does nothing. This can be seen in the third and
fourth plot in the lower panel of Fig. 3.5. The distance between the two dashed lines decreases between the
third and fourth plot. This distanceg,(m = 0) . The observer less frequently does nothing a&reases
in the range from > 2to =10. At =10 the memory coarse grains, apg,(m =0) = w.

Fig. 3.6a shows memory assignmeits, (mjx), and derived inferencep,, (ujm), for an engine with
less uncertaintyw = 0:1). The optimal memories do not qualitatively differ from the ones depicted in Fig.

3.5, but since the uncertain region in Fig. 3.6a is smaller, the deterministic coarse graining into three states
is approached at smaller values of This can be seen by comparing the rst three-state memory after the
phase transition for the two different engines (third panel from top in Figs. 3.5 and 3.6a). While the change
to three memory states happens at the same valudéasfboth engines, the corresponding optimal memory
assignments right after this phase transition are closer to deterministic assignments for the engine with less
uncertainty (Fig. 3.6a).

For large uncertaintiesy  0:5, there are no optimal two-state memories. The assignments and infer-
ences fow = 0:7 are shown in Fig. 3.6b. The rst optimal memory that produces positive average work
output looks like a one-state memory, but it has two additional, infrequently realized, pfates, 1) =
O(10 ®), for which there is no uncertainty in the inference. Amcreases, those two states are realized
more frequently until the deterministic three-state memory is reachedp@ith= 1) = (1 w)=2, as
can be seen in the bottom panel of Fig. 3.6b. This is less interesting than what we observed for smaller
uncertain regionsy < 1=2).

In summary, maximization of net average engine work output over all possible data representations nds
the following strategies fowv < 1=2:

1. One-state memory at lowvalues: all data points are mapped onto the same state, no information is
captured and nothing can be done.

2. Two-state memory at intermediatevalues: data in the left certain region is mapped with high prob-
ability to one state and data in the right certain region with high probability to the other state. Data
in the uncertain region is mapped to either state at random (with probabiltly The resulting in-
ference retains a residual uncertainty, which is dealt with by leaving a residual volume in the work
medium at the end of the work extraction protocol.

3. Three-state memory at largervalues: The strategy is to be certain about when there is complete
uncertainty. To that end, all data in the uncertain region are mapped deterministically (with probability
one) to the same memory state, which results in no action on the work medium. This enables the cost
ef cient creation of two other states that carry no uncertainty in the resulting inference, and thus
enable complete work extraction. The encoding saves costs by mapping all data in the left certain
region with some probability (larger thad2 forw  0:3, see Figs. 3.5 and 3.6a) to one of these
memory states that result in full work extraction, and, by symmetry, mapping all data in the right
certain region to the other state, with the same probability. With remaining probability, those data are
mapped to the inactive state. As the temperature ratio increases, the assignments to memory states
that enable complete work extraction become more and more likely, until data in the certain regions
is assigned with probability one, which results in the deterministic three-state solution that captures
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all usable information, which is optimal for large

If the uncertain region spans less than half of the work medium container, one-state memories prevail for
1< 1 2(w). Two-state memories are found foy, ,(w) < 2, and three-state memories are
found for > 2. If the uncertain region spans more than half of the work medium container, then two-
state memories are never optimal, and there is a transition from a one-state to a three-state memory, which
occurs at 4, z(w).

In the following, we focus on the engine withh= 0:3, as an example that displays the full spectrum of
the effects of partial observability in our model class.

3.3.1.3 Physical encoding and decoding of the memory

Let us recall the physical manipulations used to create a memonkKwatatesK 1 dividers are inserted

at timety, perpendicular to thg-axis in the container that is used as the memory. Each divider is inserted
at anx-dependent distancey/n (x) = yim (x)  ym' 1(X) = pope(Mjx) from the previous divider (for the

rst divider, it is the distance from the container's wallyat 0).

Each divider is then moved quasi-statically, parallel to the memory contajraxss, to arx-independent
distance yqn = popi(mM) from the last divider (or the wall). If both distances are the samgh = ymi
then the volume does not change, even if the dividers move. The volume shrinks vyliﬂ-brb Ym
corresponding t@,, (MjX) > p oot (M), and it expands whenyj' < y1 .

In Fig. 3.7, we visualize the physical memory making process by displaying the initial and nal distances
between divider(s) (and walls). This is visualized by a horizontal line at positigfi that has a width of

ym . The resulting white space under the horizontal line tells us if the volume that the particle occupies,
should it happen to be trapped in this region, remains unchanged in the memory making process (if the
white space is a square), gets compressed (if the white space is a rectangular standing on its shorter side), or
expands (white space is a rectangular lying on its longer side), resulting in thermodynamic costs (or gains)
during memory making.

Whenever the particle in the memory container is trapped in volum@ , the work extraction protocol
ends with leaving the volume fraction(m) = V- (m)=V°on the left side of the divider's nal position in
the work medium. This residual volume fraction is displayed in the last column in Fig. 3.7.

Together, yn', yM andv:-(m) constitute the physical code book, visualized in Fig. 3.7 aalues
just before and after the phase transitions (corresponding to the memories shown in Fity.IB)uctions
for the physical process depicted in Fig. 3.7 can be entirely hard wired into machinery, without any further
“external” intelligence—all decision making is encapsulated. The physical code book is thus a complete
physical model and implementation of the real world observer necessary for the operation of the information
engine.

To gain intuition, let us rst consider the strategy shown in the second panel from the top in Fig. 3.7. The
memory is set into one of two memory states by inserting one divider relatively close to the wall (that is,
either at position yi”‘l 0:95 when the particle in the work medium is found in the certain region to the
left (x 2 X, see Eq. (3.1)), or at y"“l 0:05 for the right certain regions 2 X ). The divider is then
moved to the middle, which almost always compresses the single-particle gas in the memory container and
thus results in work costs. However, when shposition of the particle in the work medium falls into the
uncertain region{ 2 X ), then the divider is inserted into the middle and not moved, requiring no work.

They position of the particle in the memory container after the memory making process indicates the

1The physical code book at thevalues before and after the phase transitions is fully speci ed by Fig. 3.7, as it suf ces to
ni

visualize thex-dependent valuesyy,' (x) for any onex in one of the three distinct regions of the work medium.
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Figure 3.7 Physical memory code book at= 1:4 (top row), just below/above 2 (second/third row),
= 10 (bottom row); work medium geometryy = 0:3. First three plots in each row: initial distances
yMi vs. nal distances, y1 (x-axis), given observation in leftX( ), center, Ky ), or right region, Kgr).
Last column: volume fraction remaining after work extraction in the work medium, left of the divider,
v-(m), when memory is in state. Dashed lines at positions; .

memory state, which can be directly coupled to the work extraction protocol using the following rule: if
1 y>1 y;' (corresponding ton = 1, with p(u = 1jm = 1) > p(u = 1jm = 1)), then the
divider in the work medium can move towards the left until the remaining volume fraction on the left side
isvv(m=1) 018 If0O<y y ", (corresponding ton = 1), then, by symmetry, the same as above
happens, but with movement towards the right instead of the left,usMth = 1) 0:82

Recall that when the temperature ratias increased slightly, a new strategy appears, one which uses
three states. This strategy completely changes the behaviour of the physical observer. Now, whenever the
observation falls into the uncertain region, pistons are moved from both walls towards the center of the
memory container, until the distance between them has shrunkjb  0:6. This action ensures that the
statem = 0 is recorded, at an average work coskdfIn(5=3) 0:51kT, by compressing the one-particle
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gas in the memory container. The nal distance between pistoPw 10t just in this case, but also for all
other values oiv that we consideréd.

The memory staten = 0 corresponds to inaction during work extraction. That means, whenever the
data offers no information about the relevant quantity, the observer makes sure to take no action on the work
medium.

The addition of the third memory state unlocks the option to do nothing and while it may seem counter-
intuitive to reserve a costly state for inaction, this additional state ensures that the observer can reduce its
inference error in the other two states to zero, allowing it to act with certainty whenever it does act. This
is re ected by the fact that for the two memory states associated with actiofms,= 1) is either O or
1, meaning that the maximum amount of work (that is, on avelif®n(2)), gets extracted from the wok
medium (see Fig. 3.7, last column, rows three and four).

Whenx 2 X, a divider is inserted at distancey‘”‘l 0:57 from the wall aty = 0, and a piston is
placed at the wall at = 1, because yi" = 0. Therefore, the particle never gets trapped in the volume that
will eventually correspond ton = 1. Both, divider and piston are moved towands: 0, until they reach
their nal positions, where y"; 0:2,and y;' 0:6.

When the particle is initially trapped in the volume betwgerrs 0 and the divider, then the gas is
compressed. This happens with probability equal W"l Whenever this happens, average work costs of
KT In( y™= y™) 1:05kT are recorded. HowevekT %In(2), can be extracted from the work medium
by coupling0 <y y ", (corresponding ton = 1) to complete volume expansion towards the right.

When the particle is initially trapped between divider and piston, then the gas expands, because the
distance between them increases. This occurs with probability equay}ftb 0:43. Whenever this
happens, gains are recorded during memory making, in the amokifitiof yJ' = yi") 0:33kT. This
reduces the average cost of the memory making procestd6kT. However, the naly position of the
particle then corresponds to = 0, which results in no action on the work medium, whereby no gain can
be derived from the work medium at the higher temperature.

This strategy of choosing inaction in the majority of caseg{  0:6), may seem suboptimal at rst,
but actually it is optimal because it signi cantly reduces the costs of the encoding, while simultaneously
ensuring that the work medium is never compressed, and thereby reducing the loss in potential work gain,
due to inference errors, to zero. The strategyxf@ X g is symmetrically analogous to that fer2 X .

As the temperature ratio is further increased, the relative work costs of running the memory become less
compared to the work derivable from the inferred information. Therefore, the dividers are inserted closer
and closer to the walls (see Fig. 3.7, fourth row, for 10, where the resulting memory is indistinguishable
from a deterministic coarse graining into three regions). This increases the average cost of memory making,
but it also increases the frequency with which a memory state is realized that enables maximum work
extraction. This is visualized by the different positions of the dashed lines in the third and fourth row in
Fig. 3.7, as y"; have increased tfl w)=2 = 0:35 in the fourth row, while the inactive state with

Yo' =w=0:3is realized half as frequently as in the third row.

3.3.1.4 Efciency

In partially observable information engines the ef ciency depends on the chosen data representation strategy

[42,75] and the temperature ratio
Tlm 1im
=1 ——=1 =-—: 3.21
TOI, Iy ( )

15All values ofw shown in Fig. 3.4a, including’ = 0:4 andw = 0:45. The difference between the numerical value ofy
and2w is never greater thad (10 3) and as small a®(10 °) for the smallest values af.
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Since memorized informatiohy, , always exceeds the useful information kept in memiqrythe ef ciency

of any partially observable engine is upper bound by Carnot ef ciengys 1 T=TC. Observers that keep

a larger fraction of useful information at the same amount of memorized information will be more ef cient.

A xed encoding strategy has a xed ratio of,=l,, so with increasing temperature ratiq,the ef ciency
increases. Yet for the optimal observers discussed in the previous sections the encoding strategy changes
as a function of the temperature ratio. So with increasinthe ratio of memorized information to useful
information retained in memory increases as well, reducing the increase in ef ciency due to the increased
temperature ratio.

Figure 3.8 Thermodynamic ef ciency of optimal observers for engines with uncertain regions spanning less
than half of the total volumay < 0:5, as a function of the temperature ratic= TT. At transitions in

the number of memory states;= 2, the ef ciency changes discontinuously. The dashed black line shows
Carnotefciency, c =1 T=T?, for comparison. The inset shows the behavior for large values of

For the optimal encoding strategies the ef ciency can be evaluated numerically. For engines with un-
certain regions spanning less than half of the total volume; 0:5, this is done in Fig. 3.8. There is a
clear discontinuity in the ef ciency curves at = 2, because at this temperature ratio optimal observers
switch from using two memory states to three memory states. The change in the number of memory states
is accompanied by a discontinuity in the information quantitigsandl, leading to the discontinuities
seen in Fig. 3.8. Engines with larger uncertain regions have lower ef ciency than engines with less uncer-
tainty, because each memorized bit has a smaller fraction of useful information when the uncertain region
is larger. In the limit of large temperature ratiosy> 1, the ef ciency of optimal observers approaches
Carnot ef ciency and the effects of clever information processing become less and less important (see inset
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in Fig. 3.8). Importantly, optimal observers maximize the net engine work output at each valuandf
not the ef ciency. This can most clearly be seen at the transition to three memory states: With two memory
states optimal observers have a larger thermodynamic ef ciency, because the latiol gfis smaller for
optimal two-state memories than it is for optimal three-state memories. YetXor2 optimal three-state
memories produce greater net average work output per cycle, because they capture a larger amount of useful
information than two-state memories can (see also Fig. 3.4).

For engines wittw > 0:5, the qualitative behavior is analogous, but there are no discontinuities in the
ef ciency curves, because optimal observers either do nothing, using one memory state, or they use three
memory states.

3.3.2 Constrained observers

To nd optimal observer strategies using the Information Bottleneck Algorithm the net engine work output

is maximized over all possible data representation strategies. The optimal memories of Sec. 3.3.1 inspire
a parameterized function class of observer strategies, which we introduce in Sec. 3.3.2.1. The new model
class constrains the observer to a subset of all possible encoding strategies. This simpli es the algorithmic
procedure for nding optimal memories (parametric optimization instead of using the Information Bottle-
neck Algorithm), yet it does not result in any engine performance loss. Additionally it allows analytical
results to be derived for key quantities characterizing optimal observers, such as the critical value of the
trade-off parameter,, at transitions to more memory states [147].

What happens when an observer can only coarse grain the observable into connected regions? This
corresponds to an even more limited function class for the observer's possible representations of the observed
system. How large of a loss, compared to optimal observers, will the constraint result in? We quantify this
in Sec. 3.3.2.2.

3.3.2.1 Parametric model for optimal observers

Having a memory that uses optimal solutions endows the observer with a qualitatively different strategy,
compared to having a memory based on naive coarse graining. The analysis of optimal memories (Sec.
3.3.1.2), computed with the Information Bottleneck Algorithm, points us towards a simple parameterized
function class, which we will explore here. Detailed calculations of the quantities presented here can be
found in [147].

Recall that within the regime that has optimal two state memories, the probability of assigning ob-
servations in the certain regions to only one memory state increases gradually. lrrebene, where
three-state solutions are optimal, the probability of assigning observations in the certain regions to the state
that corresponds to doing nothing, gradually declines.

This suggests a parameterized model for the solutions of Egs. (3.14), depicted in Fig. 3.9. The free
parameters are the number of statés, ranging from one to three, and, f&r = f2;3g, the residual
probability gk .

ForK =2, we have a two-statsoft partitioning fully characterized by the assignme'its

8
2 1 o x2X_.
POm= 1Lx)= 122 x2Xy (3.22)

(07) X 2 XRr

18Quantities relating to the two-state soft partitioning strategy are labeled with the supefs2jipind those relating to the
three-state strategy wils3) for better readability.
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Figure 3.9 Parameterization pfmjx) for soft partitioning models of optimal memories far= 0:3 (red
lines at w=2). Free parameters ake andg .

(with intervalsX_, Xy andXgr de ned in Eq. (3.1)). This parameterization re ects the fact that optimal
memories, at those intermediatgalues where two memory states emerge as optimal, use a memory making
strategy that is markedly different from coarse graining: Each memory state gets all data from one of the
certain regions with probability larger than one half (increasing axreases), while data in the uncertain
region are assigned to either memory state at random (see Sec. 3.3.1.2).

Itis sufcient to considef0 @  1=2, because any memory witlh > 1=2 is identical to a memory
with the labels of the memory states switched gnd 1=2.

The resulting inference error associated with each memory state determines the fractional \(mé =
p®2)(u 6 mjm), limiting the observer's work extraction. Due to symmetry, the error is the same for both
memory states,($? ;= $2(m=1)= (53(m =1). As a function of the parameters, it is given by

(s2) = %+(1 W) p: (3.23)

The inference error is thus lower bound Wwy2, even ifgp = 0. Naive coarse graining along the mid-line
results in the same inference error (see Appendix L, Eq. (L.42)), but costs more, BdD, there is an
additionalg, dependent term (second term in Eq. (3.23)) accounting for the uncertainty in the encoding of
the two certain regions.

The total memorized information and the usable part of it are

182 = @1 wn@) h(@)]; (3.24)
| 52 In2) h 62 . (3.25)

For > 2, optimal observers use the strategy to assign data in the uncertain region with probability one
to one state that does not result in any action on the work medium (Sec. 3.3.1.2). This memory state then
implies that the observer's inference contains no knowledge of which side of the work medium container is
empty. Thus, the strategy with three memory states is to be sure about knowing nothing.

Data from each certain region is assigned to a corresponding state with probabilitg, with O
g 1. These two memory states result in complete volume expansion in the work medium (Sec. 3.3.1.3).
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With remaining probabilitygs, data from each certain region is assigned to the state that results in no action
on the work medium. As increases, three-state memaories with increasingly smaller valugsbeicome
optimal. ForK = 3, we thus have a three-state soft partitioning characterized by

8
2 O X2 X

p)(m =0jx) = ! X 2 Xm (3.26)
'( (07) X 2 XR
1 2 X
pS¥(m=1jx) = ® X27R (3.27)
( 0 otherwise
1 2 X
PI(m= 1x) = % X2 (3.28)
0 otherwise

Like the three-state coarse graining, discussed in the beginning of this section, the three-state soft parti-
tioning has no uncertainty in the inference whenawer 1, but total uncertainty fom = 0. Total and
usable information retained by this memory are

189 = (1 w(ld ®ih2) @ wh(x)
+hw+(1 wW)); (3.29)

189 = 1 Wl w)in2); (3.30)

which shows that the usable information carried by this encoding is reduced from the maximally available
usable information by percent.

The optimal strategy for each value otan then be found by maximizing |n= overthe parameters
(K andgk ), an algorithmically more straightforward procedure than the Information Bottleneck algorithm.
The optimal parameterization at eaclperforms on-par with the optimal solutions obtained via the Infor-
mation Bottleneck algorithm. Minuscule differences in net engine work output between the two types of
solutions are entirely due to numerical ndise

Minimal number of memory states in thew— parameter plane. The expressions for total and usable
information retained by soft partitioning solutions can be used to determine the critical value of the tem-
perature ratio at which it becomes worthwhile for optimal observers to use more than a single memory
state [147]. With one memory state an observer cannot make a decision and is thus limited to doing nothing.
Forgp = 1=2, the two-state soft partitioning corresponds to a one-state memory withO = |, thus for

¢ ! 1=2the transition from one to two memory states is approached. Using a two-state soft partitioning

For all engines considered in Fig. 3.4 the relative lost work output (relative to the maximum possible work loUpfie )
between optimal parametric memories and IB results is always les§tha® ° % and the existing differences are purely due to
the numerical calculation of the parametric information quantities with a step s2ze b0 © in gk . Note that for this comparison,
we excluded all optimal memories that are within two annealing steps (annealing re@afwas used) of a phase transition
to a larger number of memory states. This was done, because phase transitions in the IB algorithm contain a small degree of
randomness and do not always happen at exactly the same valu&iice analytic expressions for the information quantities of
the soft partitioning solutions exist (see Sec. 3.3.2.1), they do not suffer from this issue and so for some wa|ubgypmay
employ a memory with a larger number of memory states for one or two annealing steps before the memories computed by the
iterative algorithm also increase their number of states. These points would dominate the difference in net work output. More on
numerical complications of the iterative optimization for this model class can be found in Appendix N.
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becomes worthwhile at

(s2) 1
w) = lim - ——

1 2 @ 11821 w'

(3.31)

Similarly, the temperature ratio for which a three-state soft partitioning outperforms doing nothing can be
computed:
(s3)
. Im In1 w)
w) = lim = — 7
1 3(W) w1 Il(f3) In(2)

(3.32)

Recall that with optimal memories we found two distimctegimes with qualitatively different behavior.
For smallw, memories changed from using one to two to three states, while for Vargeere were no
optimal two-state memories (see Sec. 3.3.1.2). Comparing Egs. (3.31) and (3.32), we sge.ifvat<
1=2) < 4 a(w < 1=2), thus if less than half of the possible observation outcomes are uninformative,
optimal observers transition from one memory state to twgat(w). However if more than half of the
outcomes are uninformativev(> 1=2), optimal observers switch from one memory state immediately to
three states, sincg, ,(w > 1=2) > ;, ;(w > 1=2). Both Egs. (3.31) and (3.32) are increasing functions
of w. The less certainty the observer has, the larger the temperature ratio needs to be, before it becomes
worthwhile for the observer to do anything at all.

Figure 3.10 Number of memory states as a function of the size of the uncertainwegiahthe temperature

ratio . Shaded regions correspond to the number of states: one (white), two (light grey), three (dark grey).
Black lines mark critical values at transitions in the number of states (Egs. (3.31)-(3.33)). Dashed line at
Wwe=1=2,
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Forw < 1=2there is a second transition from two to three states, which happens at the critical value of
o 3= 2: (3.33)

For all engines in this regime, the second transition happens precisely when the temperature at which energy
is harvested is twice the temperature at which the memory is encoded.

These results can be visualized with a phase diagram. In Fig. 3.10 the optimal number of memory states
used by minimally dissipative observers is shown as a function of the size of the uncertainwegiod the
temperature ratio,. In white regions observers are limited to using one memory state, in light gray regions
observers with two memory states maximize the net engine work output and in dark gray areas, three-state
memories allow for the maximum net work output. The critical values of the temperature rattivhich
transitions in the optimal number of memory states occur, Egs. (3.31)—(3.33), are plotted as black lines in
Fig. 3.10.

3.3.2.2 Naive coarse graining (hard partitions)

An observer can choose to coarse grain the observable into either two, or three connected regions, which are
then mapped to the respective memory stategjeterministically, i.e. with probability one.

For two memory states, a completely naive observer might choose to map the left/right portions of the
x-axis to the respective memory state. But the observer could draw the line at a different position, and obtain
an asymmetric memory. A numerical search over dividing positions reveals that, interestingly, the map

0 x2X_

(da2) (m = 1jx) =
p(m = 10) 1 x2 (Xw [X R);

(3.34)

results in the largest average net engine work output, using two coarse grained states. This siatched
in the top panel of Fig. 3.11.

Figure 3.11 Minimally dissipative encoding strategies for observers limited to coarse grainimg-for.3
(red lines at w=2). Connected grey regions mark coarse grained states. Values correspomgxp.

8Mirror imaging this mapping arourd = 0 results in an equivalent memory with identical performance.
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The values at which the changes occur from one to tv§‘_6t,2(w), and two to three,g!etg(w), memory
states can be computed analytically from the total information, and the usable information, kept in the coarse
grained memories. A one state memory corresponds to doing nothing at all and thus produces zero average
engine work output. So to calculat®,(w), we have to calculate the lowest value of the temperature ratio
at which the asymmetrical two-state coarse graining yields positive net work output. For this memory, the

minimum average input work is
1+w

KT 132 = kT h 5 (3.35)
and the maximum average output work is
KTO1(82) = KTO |n(2) 1+2W h 1va : (3.36)
The critical temperature is thus
U PR L L e S (3:37)
| 1 InE) Lwh

For > Set:(w) minimally dissipative observers limited to coarse graining use the three-state coarse
graining that captures all available usable information (discussed in the beginning of this section and shown
in the bottom panel of Fig. 3.11). This strategy would also be used by observers that maximize the average
work output per cycle, regardless of the costs.

It is never bene cial to use any other three-state memory, if the observer is limited to coarse graining
19, The critical temperature ratio$€';(w), at which it becomes worthwhile for a deterministic observer to
switch to three states, can be found by calculating thalue for which the two-and three-state memories
result in the same average net engine work output, i.e.

(d3) (da2)

| |
det — 'm m .
21 3(W) = @ @D (3.38)
u u

With Egs. (3.15), (3.16), (3.35), and (3.36), we obtain

ot wWINW)H(L W)L wW)+2In@)]
2 aW= 1t T2 In®)] (L W)@ W)

(3.39)

The resulting behavior can again be summarized in a phase diagram. The best deterministic observers use
asymmetric two-state memories for temperature ratfss, < Se.. For greater temperature ratios
they use three memory states (dark grey region in Fig. 3.12). In contrast to optimal observers, observers
limited to coarse graining derive no bene t from skipping two-state memories, regardless of the size of the
uncertain region, sincefel,(w) < g!etg(w) for all w < 1. For engines with vanishing certain regions,
w ! 1, the temperature ratio, at which the rst phase transition occurs, diverges for both optimal and
deterministic observers, because there is no longer any usable information whereby doing nothing is the
optimal strategy, even for! 1

Detailed calculations leading to Egs. (3.15), (3.16), (3.35), and (3.36), as well as a comparison between

1%We veri ed this numerically.
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Figure 3.12 Phase diagram for observers limited to coarse graining. Shaded regions correspond to the
number of states: one (white), two (light grey), three (dark grey). Black lines mark critigalues at
transitions in the number of states (Egs. (3.37) and (3.39)).

the performance of different coarse grainings can be found in Appendix L.

To gauge the extent to which net work output is lost when observers are restricted to coarse graining,
we plot, in Fig. 3.13, fow = 0:4, the engine's expected net work output as a function,dEq. (3.12),
comparing between engines run with memories that coarse grain, and engines run with optimal memories
(those that solve Eqgs. (3.14)).

For temperature ratios belof',(0:4)  2:2, observers limited to coarse graining can derive no positive
net work output from the information engine. Instead, they would have to invest resources to run the engine.
This can be seen by the total average engine work output going negative in Fig. 3.13 (orange and blue
curves), which happens when the thermodynamic costs of running the memory outweigh the gain derivable
from the memorized information. In this situation the best strategy for the observer is to do nothing, i.e. to
memorize no information at all. The inset of Fig. 3.13 shows, as a dashed line, the maximum achievable net
work output with coarse graining at each

For intermediate temperature ratio§,et2(0:4) < get3(0:4) 3:4, minimally dissipative deter-
ministic observers use the asymmetric two-state coarse graining, Eq. (3.34). For higher temperature ratios,

get3(o:4), they use a three-state coarse graining that captures all available usable information. Op-
timal observers have more exibility in their encoding, consequently they can derive positive work output
from the engine at temperature ratios for which the best observers limited to coarse graining are still doing
nothing. For large values of, the advantage of optimal observers diminishes, as encoding costs become
less and less important, and already & 5, the difference in net engine work output shown in Fig. 3.13 is
minuscule.
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Figure 3.13 Average net work output as a function ér optimal and deterministic memories of an engine
with w = 0:4. Optimal memories with two states are plotted in red, with three states in black and with one
state in grey. The dashed, black line in the inset shows the best deterministic solution at each value of

To quantify the difference in engine performance we plot in Fig. 3.14 the minimum amount of average
net work output lost due to using coarse graining, instead of using optimal memories, measured in percent

of the net work output achieved with optimal memord&2h" = 1, 1=,

(g 1) (n W)=
Iy Ihm= '
as a function of for three select engine geometries. (All work quantities are measured in uks’)f
Discontinuities in the curves are due to phase transitions in the number of memory states used by determin-
istic observers. Critical values at which transitions in the number of memory states occur are marked by
dashed red lines for optimal observers and by dotted blue lines for observers limited to coarse graining and
the optimal number of memory states used by both types of observers is denoted by colored numbers (red
for optimal observers and blue for coarse graining) in the regions delineated by the critadaks.

The difference between optimal observers and those limited to coarse graining is clearest for engines
with substantial, but not overwhelming uncertaintgd < w < 1=2). In this regime, for < ;, , neither
observer can operate the engine successfully, which is equivalent to using one memory state; in the range

U 2 < ﬂet2 optimal observers successfully harvest energy, relying on two memory states when

2, and on three wheB < , while observers whose model class is restricted to coarse graining cannot

harvest energy, see center panel of Fig. 3.14. Fi‘_ﬁ?z < g!etS optimal observers rely on three
memory states, but restricted observers coarse grain into two regions, having lower engine performance.
For zdﬁtg,, coarse graining observers employ the three-state memory that captures all available usable
information, and the difference in engine performance becomes small, disappearing entirely in the limit of
large . In Appendix M optimal observers and observers limited to coarse graining are also compared in the
information plane.
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Figure 3.14 Difference in average net engine work output between optimal and best deterministic observers
in percent of the optimal work outputy S = kT4,  kTI,, for three selected engine geometries (left:
w = 0:1, center:w = 0:4, right: w = 0:7) as a function of . Critical values and number of memory
states for optimal (dashed red lines, red numbers) and best deterministic observers (dotted blue lines, blue

numbers).

3.4 Conclusion

We use the framework of generalized, partially observable information engines to study optimal encoding
strategies for three different classes of observers in @i8z@ngine with uncertainty from a physical stand-
point. Our work provides a rigorous framework for understanding energy ef cient decision-making in a
model class in which observable data either carry full, uncorrupted information about the relevant quantity
or no information at all. The simplicity of the model class allows for a clear interpretation of the optimal
strategies. Simultaneously its generality suggests a broad range of possible applications in biological and
arti cial systems confronted with uninformative data. By mapping binary decision problems under uncer-
tainty to partially observable Saitd engines, we provide a way to bridge the gap between physical analysis
and abstract theories of decision-making.

Each bit of information captured in a physical memory incurs a thermodynamic cost of dtTelagP) .

In general, not all information retained in memadry,, can be traded back into work gain. At bdst, Im

usable bits of information about the work medium can be leveraged to ekifdtt of work from a heat

bath in an information engine process which allows the observer to make the memory at a lower temperature,
T < T 9 than the temperature at which work is extracted. The temperature ratid =T determines the
thermodynamic value of usable information, and thereby sets the trade-off between thermodynamic costs
and bene ts of the memory.

Optimal memories waste as little energy as possible by retaining as little useless information as possible.
They can be derived from maximization of the information engine's average net work output, optimized
over all possible data encodings [42]. An iterative algorithm, called “Information Bottleneck method”,
can be used to nd the optimal memory making strategies numerically. Once the optimal strategies are
known, a physical code book can be constructed, that enables machinery to implement not only a pre-
described function of Maxwell's demon, as is done in &lls engine, but also the demossategyof how
to execute its function (which is predetermined by an “external” experimenter iar&siengine, as well as
most current information engines [15-18,20-27,51,53,59, 81, 82,84-91, 93, 137-146]).

84



Optimal data encoding strategies are found by numerical optimization over all possible encodings, but
what happens if the physical observer is constrained to a subset of the space of all possible encoding strate-
gies? Analysis of the algorithmically discovered optimal solutions lead us to introduce parameterized soft
partitions. We found that the observer's model class need only include these parameterized soft partitioning
strategies in order to contain thermodynamically optimal strategies for our engine class. It is not necessary
to consider observers with access to the much larger model class containing all probabilistic maps. On the
other hand, we showed that it is not suf cient to consider observers limited to coarse graining of the observ-
able (hard partitioning). For both classes of constrained observers analytic expressions for key quantities
characterizing thermodynamically optimal strategies, such as memorized and usable information and critical

values at transitions to more memory states, are calculated.

The demonstration that optimal strategies differ from naive coarse-graining methods, which are prevalent
in existing literature on information engines [16, 18,21, 84, 85, 90, 137, 152—-154], highlights the limitations
of coarse-graining based approaches, showing that they neglect the energetic costs associated with infor-
mation processing. The parameterization of optimal strategies found here enables a deeper understanding
of the energetic trade-offs inherent in decision-making under uncertainty, serving as a baseline for more
complex scenarios. Our approach provides a foundation for studying biased inpyt(dat, % nite-
time decision-making, and multi-faceted decision problems, all of which are common in real-world systems,
from a physical point of view.

The broader implications extend to biological systems, where strategies discovered by our method, could
potentially help to explain the information processing observed in chemical sensing [155], biological sig-
naling [156] or membrane protein function [157, 158]. Experimental measurements of dissipation in such
systems could serve as a test for the applicability of our theoretical results in nature. Furthermore, the ef-
cient strategies derived from our analysis hold promise for engineering applications. For instance, they
could inspire the design of next-generation computational hardware that mitigates energy consumption and
heating issues, particularly in chip designs.

The novel soft partitioning strategies, while reasonable in hind sight, are not immediately obvious to
guess. They were revealed by our analysis. We hope that this might inspire descriptions of other thermo-
dynamic systems in similar situations, when not all pertinent information is available to the observer, or
when data compression and low thermodynamic model costs are important for other reasons. Ultimately,
the simplicity of our model class not only aids intuition but also lays the groundwork for practical advance-
ments in more complex situations, contributing to the broader understanding of the physics of information
processing
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Part 2 - Analytical Treatment

An analytical characterization of thermodynamically rational agent behavior is obtained for a simple,
yet non—trivial “Maxwell's demon” operating with partial information. Our results provide the rst fully
transparent physical analysis of a decision problem under uncertainty.

Decision making under uncertainty is one of the core hallmarks of intelligence, for which conclusive the-
ory is yet outstanding. Mathematical foundations are commonly phrased in terms of optimization. Notions
of “utility” [159, 160], “reward” [161], “risk” [162] and “regret” [163] are, for example, used to formalize
agent objectives and de ne rationality. But the exact quanti cation of these subjective notions typically
expressead hocmodeling choices, ultimately based on the designer's intuition. This approach can be prob-
lematic, particularly when complex behaviors are modeled and performance measures are not unambiguous.

An alternative is to look fophysicalfoundations. All decision makers are physical systems, and physical
limits to information processing can provide design rules [42]. As with many complex problems, a rst step
towards building foundational understanding is to carefully study a rudimentary base case. The simplest
decision problem is a binary choice.

Interestingly, Maxwell's demon [3], embodies a binary decision problem in whidmrfwocassumptions
are necessary to quantify rationality. The “demon” can be understood as an active observer, or “agent”,
operating an information engine [2]. The observer's goal is unambiguous: available information is used to
harvest energy. The energy required to take decisions must be subtracted from the derivable energetic gain,
the bottom line is the engine's remaining, net work output. Rationality is clear cut in this context, due to the
physical nature of the problem: A rational behavioral choice is to use a strategy that enables the largest net
output [42]. We refer to this ahermodynamic rationality

In recent years, numerous experiments have veri ed that microscopic information engines are feasible
[15-27,81,84-86,88-91] and potentially useful in real world implementations [59, 145, 158, 164, 165], such
as biomolecular machinery in cells [31, 157, 166—169]. This experimental evidence has lifted Maxwell's
demon and Szird's information engine from the realm of thought experiments, useful for understanding
the physical nature of information, to the realm of potential applications in energy ef cient computing.

One problem with this literature is that it relies on the assumption that measurements reveal the state
of the system, and experiments are arti cially engineered to that end [15-27, 81, 84-86, 88-91], instead
of considering the more relevant problem faced in the real world, where decisions are typically based on
inferences derived from observations containing gudytial information about the variable(s) required to
decide which actions to take.

To address this issue, the framework of generalized, partially observable information engines was intro-
duced [42] as a uni ed theoretical approach treating information engines and heat engines on equal footing,
with each type constituting a subclass of generalized partially observable engines. Since its introduction, it
has been taken up and used in conjunction with stochastic thermodynamics, inspiring a range of follow-up
studies [59-64, 70, 75]. Importantly, it affords a principled derivation of the observer's inference method
from purely physical arguments [42]. But even simple examples have nontrivial solutions that are not ana-
Iytically tractable [75].

The novelty of this letter lies in introducing a general mapping between binary decision making problems
under uncertainty and partially observable &ailengines, and in providing amalyticalcharacterization of

The content of this part is taken from the manuscript “Thermodynamically rational decision making under uncertainty”, which
was coauthored with Susanne Still and is currently under review at Physical Review Letters as part of a joint submission.
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the agent's behavior for a simpli ed model (Egs. (3.43), (3.44), (3.46), and Fig. 3.17). The model is chosen

as an idealization of a frequently encountered problem in real-world decisions where not all observable
outcomes reveal information about the quantity that needs to be inferred. This important base case is used
to clarify the thermodynamic value of memorized information. We show in Eq. (3.42) that the essence of
thermodynamic rationality lies in storing as much useful information in memory as possible while discarding
useless information. We expose that coarse graining fails as a general data-representation strategy because
it is oversimpli ed and poorly adjusted to the intrinsic uncertainty, keeping an unnecessarily large amount

of useless information (Eqgs. (3.40), (3.41), (3.45), and Fig. 3.15). One strength of the model studied here

is its simplicity, which allows us to show that thermodynamically rational representations are elegant and
reasonable (Fig. 3.16), albeit not necessarily easy to gupsgsri.

3.5 Binary decision problems and generalized S&fd engines.

Solving a decision problem typically hinges upon knowledge of hidden variables, in the simplest case one
random variable with binary outcomes 1. Szilard's information engine embaodies this: A single-particle

gas is prepared with a movable divider in the center of the container@&) and connected to a heat bath

at temperaturd . An observer, who knows which sideis empty can extract work from the heat bath by
isothermal expansion—up to, on averal&,In(2) per engine cyclelk denotes the Boltzmann constant).

The observer's role is to store a transiently available observatiammemory,m. A memory-dependent
protocol on the piston is then executed mechanistically [2]. The memory making has to be implemented by a
physical process, with a minimum energy requirement that depends on the map—storing more information
comes at an inevitable cost [14,92,103,170].

The optimal way to record observations of the particleposition is trivial for Sziard's enginem =
sign(x). This coarse graining makes identical tou. This decision problem is fully observable, since the
available data always affords uncertainty free reconstruction of the actionable variable.

Physical implementation of the map = sign(x) requires, on average, at le&Siy In(2), whereTy
denotes the temperature at which the memory making process rurtedSzéingine can therefore produce
average net work output up tT Ty ) In(2) per cycle. Run isothermallyT(= Ty ), the net output is
zero, at best. SArd's engine converts work to information (when storing an observation in memory), and
information to work (when exploiting the memory).

To produce positive average net work output, all engines, information engines and heat engines alike, need
temperature differences [42], or alternatively non-equilibrium uctuations that can stand in for temperature
differences [59]. FoiTy < T, the Sziard engine cycle approaches Carnot ef ciency [75], but only if
information is processed correctly, as outlined above. There are, of course, other memory making strategies
that yield less work.

3.6 Decision problems with uncertainty can be linked to partially observ-
able Szilrd engines.

The decision problem becomes interesting when uncertainty-free reconstruction of the value of the hidden
variableu from observations is not possible. The observer's challenge is to map data to memory in such

a way that inference quality is high, while energetic costs remain low. The engine's maximally achievable

net work output depends on how intelligently data processing is implemented [42]. Rational decision strate-
gies can be probabilistic, characterized by conditional probabifijegx). Whenm is given, there is an
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Figure 3.15 The decision problem. Left: realized by a partially observablar8zhgine; center: speci ed
by the conditional probabilitp(u = 1jx). Right: a fractionv of observable outcomes are informative, of
those, half correspond to the left side being empty; 1 v are uninformative.

optimal, memory-dependent work extraction protocol, which can be applied mechanistically. It moves the
divider into the direction that is most likely empty, leaving a residual volume fraction as large as the remain-
ing inference error probability [75]. The observer's freedom in choosing a decision strategy thus lies in the
choice ofp(mjx).

For binaryu, the intrinsic uncertainty is speci ed by the probabilgfu=1jx). A corresponding partially
observable SZird engine can be constructed for any such problem with constant probability dgmgity

by re-orderingx, so that thep(u =1jx) values are in ascending order, resulting in a monotonic function
d(x)?°. A physical divider shaped a¥(x) is then used in the S#td engine, with any discontinuities
connected vertically. The engine can be assumed, without loss of generality, to have a container of unit
length in all directions.

Importantly, this general correspondence makes our framework extendable to other types of uncertainty.

3.7 The decision problem.

Here, we consider a rudimentary decision problem: a fraati@n(0; 1) of the observable outcomestell
us with certainty which side is empty, i.p(ujx) is either 0 or 1 for thesgr. The rest of the observations tell
us nothing at all about, i.e., thosex havep(ujx) = 1 =2. The corresponding partially observable 8uil
engine has a divider with a horizontal part of width= 1 v in the middle (aty = 0), and two vertical
parts, located at = w=2 (left panel of Fig. 3.15). The problem is characterized by

8
<0 ifx2X,=[ 1=2; w=2]

pu=1ljx)= 1=2 ifx2Xy =( w=2;w=2) ;
1 ifx 2 Xgr =[w=2;1=2]
D E
(Fig. 3.15, center). It contains bits of usable information! [X;U] = hin [p(ujx)=p(u)]i yyjx) (x) -
X

vin(2).

As in Szilard's original engine, the divider can be used as a piston to extract work by increasing the
accessible volume. With access to the partickeosition alone, the accessible volume can, at best, be
doubled in a fractiowv of all engine cycles.

3.8 Naive coarse graining.

The maximum average amount of wol)&* = kT vIn(2), can be extracted if the observer coarse grains
X into the three regions{. , Xy , andXgr. Coarse graining is a data representation strategy that implements

2The construction for non-constanx) is discussed in Appendix O.
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a hard partition of the observable space by using a deterministic piagx) = mm(x) ( denoting the
Kronecker-Delta), in this case mapping to three distinct memory statesfoi(), = 1if x 2 X,
m(x) =0 if x 2 Xy, andim(x) =1 if x 2 XR.

This classi cation embodies two binary decisions: rst, decide if the data are informative or not, then,
if informative, decide if they belong t&, or to Xg. The situation is sketched in the right diagram of Fig.
3.15. The total amount of information kept in memon; X ] = B[M], becausd?[MjX] = 0. To
evaluate the entropy, we introdueéx) := (1 x)In(1 x) xIn(x)>0for0O<x< 1,h(0)= h(1)=0.
The choice of the base of the logarithm determines the units of information; for base 2 wérje=
h(x)=In(2), andf,[M] = B[M]=In(2). The total information kept by this memory strategy splits into
two terms:

B,[M] = ho(v) + v: (3.40)

There ardh,(v) bits of information about whether or not a data sample is informative — useless information

for energy harvesting purposes. Onlpits of the total memory reveathichside of the container is empty,

and are therefore usable. Coarse graining into three states is wasteful, becauseh f@ejsusable bits.
Strategies such as this one, which maximize gain regardless of cost, are typically used in the information

engine literature. These strategies are not always thermodynamically rational. To see how bad this type of

strategy can be, note that, in this example it leads to an upper bound on net average work output of

Wi = k(T Tm)vIn@) KkTyh(v) (3.41)

This bound isnegativewhen the relative temperature difference, := (T Ty )=Tu, is belowhy(v)=v.

Typical experimental realizations hafe= Ty . That would imply an averageet work lossof, at best,

KT h(v) per cycle, if no other dissipation was encountered in the implementation. The observer would be
better off doing nothing at all. This shows that data processing costs cannot be ignored, and at least a lower
bound should be compared to the derived gain in experimental studies.

Maximizing energetic gain alone, regardless of processing costs, is thermodynamically rational only
for T >> T m, because in this regime energetic costs associated with keeping more information become
negligible, as every usable bit allows for comparably enormous gain. But the engine's behavior is then
dominated by the large temperature gradient. In the more interesting regismeatitemperature ratios,

= T=Tm, the quality of the observer's information processing governs the engine's behavior. In this
regime rational decisions make a considerable difference.

3.9 Thermodynamic rationality.

For any given observer strategyymjx), the upper limit on average net engine work output is the maximally
possible work gainkT | [M; U], minus the smallest possible amount of work needed to run the memory,
KTwm I [M; X ] [42]: Whet = Kk(TI[M;U] TmI[M;X ]): Thermodynamically rational agents use that
strategyp (mjx), which maximizesWet. Mathematically, chh strategies are solutions to the following
optimization problemargmax,mix) Wast [P(Mjx)]; subjectto . p(mjx) = 1, 8x [42]. These solutions

are computable with the “Information Bottleneck” algorithm [66].

When the observer remembers something, we h@ve X 1> 0. The ratio of maximally extractable
work to minimal cost then cannot excekd | [M; U J=kTy | [M; X ] ,sincel [M;U]  I[M;X]. The
temperature ratio determines théhermodynamic valuef usable information. We expect the observer
to remember varying degrees of detail, depending obecause keeping more information requires more
work, an investment that, in general, makes sense only if the work that can be gained from the usable part of
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the memorized information,, := 1 [M; U], exceeds the invested amount. The rest of the total information
captured) m := I [M; X ],isuselessty = Im  |y.

The optimization problem can equivalently be understood as nding the data representation that contains
the least amount of useless information, subject to capturing as much useful information as possible:

argming(mjx) (Iu [P(Mjx)] Iu[p(mjx)]) (3.42)

subject toP m P(mjx) = 1. The relative temperature difference, = 1, controls the trade-off.

We saw that, in the range< < 1+ hy(v)=v, coarse graining into three regions is worse than doing
nothing. But we also know that for> 1, the engine could in principle produce positive average net work
output, as long as the observer can nd a memory that captures enough usable information without being too
wasteful. What do rational decision strategies look like in this range? Do they rely on two memory states,
or on three?

To answer these questions we enlisted the help of the algorithm [171], but visual inspection of the numer-
ical solutions revealed a parametrization of thermodynamically rational observer strategies (shown in Fig.
3.16Y%

Figure 3.16 Thermodynamically rational decision strategies are soft partitions, characteripéajRy
(displayed in the cells, left), parameterized by the number of memory skafes, ), and the probabilities
p(v; ) andgs(v; ). Red lines delineate the region with uninformative outcomes, showri8:7. Right:
Each memory state carries an inference af.

This parametrization enables analytic characterization of thermodynamically rational agent behavior. The
critical values at which transitions occur between one, two, and three distinct memory states can be calcu-
lated. To that end, we write the average net engine work oummt,, as a function of , v, andgk . Optimal
o (v; ) are then determined from the conditidW/2%'=dg = 0, yieldinggs = (1 v)=v(2p 1), and
a transcendental equation fgg, which has an analytic solution for = 2. @ = % % 2v 1 (for
v 1=2). Critical values for are obtained by analytical comparisonWfe! for different numbers of
underlying memory statek 2 f 1; 2; 3g%2.

2YWWe veri ed numerically by brute force that this parametrization yields optimal engine performance.
2Detailed calculations can be found in Appendix S and T
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We nd that two-state strategies emerge only if the majority of observation outcomes are informative
(v > 1=2). The transition from one to two memory states occurs at the critical value

1 1
1 2(v) = grv2 il (3.43)

and the transition from two to three memory states occurs univergaly-(1=2) at
203=2: (3.44)

Thermodynamically rational strategies in the range»(v) < < 2 3 use two memory states as
displayed in the upper panel of Fig. 3.16: Any observation that is fully informative is assigned with high
probability,1 & (p < 1=2), to one of those memory states. The vamds just a label. The labeling
convention can be chosen such tha X get assigned tsn = 1, andx 2 Xg tom = 1. Uninfor-
mative observations in the middle region are assigned to either state at random, requiring no work. The
energetic costs are thereby reduced without negatively affecting inference quality. This two-state memory
allows the agent to extract work up k& In(2) 1 h; %+ % G v , at a minimum energetic cost
of kTm IN(2Q)v 1 hy() 2. Reducing costs becomes more important with smaljeas usable infor-
mation has less thermodynamic value. Cost reduction is implemented by softening the pagi{ton)
monotonically increases with decreasing

At 2 3 =2 (andv > 1=2), W&'j’tt = Witip (mix) is readily calculated for thermodynamically rational
two- and three-state memories. It%ikT IN(2)[1 ha(v)] in either case, explaining the transition. Compar-
ison to the naive coarse graining strategy, which gl = %kT In(2)[v hy(v)] for =2, reveals that

thermodynamic rationality results in an advantaglﬁ'\/{;ﬁ’[ﬁ’tt wvhet = %kT In(2)[1 v]. This can be up to
half of the maximal work that could be extracted (if all costs are ignored), a substantial loss in the regime
with many, but not majority uninformative outcomasioy Wt 1 lwmax asy1 1

For > 2, three-state memories (lower panel of Fig. 3.16) yield better engine performance than two-
state memories. The data representation strategy changes dramatically: with two states, uninformative
observations are assigned at random, while with three states they are mapped with probability one to the
third state, i.e., resources are dedicated to being certain about knowing nothing. Observations in the regions
XL and Xr are mapped to the respective memory state with probalilitygs, and with probabilitygs
to the newm = QO state. This is a clever way to save coding costs by softening the partition, while not
compromising the perfect inference accuracy obtained for the other gtéties,mjm)=1, form= 1
The observer can thus exggact average work upntin(2) whenevem = 1is recorded. The probability
of this occurrenceip = - ;p(m)=v(l )=(Vv2 1)=(2 1).

As increasesp increases, whereby the observer can prot more often from their perfect inference.
The maximum extractable work kS In(2)p , and the minimum coding costkdy In(2) p + hao(p )
vha(p =v) . Inthelimit of large , whenp ! v, the strategy approaches coarse graining into three states.
The advantage of thermodynamically rational three-state strategies over the naive coarse graining, in terms
of the difference in the respectiW ¢!, is linear in the fraction of uninformative samples, and decreases
monotonically with :

WoRt et = kT (1 v)In[2 =2 1)]: (3.45)

When uninformative outcomes dominate ( 1=2) then thermodynamically rational observers do not
pro t from utilizing two memory states at any value of Instead, they either remember nothing and do

Z|nformation quantities for the parametric strategies are calculated in Appendix P
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nothing (one-state memory), or they use a three-state memory. This is the case when the relative tem-
perature difference exceeds the self-information [32, 172] of an informative outcome, measured in bits:
> log, (1=v). That s, the transition from one to three memory states occurs at

1 1
1 3(v)=1+log , v ;v2 O;é : (3.46)

3.10 Summary of results

These analytical results show how the thermodynamic value of information dictates the appropriate detail
with which information ought to be stored—in other words, it dictates the appropriate complexity of the
summary an observer makes of available data. Recall that, even when data are abundant, and statistical
over tting [148] is not an issue, an observer's model can still be overly complicated. For partially observable
information engines model complexity is physical: the model should not retain information that the observer
cannot gainfully utilize.

Figure 3.17 Phase diagrams comparing engines run by thermodynamically rational agents (white lines, Eqgs.
(3.43), (3.44), (3.46)) to engines run by observers restricted to coarse graining (grey lines, Egs. (R.69) -
(R.70), see Appendix R), overlaid with quantitative performance differen®&y,;, in color (see text). In

the red area, thermodynamic rationality results in positive net engine work output, while coarse graining
does not. Displayed i < 1 (v = 1 is Szilard's engine without uncertainty).

Results are summarized in the phase diagram+-inparameter space, shown in Fig. 3.17. White lines,
Eqgs. (3.43)-(3.46), delineate regions in which thermodynamically rational agents use one, two, or three
memory states, respectively. In the black area the engine cannot produce positive average net work output,
and the best strategy is to do nothing (corresponding to one memory state). Viable engines are found
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only in the colored areas. The colors compare to the performance of the best coarse graining strategy (see
Appendix).

3.11 Observers that can only coarse grain

Coarse graining observables is a standard method to think about the physics of stochastic and complex sys-
tems [173,174]. Interestingly, observers that coarse grain are not generally implementing thermodynamic
rationality. The color in Fig. 3.17 shows the difference in net engine work output between a thermodynami-
cally rational observekV o, and an observer that implements minimally dissipative coarse graiMgffj,

in units of the optimal output: Wyt := (WoR  wdety=yw ot 24,

In the red area, coarse graining fails catastrophically, producing no positive net work output, while ther-
modynamically rational strategies are able to operate the engine gainfully. This area dominates the regime
of main interest, where temperature differences are not large, and uncertainty is not negligible, but also not
overwhelming (fo0:5<v  0:9and 2, the red area covers over 60% of the total feasible area).

Importantly, the qualitative change we observed for thermodynamically rational strategies, delineating
whether the majority of possible observation outcomes is informative ((=2) or not ¢  1=2), disap-
pears. Instead, from the observer's point of view, it now appears that there is a region in which two states are
preferable for any (gray lines show the transitions, Egs. (R.69)-(R.70), see Appendix R). The universality
of the second phase transition, Eq. (3.44), also disappears. Thus, when the observer is restricted to coarse

graining, the interesting structure in the problem cannot be discovered.

3.12 Discussion

In this letter we establish an important baseline for physically motivated decision making under uncertainty
by giving a simpli ed model that allows analytical characterization of thermodynamically rational behavior.
This work has potentially wide ranging consequences. First, it opens up a large class of new modeling
strategies for complex systems, based on thermodynamically rational data representations instead of coarse
graining. Second, it provides a direct design rule for thermodynamically ef cient computing. Third, it
demonstrates clearly that the strategy of maximizing only derivable gains, typically implemented in the
information engine literature, ignore®n-negligibleinformation processing costs, and should be replaced

by a thermodynamically rational strategy. Finally, our results seriously call into question the wideagse of
hoc objective functions in optimization based approaches to Al, as the validity of such methods ultimately
relies on trust in the intuition of the designer. Our example shows that this trust might be misplaced as
intuition fails even for the simple model studied here.

240btained from numerical calculations.
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Chapter 4
Thermodynamic work in qubit systems

How much work is needed to prepare a qubit system in a desired state? In this chapter two different
de nitions of work in quantum systems are used to quantify the minimum work costs of unitary qubit
transformations. By comparing the two predictions it is shown that the work costs for perfect preparation
exceed the average energetic change of the qubit during the unitary transformation. The additional
costs required for perfect preparation depend on the ratio of the qubit energ gapfo the thermal
energyKT . The results are applicable to single-shot operations as well as operations performed on many
identical copies of the qubit.

For quantum systems the notion of thermodynamic work is not well-de ned [175-178]. Consequently,
different concepts of work arise, depending on the speci c task and the capabilities of the work extraction
mechanism [178]. The different work quanti ers only agree under speci c conditions [175]. Here two
established de nitions of work in the context of quantum systems are used to compare the work requirements
for unitary qubit operations. The chapter is organized as follows: In Sec. 4.1 the work de nitions are
introduced and brie y reviewed. In Sec. 4.2 the work costs of unitary single qubit operations starting or
ending in energy eigenstates are calculated in both frameworks. In Sec. 4.3 the calculations are extended
to systems of N-independent qubits and in Sec. 4.4 it is brie y discussed how entanglement in two-qubit
systems affects work costs.

4.1 Thermodynamic costs of quantum operations

Arguably the rst de nition of thermodynamic work in open quantum systems goes back to work by Robert
Alicki [179] and it is still widely used in the more recent literature [93, 180-184]. In this framework (re-
ferred to as “semi-classical” in the following) the system changes in response to a time-dependent Hamil-
tonianh; which is subject to some external parameter(s). The system Hamiltdthignis assumed to be
time-independent for the sake of simplicity. Using the energy expectation \&({tig,and the rst law of

The contents of this chapter are in preparation for submission with co-author Susanne Still.

94



thermodynamicsjE = Q + W, the following de nitions for heat and work are introduced [179]:

E() = t[ (t)(Hs+ hyl; (4.1)
t
QW = dd()(H5+ h) d; (4.2)
24 dh
W(t) = o () d; (4.3)
0

where (t) denotes the density matrix of the system at tim&hese de nitions ensure that the rst law of
thermodynamics is satis ed.

The semi-classical de nition of work, Eq. (4.3), is dif cult to evaluate for general quantum processes,
since it involves the derivative of the time-dependent Hamiltohiaas well as the time-dependent state of
the system (t), both of which are not necessarily well-de ned analytically or easily accessible experimen-
tally for the quantum process in question [180]. Moreover there are an in nite number of time-dependent
Hamiltonians that can be used to mediate any desired evolution [185, 186], resulting in different amounts of
heat and work in general.

So why is the decomposition of energy into heat and work introduced in Egs. (4.2) and (4.3) still widely
used? The reason seems to be twofold: 1. It matches the notion that changes of the external parameters
(controllinghy) are associated with work, while changes of the system's state (at xed external parameters)
are associated with heat; 2. For any unitary process Eq. (4.2) vanishes, because the density matrix evolves
according to the Liouville-von Neumann equati&# = i[(Hs + hy); (D]

d (1)

Q =t —(Hs+h) dt (4.4)
= itr [(Hs+ hy); (D](Hs+ hy) dt (4.5)
= itr[((Hs+ hy) (1)  ()(Hs+ h))(Hs + hy)] dt (4.6)
= i(r[(Hs+ h) ()(Hs+ h)] tr[ (t)(Hs+ hy)(Hs + hy)]) dt = 0; 4.7)

since the trace is invariant under cyclic permutations of the argumeABC ] = trf BCA] = trf[ CAB]).

Thus for unitary evolution the total change in energ¥ is attributed to work in the semi-classical frame-
work. The total energy change is path independent, it depends only on the initial and nal state of the unitary
process, but not on the choice of the time dependent Hamiltohjamsed to mediate the desired unitary
evolution. This implies that the work is also path independent under these conditions.

Isolated quantum systems evolve unitarily, allowing energy changes during state transformations to be
associated with work in the semi-classical framework. However if a system is in fact isolated from its
environment during its evolution, then how can a desired output state be reached? A truly isolated system
evolves according to its unitary time evolution operdthit) = exp LHgt and this evolution can,
in general, only realize a small subset of all possible system states. To access the full state space, the
system has to be coupled to some external system or environment (itself a quantum system), mediating
a broader class of transitions. The composite system may then evolve unitarily according to some joint
Hamiltonian, capable of realizing the desired transformation of the system of interest. In this case a full
thermodynamic accounting also needs to keep track of the mediating system(s), but in the weak coupling
limit the environment's in uence becomes negligible. Luigi Accardi et al. rigorously showed that, as the
coupling strength approaches zero, the system's evolution converges to a unitary process [187], indicating
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that the mediating system's impact can be disregarded in the thermodynamic description. Thus in the weak
coupling limit the semi-classical framework can be used to easily quantify work costs for unitary evolution.

4.1.1 Work in terms of the coherent relative entropy [188]

The second de nition of work consider here is given in terms of the coherent relative erifrgpy o, rst
introduced and de ned by Philippe Faist and Renato Renner in 2018. In this framework, referred to as “CRE
picture” in the following, theminimalwork cost required to performnyquantum process can be calculated
as follows:

Were = KT In@)Dy, xol xoreli xi x0): (4.8)

The coherent relative entropy is a measure of the number of pure qubits generated or consumed, that
is, turned into maximally mixed qubits, while realizing any quantum process, taking a system inystate
and subjecting it to a logical proceEg, xo. The logical process can be any completely positive, trace-
preserving map and together with a puri cation of the input stats,r , (using a reference systeR ), it
de nes the process matrixcor, = (Ex1 xo 1ry)j ih jyg, - The operators de ne the set of allowed
free operations an operation is a free operation, if and only if it preserves some xed operatpr
O= . In the thermodynamic context, allowed operations must be Gibbs-preserving, pagserving
the thermal state = e M s=Z of the system, at xed inverse temperature= 1=kT and withZ =
trfe Hs]. In the general framework, Gibbs-preserving maps are recovered by equatingofierators
with the unnormalized thermal states e H's.

The coherent relative entropy framework is fundamentally single-shot. It quanti es the resources, in
terms of the number of pure qubits, needed to ensure that a desired process succeeds with certainty every
time. It holds beyond the weak-coupling limit. The de nition of the coherent relative entropy allows for

-approximations of the required state to be realized instead of the required state itself [188, 19%]: G-or
the zero-error work cost are optimized over states that-apgproximations of the required state.

The number of pure qubits can be seen as a universal currency, since any pure qubit in a known state
can be converted intkT In(2) of work in a process akin to a Saild engine [192,193]. Here denotes
Boltzmann's constant and is the temperature of the heat bath available during the conversion of pure
qubits into work. Thus the prefactor in Eq. (4.8) directly re ects the energetic value of each pure qubit
in a known state. By construction a negative value of the coherent relative entropy means that work in the
amount ofkT In(2)I3X! xol xRy J] x; xo) has to benvestedto make the process happen. Following
the standard thermodynamic convention adopted in the other chapters, | take invested work to be positive,
while negative work is assumed to be extractible

4.2 Work costs of single qubit rotations

To quantitatively compare the work required for arbitrary single qubit rotations in the two different pictures,
we have to specify the qubit Hamiltonian. Let us assume without loss of generality that our single qubit

'Here the thermodynamic framework is speci ed by imposing restrictions on which operations can be carried out for free.
Forbidden operations require an investment of resources to overcome the restriction [188]. This description is closely related to
resource theory approaches [40, 189, 190].

2Allowing non-Gibbs-preserving maps as free operations, renders the framework trivial by allowing for arbitrary work to be
extracted [188].

3Thus including a negative sign in Eq.(4.8), compared to the de nition in [188].
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system has a Hamiltonian of the form
Hs = EjOihQj + E;jlihlj; (4.9)

wherej0i ;jli denote the energy eigenstates of the qubit for the ground state andi for the excited
state), andEg; E; 2 R are the corresponding energy eigenvalues. The associated thermal state is a mixed
state, with each energy eigenstate weighed by the its probability according to the Boltzmann distribution:

e Eo o e E1 o
= mjomoj + mjllhlj ; (4.10)
with = 1=KT. Since the energy eigenstates form a basis in the Hilbert dpagkthe qubit, any pure
qubit statg i can be expressed in terms of a superposition of energy eigenstates:

j i=ajoi+bjli ab2CcC (4.11)

with jaj? + jbj% = 1.

Work costs are calculated for transitions from energy eigenstates to general pure qubit states and vice
versa. Transitions between that do not involve energy eigenstates are not considered, because for these
transitions no analytic expression for the coherent relative entropy exists. In the semi-classical picture the
work costs generally depend on the speci cs of the actual process, via the chdige hnft for states
that can be reached via unitary evolution, the work costs only depend on the energy expectation value of
the initial and the nal state. Since any two pure qubit states can be connected by an appropriate unitary
transformation, this does not impose any additional restrictions.

The types of state transitions considered here are of thejfiirm j i andjli | i. These transitions
can be achieved by a suitable unitary operation, for exatdpteajOihQj + bjlih0j b jOihlj + a jlihij
when starting in the ground state add = ajOihlj + bjlihlj + b jOih0j a j1ihOj when starting in the
excited state. The reverse transitions can be achievétY landU % respectively.

The associated change in energy for transitions involving the groundjéiatis,

E= (r[Hsj ih j] t[HsjohO]) = (jaj°Eo+ jb’E1r  Eo) = | H*Egap; (4.12)

whereEgap .= E1 Eg denotes the energy gap of the qubit gad 1= j b due to normalization.
Since the state transitions can be achieved by a unitary operation, the total change in the energy expectation
value is assigned to work in the semi-classical picture:

W T = B2Egap (4.13)

There might be other, non-unitary ways to achieve the same state transition in the semi-classical picture, but
they would necessarily have larger work costs and since we are interested in comparing minimal work costs
in the two different pictures, we will not consider any non-unitary process. The exact physical mechanism
implementing the desired unitary evolution remains unspeci ed and different implementations might also
result in different costs. However, to establish a lower bound on the required work costs, it is suf cient to
consider the case where the implementation comes at no additional costs.

How large are the work costs in terms of the coherent relative entropy? We focus on perfect operations,
producing the desired state every time, thus settind for all calculations involving the coherent relative
entropy. In general the coherent relative entropy cannot be evaluated analytically, but if either the initial
or the nal state is an eigenstate of the respectiveperator, an analytic expression exists, as shown in
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Corollary 30 of [188]. For qubit rotationsx=s = xo=g = and energy eigenstates are also eigenstates
of = e s,

Evaluating the coherent relative entropy joir! j i leads to
. . . - . - EO - . -
D(johg j ih jjj) = g, —E,reEr DPmax( ih i)
e Eo

= g s 0% i) )
_ e Eo _,e Eote 1 g Eoipg Ei
- % gEe e A oEs TITE
= log, jaj®+ jb’e® e
_ 1 a2 . .2 Egap .
= h@ B g M QI EYe , (4.14)

where the rst equality follows from Corollary 30 in [188] afmax( jj ) = log »ji 2  3jj; de-

notes the relative max-entropy [188]. Since the argument is a pure state the relative max-entropy simpli es
to the logarithm of the matrix elemeBtnax(j ih jjj) =log ,(h j 1j i)% Similarly the reverse tran-
sition,j i!j O0i, can be calculated as:

e Fo
D@ ih jj 0hGjjj) = Dmn:o(i ih jjj)+log 5 e Eote B

noEe g W@ EYeE o @1s)
where the relative min-entrofy min: o(j ih jjj ) = log,(h j j 1) is also given by the logarithm of
the matrix element for pure stafes

To determine the work costs, the expressions for the coherent relative entropy are inserted into the def-
inition of minimal work costs in terms of the coherent relative entropy, Eq. (4.8). Assuming that the
experimenter only has access to a single heafbkih= 1, the minimum work necessary for the qubit
transitiongOi  j i inthe CRE picture is

Wike! "= Egap+ kTIn jb2+(1 j e Bow™T . (4.16)

In Fig. 4.1 the work costs of transitions to and from the ground sia& | ', are evaluated as a
function ofjbj? for both frameworks. In the CRE framework different ratioskaf to the qubit energy gap
Egap = E1  Eo are shown in different colors. While in the semi-classical framework the work costs are
linear injkj?, black lines in Fig. 4.1, this is not the case Wicre . Instead the minimal work required for
the qubit transition strongly depends on the ratidegf,=kT, when evaluating it in terms of the coherent
relative entropy (colored curves in Fig. 4.1).

The two pictures only agree on work costsjtif? is either zero or one, corresponding to transitions

4The L-in nity norm jj jj1 returns the largest entry of a complex veckoijxjj1 = max jXij.
The relative min-entropy is de ned @ min : o( jj ) = log, tr[ ] with denoting the projector onto the support of
[188].

Access to additional heat baths, would provide additional resources, rendering the comparison invalid.
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Figure 4.1 Comparison of work costs in terms of the coherent relative entropy (colored lines) and work costs
in the semi-classical picture (black lines) for single qubit transitions. Left: State transitions from the ground
statgj0i toj i = ajOi + bjli. Right: State transitions frofn i to jOi. Work costs are plotted as functions

of j2. In the coherent relative entropy framework the costs depend on thekatiBgyap. The energy gap
istakento b&gep = E1  Eo  1for simplicity and work values are displayed in units of the energy gap.
The difference between the two pictures is more pronounced for larger val&ggg ek T (colored curves).

between energy eigenstai®  jli. For these transitions the work costs equal the change in the energy
expectation value for both frameworks:
joi 1 _ _ \nJ0i i,
Were ™ = Egap = Wge : (4.17)
Interestingly, these two extremes correspond to classical states in the energy eigenbasis, while any state with
0 < jb? < 1 has a non-zero amount of coherence in the energy eigenbasis of the qubit.
Closed loops ofthe forij0i 'j  i!j Oi are free of cost in the semi-classical picture, while in the CRE
framework a non-zero cost of

Wil W= W T wl ) % = kTn 1+2jK2(1 | b%) cosh % 1 0;(418)
is required. For anybj?2 2 (0;1) Eg. (4.18) is positive and work has to be invested to transition to a
superposition state and back to the ground state. Only loops consisting solely of energy eig¢nstatés (
orjbj? = 1) are free of cost in the CRE framework.
While 1 only considered transitions to and from the ground gtiitef the system, the same calculations
can be done for transitions starting or ending in the excited gfiateesulting in:

Wike! "= Egap+ kTIn (1 j b2)+ jp%e Bow™T . (4.19)

The CRE framework determines th@nimumwork cost necessary to realize a given quantum process,
but here it is shown that work costs (gains) in terms of the coherent relative entropy exceed (subceed) the
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costs (gains) in the semi-classical picture for state transitions that involve coherence generation in the energy
eigenbasis. The small&T compared to the energy gap of the qubit, the larger the difference between the
two pictures and in the most interesting regirk&, < E gap, generating even a small amount of coherence
comes at a signi cantly increased cost, compared to the change in average qubit eriergy,

4.3 N-qubit systems

When it was rst introduced by Faist and Renner in 2018, the asymptotic behavior of the coherent relative
entropy in the limit of many identical and independent copies of the process (i.i.d. limit) was analyzed and
it was found that the coherent relative entropy (per realization) converges to the difference in the quantum
relative entropies of the input state and the output state with respect to the appropriate thermal states [188].
Importantly this limit only holds for imperfect preparations witbeing small and kept constant or taken to
zero slower than exponentially b (while simultaneousiyN ! 1 ). A non-zero allows the actual output
state to differ from the desired state by at mgsineasured in terms of the puri ed distance [188]. In all
calculations so far we considered perfect preparations, izeQ, which implies that the output state has to
be the desired state. In general, we expect the work costs to decrease for

What are the costs per operation in the i.i.d. limit if perfect preparatien() is required? To simplify
the discussion we only consider the transitjon! j +i = ’0'”1' for N qubits. Let the single qubit

Hamiltonian beHg = Egsjlihlj with Es 2 R, where without Ioss of generality we have & = 0 to

avoid additional terms. For a single qubit the change in energy expectation value during the transition is
given by

Es.
-
The process can be mediated by a Hadamard opérater pl—i(jOihOj + jOihlj + j1ihQj j 1ih1j) acting

on the qubit. Since the Hadamard is a unitary operation the work cost in the semi-classical picture are
wil *! = Eg=2. To calculate the work cost in the CRE picture, we use Eq. (4.16)jWjfth= 1=2 and

Egap = Es:

Ejoij +i =tr[ Hsj+ih+j] tr[Hs]OIhQ]] = (4.20)

o 11
WL " = Es+KkTin —+ e W (4.21)
E
= 75 + KT In[cosh Es=2kT)]: (4.22)

As expected we have/ /3L *' > w 1% *1 for a single qubit, sinctn[cosh Es=2kT)] > 0 8Es 2 R,

What happens if the operation |s performedMnindependent qubits simultaneously, i.e., what if we
now consider the transitigi Ny j i N2 Instead of hawlgg adimensional system we now have™
dimensional system. The total system HamiltoniaHlig = k o Ex JEKIhEj, with energy eigenstates
jEi and associated eigenvalugg. Herek labels the2\ differentN -qubit states. The thermal state of the
N qubit system is

X" 1 X
= GEdhEj= S e E kJEKINEY] ; (4.23)
k=0 k=0
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P
with partition functionZ =, e E«. The change in the energy expectation value is

1 X

oN
k=0

En =t j+ih+j N Hie] = Ex; (4.24)

and since all qubits are independent, the valugpnly depends on the number of individual qubits, in
jEki, that are in statgli. Thus the lowest value di is zero, when alN qubits are in statgdi and the
highest value i€k = NE s when all qubits are in the excited state. Both of these values appear only once,
but intermediate energy eigenvalues are degenerate. Collecting terms with the same Hluwefcan

write

En = 2iN N(1 Eg)+ w(z Eq)+ NN ;)I(N 23 Eq)+ +1(N  Es)
XN
- 27N k kES
k=1
_ 1N _ n Es.
= 2 'NEs=N=>; (4.25)

p
where [2':1 'E k =2N IN was used. As expected the change in the energy expectation value (and thus

the work in the semi-classical picture)Ns  Ejoij +i-

Since the initial statgdi " is an eigenstate of, the coherent relative entropy for the transitjoin N !

jti N can be evaluate using the max-relative entropy and the same combinatorial argument used in Eq.
(4.25):
D = 100)(%) Dmax((j*+in+j) Njj) (4.26)
= logy(d) logy(hi M ixi M) (4.27)
1 X
= log,(g) log, N O A (4.28)
o 1 0 1
XN N
= log,(2") log; @  gog, *A =log,(2") log, @ eF A (4.29)
k=0 k=0
= N log, 1+NeES+We2ES+:::+Ne(N DEs 4+ NEs (4.30)
|
XN '
= N log, e"Es =N log, (1+eEs)N (4.31)
=0 "
m . e, 1
E 2 + 2
= N(@ log,(L1+eEs)=N 1 log, 2¢ = & ° a €’ (4.32)
" Es . 5!#
E 2 2
= N 1 logy(2) log(e =) log, ° ; © (4.33)
_ Es 1 Es .
= N 2InQ) mIn cosh - . (4.34)



Thus the work costs of the individual qubit transitions in the CRE picture are

Ny o+ N Es 1 S
xTin@ in@ " N %7

Wl = KT In@2)N = NWDOL * (4.35)
which is exactlyN times the cost of realizing the state transition in a single qubit system. Since all qubits
are independent, this is the expected result. Simply considering an ensemble of many identical copies of the
process should not change the work cost per realization and that is what we nd.

How does this relate to the asymptotic i.i.d. limit for non-zeravhere work costs per operation are given
by the difference in quantum relative entrogiess discussed in [188]? In the example considered here the
input state ig0i, the output state igti and the thermal state is = gpj0ihQj + g1 jlihlj. The quantum
relative entropies are easily calculated to be:

D(joihGjjj ) =t jOihQj (log,(jOihG))  log,( )] (4.36)
= t[joihGjlogy( )]1=  logx(go); (4.37)
D(j+ih+jjj ) = tj+ih+j(logy(j+ih+]) logy( ))] (4.38)
= tfj+ih+jlogy( )] = %(l092(90)+|09 2(%)); (4.39)

wheretr[j0ihQj log,(jOih0j)] = 0 = tr[ j+ih+jlog,(j+ih+]], because the arguments of the logarithms are
pure states. The difference in the quantum relative entropies is

Es
2In2)

L . 1 1
D@oiGj ) D(+in+jjj )= 5log, 3(1) = 5 0g;(e Fs)= (4.40)
sincegg = 1=Z andg; = e Es=Z. Thus the work costs per qubit in the asymptotic limit (with non-zero
) are given by KT In(2)[D(jOihQjjj ) D(j+ih+jjj )] = Es=2, which is consistent with the work costs
per qubit in the semi-classical picture, Eq. (4.25), but less than the per qubit costs in the CRE picture when
perfect preparation is required, Eq. (4.35).

4.4 Entanglement

In Sec. 4.2 single qubits state transitions were considered and it was found that the semi-classical picture
underestimates the work costs necessary to perfectly prepare superposition states starting from energy eigen-
states. In this section the analysis is extended to entanglement between two qubits and it is shown that the
semi-classical approach also underestimates the minimum work costs if perfect preparation is required.

Let the system Hamiltonian describing the two qubits be

Xt
Hs = Eij jij ihij j ; (4.41)
i;j =0

with eigenstatefij i and associated energy eigenvaligs(i;j 2 f 0; 1g). The thermal state of the system

"The quantum relative entropy of two quantum statesd isdenedasD( jj )=tr( log,( )) tr( log,( )).
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is a probabilistic mixture of the individual energy eigenstates

X
== e S jijinijj ; (4.42)
i;j =0
with partition functionZz = j € Eii . Following the analysis in Sec. 4.2, we consider transitions from an
energy eigenstate to an entangled s§@@, | i = ajo0i + bj11i witha;b2 Candjaj?+ jbj2=1. The
statej i is entangled for any choice ¢éj> 6 f0;1g. State transitions starting or ending in other energy
eigenstates are possible and is not the most general entangled state for two qubits, but to show that
perfect entanglement generation requires work costs exceeding those predicted by the semi-classical picture
itis suf cient to considejOGi | 1.
The change in energy expectation value during the transition is given by

E= (r[Hsj ih j] tHsjOONOG]) = j b*(Exx  Eoo): (4.43)

There exist unitary transformations that take the §@eto statg i and thus in the semi-classical picture
the state transition can be achieved at a work cost of no more than

wge' ' = BP(En Eoo) (4.44)
Since either the initial or nal state of the transitigiQi, is an eigenstate of the thermal operatothe
coherent relative entropy fg00i ! j i can be calculated using the Corollary 30 from [188]:
e Eoo
DB(joohoo j ih jjj) =  log — Dmax( ih jij ) (4.45)
e Eoo o
= log, ~ log,(h j i (4.46)
_ g Eo . Z L, Z
= oG —— JaT e, TN (4.47)
= - i ihi2 i 2 (E1x Eoo)
= @ En B oy bt b%e (4.48)

This is exactly the same expression found for a single qubit, Eq. (4.14)Byithsubstituted bye11  Eqo.
Similarly the reverse transitiofi, i ' j 00i, results in

1

B i j j 00hogjj) = h®

(E1x  Eoo) In jb%+(1 j e Fu Ew) : (4.49)

In(2)
In terms of the coherent relative entropy the work costs are given by
WhE 1= (Eu Eoo)+ KTIn jbi2+(1 j G?)eEn Ee)=T (4.50)

which differs from the work costs in the semi-classical picture in exactly the same way as in the case of
coherence generation in single qubits, discussed in Sec. 4.2. Additional work costs or reduced gains are
thus not limited to coherence generation in single qubits, but extend to entanglement in qubit pairs.

80ne example i) = ajO0ih00j + j01ih10j + j10ih01j + a j11ih1lj + bj11ih00j b jO0Ih11j
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45 Discussion

The thermodynamic work required to perfectly prepare single-qubit states and two-qubit entangled states can
signi cantly exceed the average energy change during the transformation when quanti ed using the coherent
relative entropy. This holds true both in the single-shot regime and in when the process is independently
performed on many identical qubits (i.i.d. limit). The semi-classical picture, which equates the work cost of
unitary transformations with the system's average energy change, does not account for these additional costs.
Since the work quanti ed in terms of coherent relative entropy representaitimmumthermodynamic cost
required for quantum state preparation, the semi-classical approach fails to accurately capture the true work
expenditure needed for perfect qubit state preparation. Only in the asymptotic limit, where the process
is repeated on many identical qubits and small imperfections in state preparation are allémpdrfect
preparations), do both frameworks converge on the required thermodynamic resources. In all other cases,
the semi-classical approach can severely underestimate the actual work costs.

High delity realization of superpositions and entangled states is a fundamental requirement for guantum
simulations and quantum computations. To preserve the quantum states for the duration of the computation,
practical qubit implementations have ratios of qubit energy &ag,, to thermal energyk T, ranging from
greater tharl0 in superconducting qubit§194] and semiconductor spin qubits [195] to orderd 00 and
higher for optical trapped ion [196] and neutral atom quBi{d97], putting these systems in a regime,
where the additional work costs predicted by the CRE framework are non-negligible and could potentially
be measured in experiments [198].

In related work, it was shown by Oscar Dahlsten et al. that the von Neumann entropy is generally
inadequate for characterizing extractable work [175]. It only provides accurate results in the thermodynamic
limit. Dahlsten et al. pointed out that smooth entropies should be used to quantify work, since they provide
more accurate expressions and reduce to the von Neumann entropy in the appropriate limit [175]. When the
coherent relative entropy was rstintroduced, it was shown to recover known entropy measures under certain
conditions [188]. For example, in fully degenerate systemss (1), and when -imperfect preparations are
allowed, the coherent relative entropy reduces to the smooth max-entropy [188], thereby recovering results
previously obtained by Dahlsten et al. This suggests that minimal work costs are most accurately described
in terms of the coherent relative entropy, with previous results based on smooth entropies and the von
Neumann entropy recovered under appropriate conditions. It is in line with the results obtained here: the
semi-classical description, based on quantifying work in terms of changes in external driving parameters,
only provides an accurate quanti cation of work costs in the i.i.d. limit and wittnperfect preparations.

In contrast, results based on the coherent relative entropy remain valid even when perfect preparations are
required and in single-shot scenarios.

The results obtained for superpositions of energy eigenstates and entangled states indicate that the semi-
classical framework is insensitive to off-diagonal elements in the energy eigenbasis of the qubits. This
was already noted in 2023 by Borhan Ahmadi et al., who claim that the semi-classical de nitions of heat
and work are only valid for systems that remain diagonal in the energy eigenbasis [199]. They suggest a
re-de nition of work and heat based on Clausius' original reasoning to resolve this issue and it would be
interesting to compare their predictions to results obtained via the coherent relative entropy.

The comparison done here is limited to transitions to and from energy eigenstates. However, it would
also be desirable to compare the two frameworks for more general quantum channels and especially for

*Typical energy gaps are on the order5ff eV, while operating temperatures are usually beBOMK, corresponding to
kT 4 eV.

%Here typical energy gaps are on the ordet of 3eV and at room temperature]  25meV. With laser cooling techniques
temperatures can be brought down 1.
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transitions from pure states to mixed states.

Quantum coherence can be used as resources in guantum information processing tasks and in thermo-
dynamics [200-202]. Ahmadi et al. also suggest that coherence is a resource for extracting work from the
system [199]. This implies that coherence generation should come with additional energetic costs. Whether
the additional costs predicted by the CRE framework correspond to the resource values of coherence and
entanglement is an interesting open question for future research.
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Chapter 5
Conclusion and Outlook

This dissertation explored the thermodynamics of physical observers, demonstrating how physical con-
straints shape information processing and decision-making under uncertainty. It adopts the philosophy of
embedding observers within a physical framework, enabling a principled approach to rational decision-
making that avoidad hocmodeling choices. This provides a physics-based alternative to the usual approach
taken in decision theory and machine learning, where a designer mathematically de nes subjective notions
such as “utility”, “reward”, “regret” or “loss”, thereby de ning a notion of what it means to act rationally.

To study physical observers taking binary decisions under uncertainty, two model classes of generalized
partially observable Szrd engines were introduced and analyzed. These models constitute canonical ex-
amples of generalized partially observable information engines. The observer's goal is clear: extract work
from the engine using available information. Due to partial observability, relevant information must be in-
ferred from available data, introducing a non-trivial trade-off between thermodynamic costs and bene ts
of memory [42]. Storing more relevant information improves inference quality, allowing for greater work
extraction—an effect proportional tr 2—but each stored bit of information incurs a thermodynamic cost
of at leaskT In(2). The temperature ratio= T%T controls the trade-off, determining the thermodynamic
value of relevant information.

Optimal information processing strategies for different values wafere found algorithmically. These
strategies, termethermodynamically rationaloptimally balance information processing costs against en-
ergetic gains derivable from memorized information. In general, thermodynamically rational strategies are
probabilistic mappings from observables to memory states. Even for simple models, their structure can be
highly non-trivial and intricate, as seen in Chapter 2. However, for the model class introduced in Chapter
3, the fact that these strategies can be fully captured by a parameterized class of probabilistic encodings
allowed for a more intuitive interpretation. Importantly, it also enabledathalytical characterization of
thermodynamically rational observer strategies presented in Chapter 3. This constitutes the rst fully trans-
parent description of a physical observer making rational decisions under uncertainty.

The analysis of optimal probabilistic strategies has signi cant implications. Naive coarse-graining-based
strategies, widely used in physics, including in the information engine literature, operate at non-negligible
energetic loss, because they incur signi cantly larger information processing costs than the thermodynami-
cally rational strategies analyzed in this dissertation. This shows clearly that coarse-graining, as a strategy
for representing available information, is thermodynamically rational only in extreme cases. Those cases
are: either when uncertainty is negligible, or when coding costs are negligible. While these conditions can
be engineered in specialized experiments, neither of these cases is relevant to real-world information pro-
cessing systems. Thus, in general, thermodynamically rational modeling decisions can be expected to do
better than coarse-graining in most real-world scenarios. The use of probabilistic encoding strategies opens
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up a large class of new, more exible modeling strategies for complex systems, with potential applications
in climate modeling and condensed matter physics, where coarse-graining is a common technique. Since
thermodynamically rational encodings minimize the lower bound on dissipation, they also provide a direct
design principle for thermodynamically ef cient computing hardware.

A general mapping that relates binary decision problems to partially observatidedSailgines is intro-
duced in Chapter 3. This mapping makes the thermodynamic framework used in this dissertation broadly
applicable for studying binary decision making under uncertainty from a physical perspective. For a given
binary decision problem an equivalent partially observablea8tikéngine can be constructed and thermo-
dynamically rational decision strategies can be analyzed.

The last chapter, Chapter 4, opens the door to a an extension of the classical framework discussed in the
previous chapters to quantum systems.

The research in this dissertation is not intended to be a direct model of the functioning of biological or
arti cial decision makers. Highly abstract, idealized model systems and settings were studied that should be
understood as thought experiments. This approach follows a time-tested method in theoretical physics, start-
ing with the simplest possible problems in order to build intuition and make progress on tough questions.
There is no claim made to understand arti cial neural networks, biological machinery, or simple organ-
isms, but | do hope that the physical treatment of observers pursued here will contribute to a physics-based
approach to intelligent information processing and decision making under uncertainty.

Some experimental applications of the results derived in this dissertation are currently being explored
by our group and collaborators. | highlight a few of these applications and other current projects in the
following.

5.1 Experimental veri cation

The thermodynamically rational strategies discussed in Chapter 3 are currently being realized in the lab
of John Bechhoefer at Simon Fraser University (SFU). Experiments use a micron-sized bead is trapped in
harmonic potentials. This collaboration between the Bechhoefer and Still Labs includes SFU PhD student
Prithviraj Basak, myself, and Thomas Redford. Preliminary results for the experimental work costs of
memory making have veri ed the theoretical predictions in Chapter 3.

5.2 Partial observability due to measurement error

In this thesis measurements are assumed to be error free and partial observability stems from structural,
observer-dependent constraints, such as only being able to observe at an angle. This results in uncertainty,
even for perfect, error free measurements. However, partial observability can also arise due to imperfect
measurements. Introducing measurement error int@$slengine leads to a binary decision problem un-

der uncertainty that can be mapped to a partially observablar8zingine with an appropriately shaped
divider and no measurement error. The shape of the divider can be calculated from the probability distri-
bution characterizing the measurement error. A paper on partial observability due to measurement error is
in preparation. This is a collaboration in the Still Lab including PhD student Thomas Redford. One of the
interesting ndings is that in the limit of Gaussian errors with large variances the model discussed in Chapter

2 is recovered.
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5.3 Protocol constraints

In another collaborative experimental project with Prithviraj Basak, John Bechhoefer, Thomas Redford and
Susanne Still, a restricted S@itl engine, subject to protocol constraints, is analyzed in both experiment
and theory. Again, we nd that naive coarse-graining is not an optimal strategy, and demonstrate that ther-
modynamically rational strategies, modeled after the parametric soft partitionings introduced in Chapter 3,
outperform coarse-graining based strategies. These strategies allow the observer to operate the information
engine at any value of the temperature ratiovhile coarse-graining based strategies do not.

5.4 Physical Observers and Quantum Reconstructions

Quantum theory has achieved unparalleled success in predicting and explaining a vast range of physical
phenomena. However, even a century after its inception, no universally accepted interpretation of the theory
exists. The textbook formulation of quantum mechanics relies on a set of highly abstract, mathematical
axioms [203-205]. While this is effective for making accurate predictions about experimental outcomes, it
has contributed to the ongoing debate surrounding the interpretation of quantum theory. Currently, multiple
interpretations, based on mutually contradictory concepts, co-exist [206]. Some famous interpretations in-
clude the Copenhagen Interpretation [207,208], Bohm's guiding wave interpretation [209], the Many Worlds
Interpretation [210], the Consistent Histories Interpretation [211] and the Relational Interpretation [212], but
this list is by no means complete. It has been suggested that the multitude of possible interpretations stems
from quantum physics' lack of foundational principles [206, 212]. In response to this enduring challenge,
many researchers have attempted to reconstruct quantum mechanics from different sets of axiomatic prin-
ciples leading to signi cant progress in various approaches such as quantum logic [213-215], generalized
probability theory [216—-219] and relational quantum mechanics [212], though a complete and universally
accepted reconstruction remains elusive.

Successful reconstructions of quantum mechanics help to identify the underlying physical principles that
give rise to the mathematical formalism thus explaining where the structure of the theory comes from. A
better grasp of the physical foundations can in turn open the door to modi cations [220, 221] and may
suggest a way to combine quantum theory with gravity [220]. The rst reconstruction attempts were based
on mathematical axioms [222-224] and many were related to the eld of quantum logic, which traces its
origins to work by Birkhoff and von Neumann [213], who realized that the original axiomatic formulation
of quantum mechanics posed conceptual problems [225, 226].

While quantum logic has since developed into a rich and active research eld, its contributions have
primarily focused on the mathematical structure of quantum theory rather than resolving its conceptual
issues. To achieve this, reconstructions must be based on clear yet powerful physical principles, similar
to the derivation of special relativity from the principle of relativity and the invariance of the speed of
light [227]. These two concise and intuitively accessible postulates are suf cient to fully determine the
mathematical formalism of special relativity.

Around the turn of the millennium increasing focus has been put on instrumentalist approaches, beginning
with work by Hardy [216]. At the same time the concept of information has emerged as a central theme in
many reconstruction attempts [217, 218, 228—-234], going back to seminal work by Rovelli [212]. The rise
of quantum information theory has led to quantum theory being viewed increasingly as a general theory of
information with information theoretic constraints [235]. These views have led to a number of successful
reconstructions of the mathematical formalism of quantum theory from different sets of concise, operational

'Here “quantum mechanics”, “quantum theory” and “quantum physics” are used interchangeably.
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axioms [216,220,221,232,233,235-238].

Despite these successes and their great technical achievements, all of these reconstructioreedrely on
hocchoices for the postulates and a universally accepted interpretation of quantum theory remains outstand-
ing. We ask: Can the reconstructions' underlying axioms themselves be derived from a physical principle
governing the observer, instead of relying oneggriori chosen set of postulates?

We view the observer as a physical system itself, thus subject to fundamental physical limitations on in-
formation acquisition and processing. Analysis of limits related to the minimal energy that will be dissipated
when a physical observer acquires and memorizes information has revealed a fundamental lower bound on
dissipation that depends on the strategy the observer uses for acquiring and memorizing information [42].
There are strategies that minimize the bound, as shown in Chapters 2 and 3. Do these strategies lead (to
some of the) axioms employed in these reconstructions?

In the next section, Sec. 5.4.1, we review the general reconstruction process and highlight important
milestones and successful reconstructions. In Sec. 5.4.2, relational quantum mechanics is brie y reviewed
and a possible connection to information processing in thermodynamic observers is highlighted.

5.4.1 Axiomatic Reconstructions of Quantum Theory

Reconstructing quantum mechanics from physical principles involves deriving the full mathematical for-
malism of the theory from a set of axiomatic postulates, narrowing down the vast space of possible physical
theories until quantum theory is the most general theory compatible with all axioms. Countless possible
sets of axioms exist and many have been explored already, e.g., [216, 221,232, 238], but the ultimate goal
of nding a concise and transparent set of assumptions that can fully capture the structure of quantum the-
ory and shed light on the underlying physical principles remains unful lled. However, relational quantum
mechanics stands out, since all the axioms are purely operational, dealing with an observers' information
acquisition.

Reconstructions generally proceed in three steps: 1. A set of physical principles is put forward. 2. The
mathematical representation of the chosen principles is formulated and 3. The formalism of quantum theory
is rigorously derived [235]. Some reconstructions, usually from the area of quantum logic, skip the rst
step and immediately start with mathematically explicit axioms without any appeal to physical principles.
Since we are not interested in examining the mathematical or logical structure of quantum theory, we will
disregard such reconstructions in the following and instead focus on instrumentalist approaches and the role
of the physical observer in these reconstructions. Typically the formalism of nite-dimensional quantum
mechanics is reconstructed and we will not consider any in nite dimensional systems in the following.

The rst explicit reconstruction that departed from the ideas of quantum logic was performed by Hardy
[216]. In his groundbreaking work, qguantum theory is seen as a new type of probability theory. These types
of theories are referred to as generalized probability theories or convex operational frameworks and they
extend classical probability theory by allowing the possibility of random variables that cannot have a joint
probability distribution or equivalently cannot be measured simultaneously [213,234]. While four of the ve
axioms used in Hardy's reconstruction are compatible with both classical probability theory and quantum
theory, the fth axiom, which requires the existence of continuous reversible transformations between any
two extremal states in the convex set describing all states (these are equivalent to pure states), rules out
classical probability theory.

Hardy's instrumentalist approach, considering only preparation, transformation and measurement de-
vices, was widely adopted in the subsequent reconstruction literature [221, 235, 236, 239]. Generalized
probability theories go hand in hand with an instrumentalist approach, because they assume that at some
level there is a classical reality, where it makes sense to talk about experimentalists performing basic oper-
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ations such as preparations, mixtures and measurements and counting the relative frequencies of outcomes.
These are the primary concepts of generalized probability theories, and they provide a uni ed way to repre-
sent states as mathematical objects that determine the outcome probabilities for any measurement performed
on a system prepared in a speci ¢ state. While Hardy's reconstruction is seen by many as the rst complete
reconstruction of nite dimensional quantum theory from purely operational axioms [237], others have ar-
gued that some of the axioms, especially the simplicity axiom, used in the reconstruction, lack an immediate
operational interpretation [221, 235].

There is an important distinction between the concepts of an “instrumentalist approach” and “operational
axioms”. While instrumentalist approaches focus on the theory's predictions, the laboratory context, and
the instruments used for experiments, the underlying axioms may still be purely mathematical in nature.
Operational axioms, on the other hand, are statements that have to be understandable in terms of a sequence
of physical operations or actions. For the purpose of clarifying the physical content of quantum theory, a
successful reconstruction needs to be built on operational axioms alone because ultimately any knowledge
we have of objects of physical reality stems from physical interactions and observations [206]. Notably, the
formalism of special relativity was entirely derived from just two operational axioms.

Consequently, subsequent reconstructions eliminated the simplicity axiom used by Hardy in favor of more
operational axioms, either by constraining the information capacity of elementary systems [235] or by intro-
ducing an “information unit” [234] or by using puri cation to single out quantum theory [232]. The notion of
(continuous) reversible dynamics continued to play a key role in these and other reconstructions [221, 240].
However, generalized probability theories are not the only framework used for reconstructions of Quantum
Theory. Alternatives abound. For example, Goyal's reconstruction [220] relied on an information geomet-
ric framework equipped with the Fisher-Rao metric, taking inspiration from Wooters [241] discussion of
a connection between a “statistical distance” and the standard Hilbert space metric. Other successful re-
constructions impose information theoretic constraints withih algebraic framework [229] or pursue an
abstract formulation in terms of compact closed categories with byproducts [242, 243]. We do not focus on
these reconstructions, because they are build on top of abstract mathematical frameworks that are likely to
be of little help in clarifying the physical content of quantum theory.

5.4.2 Relational Quantum Mechanics and Physical Observers

Among successful reconstructions of quantum theory, those based on relational quantum mechanics stand
apart due to their treatment of the observer [212]. In contrast to treating the observer as an abstract, external
entity, outside the scope of the physical theory, relational approaches treat the observer as an integral part of
the theory. In relational quantum mechanics the notion of observer-independent values of physical quantities
is abandoned. Instead, all descriptions of physical systems are inherently context dependent, only valid with
respect to a speci ¢ observer. This is reminiscent of the description of events in special relativity, where a
previously absolute notion of time was replaced by a relative one [212].

A rst relational approach to quantum mechanics was proposed by Rovelli [212], and it took over 20
years for a concrete mathematical framework, together with an explicit reconstructibmobit quantum
mechanics, to emerge in work byoHn and Weaver [237,238]. While it is noted in this work that information
is exchanged via physical interactions, the interaction between system and observer is modeled abstractly as
a sequence of binary questions posed by the observer to the system [212,237,238]. The main building block
of relational quantum mechanics is the notion of predictive representations. These are used to reconstruct
the mathematical description in terms of ( nite-dimensional) Hilbert spaces.

Interestingly, thermodynamically rational observers naturally arrive at predictive representations [65].
Encoding any non-predictive information into memory necessarily increases dissipation, because only in-
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formation capable of predicting the future can in principle be used to recover energetic costs required for the
encoding [42, 65]. Since thermodynamically rational observers minimize the lower bound on dissipation,
they employ a strategy that only retains predictive information and discards everything else [42, 65].

Do some of the fundamental building blocks for reconstructing the quantum formalism from a relational
viewpoint naturally emerge when considering thermodynamic rationality? Exploring this question is ongo-
ing work conducted in collaboration with Susanne Still.

5.5 Sequential decision making and learning from experiences

The prior model of a decision maker could be poorly matched with reality, in which case they would need to
update their model given data. To model this situation, we can study the problem of interacting with a regular
Szilard engine, but in the absence of knowing where the divider is inserted in the preparation step. What are
thermodynamically optimal strategies for re ning a model through repeated observations and interactions?

In preliminary work, together with Susanne Still, we developed an algorithm based on the work discussed
in Chapters 2 and 3 of this thesis. Characterizing the algorithm analytically is work in progress.

This line of thought is potentially relevant because in many realistic situations biological or arti cial
observers do not have access to the true underlying distribution of the system they describe, instead relying
on an estimate based on observed data. Accurately estimating the underlying distribution from nite data
is a fundamental problem in statistics and machine learning and many different approaches exist, including
kernel density estimation [244], Bayesian density estimation [245] and generative modeling [246—248].
While some of the existing methods are loosely based on physical analogies, the approach suggested here
can be used to study model estimation from the perspective of physical observers. Different estimation
strategies have different thermodynamic costs associated with them.

5.6 Other possible extensions

5.6.1 Biased information engines

Both model classes of generalized partially observabléa&kéngines studied in this thesis are unbiased in
the sense that priori both realizations of the relevant variable are equally proballez 1) = % = p(u =

1). This results in a work medium geometry that has point symmetry around the center of the container.
Simply shifting the initial divider position in the work medium horizontally leads to less symmetric engines
with a bias towards one realization of the relevant random varidbM/hat do optimal strategies look like
for these engines? Can the observer exploit the bias?

Preliminary investigations | conducted show that optimal observer strategies change, losing the symmetry
that they contain for unbiased engines. Since the total amount of relevant information decreases in biased
engines, larger temperature ratios are required to operate them compared to their unbiased counterparts.
More work is called for on these engines to fully uncover the effects an initial bias has on the observer's
optimal data representation strategies.

5.6.2 Applications in biological systems

In this dissertation, | used partially observable information engines as model systems for physical observers.
Abstract binary decision problems are studied from a purely physical perspective. Many biological sys-
tems solve binary decision problems: membrane proteins open or close, kinesin proteins walk forward or
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backwards along microtubules and apoptosis can be triggered on a cellular level. All of these decisions
are based on noisy signals gathered from stochastic environments, providing examples of binary decision
making under uncertainty in the real-world.

Recent work in this area has focused on ATP-binding cassette (ABC) transporters [157], which are trans-
port proteins broadly found in eukaryotic and prokaryotic cells. By constructing an explicit model based
solely on structural and biochemical information Flatt et al. demonstrated that ABC transporters can be
viewed as autonomous Maxwell Demons, providing biochemical counterparts for measurement and feed-
back operations [157]. These results rely on an explicit biochemical model of the transport protein, but they
suggest that a more abstract description within the framework of generalized partially observable informa-
tion engines may be possible. Since energetic constraints are ubiquitous in biology it would be interesting
to experimentally measure dissipation encountered in concrete biological decision processes to determine
how close it comes to fundamental physical limits.

5.6.3 Quantum observers

The discussion in Chapter 4 opened the door for an extension of the classical treatment of physical observers
to quantum observers. The main conceptual hurdle, the lack of a clear notion of thermodynamic work in
guantum systems, was addressed and the formulation of work in terms of the coherent relative entropy [188]
was identi ed as a possible candidate for a quantum thermodynamical description of physical observers.
Going forward it would be interesting to compare the coherent relative entropy framework with the notion
of ergotropy [249-251]. Ergotropy is de ned as the maximum amount of work that can be extracted from a
guantum system via unitary operations [249].

Aside from the notion of thermodynamic work, another conceptual issue remains: classical observers
need to be in a clearly de ned (memory) state to take a decision. Forcing a quantum observer into a well-
de ned memory state potentially removes all quantum effects, rendering them equivalent to classical ob-
servers. It would be interesting to study if quantum observers can leverage superpositions of individual
memory states during decision-making and how this would affect the thermodynamic accounting.
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Appendix

A Isothermal and isentropic quasi-static transformations of a one-particle
gas

In this appendix, we provide basic thermodynamic arguments to increase accessibility of the paper by saving
the reader the time to nd them in a textbook.

A.1 Work during isothermal transformation, equation (2.1)

Work is force times displacement. We use the convention that energy ows into the system are positive,
hence work donen the gas is positive. Work done on an ideal gas during an isothermal, quasi-static
compression performed at temperatiirdn which the ﬁccessible volume decreases fkgrto V; < Vi, is

given by the pressure times the volume chaWjes \Xf pdV. Use the ideal gas law,
pV = NKT; (A.1)

whereN is the number of particles, which is one here. Integrate to obtain:

k “ 1d KT | Vi

W = T —dV=KTIn — >0 A.2
In isothermal, quasi-statiexpansionthe nal volume is larger than the initial volum®; > V;. Negative
work is then done on the gas, equation (2.1),

W=kTIn — (A.3)

or, conversely, positive work is done by the gas on the piston, i.e., work is extracted. The sign convention
differs in the literature, which can cause confusion.

A.2 Adiabatic condition, equation (2.18)

During both isentropic transformations (compression and expansion alozgatkie) the work medium is
isolated, no heat is exchanged with the environment. The temperature of the gas thus changes from an initial
temperatureT;, to a nal temperature]; , as the volume of the gas changes frgnto Vs . Since there is no

heat ow, the change in internal energlE must equal the work done, by the rst law of thermodynamics.
Work done on an ideal gas is equal to the pressure times the volume change, wdtereby pdV. To
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expresglV we use the ideal gas law, equation (A.1), with= 1. We thus have

T
dE = kyadv: (A.4)

The internal energyg, of the work medium is given by the number of particlds= 1, times the average
kinetic energy per particle, which @(T, whered is the number of degrees of freedom:

E = ng: (A.5)

For a mono-atomic gas in a containgis the dimension of the space that the particles can move in, i.e., for
a 3 dimensional boxd = 3. We can take the differential, arriving at

dE = gde: (A.6)
With equation (A.4) follows
1 dl
VdV = é?dT. (A.7)
We integrate and obtain, fakr= 3, equation (2.18):
1 d "1
—dv = =dT (A.8)
vi V 2 1, T
Vi d Ts
, In VA > In T (A.9)
d
A
Il T : (A.10)

A.3 Work during isentropic compression and expansion adds to zero.

To see this, recall thatv = dE, and use equation (A.6), integrating form an initi@i,to a nal, Ty,
temperature to arrive at

d
Wit = Sk(Tr  Ti): (A.11)
Thus, the work necessary to change betwBeandT%in the isentropic compressioWcomp, cancels with

the work done by the gas in the isentropic expansig,,a, when the temperature changes back fibPn
to T, as long as no additional degrees of freedom get unlocked at the higher temperature:

d
Weomp = ék(T0 T)=  Wexpa: (A.12)

B Erasure protocols for Szilard's engine

Building on a model introduced in [14], we show here that a protocol can be constructed to assign the costs
of running a memory entirely to erasure of the memory. The costs are identical to the costs for running
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the simple set-and-release protocol sketched in gure 2.1. In [14], and in gure 2.1, the divider is placed
in the middle of Szérd's box, but the following argument can be made for arbitrary volume ratios. The
calculations in this appendix use material from section 2.2.2 in the main text, and it is useful to read that
section before reading this appendix.

Let the Sziard box have unit length and unit transverse volume. Let the container be located between
x = 0 andx = 1, and let the divider be inserted at positidr< 6 1=2, dividing the work medium
into two separate volumes, and1 . The particle resides in volume with probability , and in the
other volume with probabilith. . Knowledge of the particle's position allows for the extraction of work,
equation (2.2) in main text, in the amount up to (achievable in the quasi-static limit):

Wex( )= KT[ InC)+(@ )In(@@ )= KTh(); (B.13)

whereh( ) > 0is an entropy function, as in equation (2.25).

Let the memory be implemented by another one-particle gas in a container of unit length and unit trans-
verse area. Let there be a parameatecontrolling the relative volumes associated with the different memory
states; in gure 2.1a = 1=2, but in general, the memory need not be symmetric. .6t x 6 1 repre-
sent the measured position of the particle, anth 2 f 0; 1g the two states of the memory. Note that the
parametrization in this appendix is different from the one we use in the main text in section 2.3, onwards.
Here, the memory simply represents which side of the container is empty, i.e., all obserOagion
are mapped ontm = 0, while observations< x 6 1are mapped ontm = 1.

First, we calculate the costs for the simple set-and-release protocol, as sketched in gure 2.1. The “mea-
sure and remember” step corresponds to an isothermal compression, which costs, on average, at least:

wieastmema: Y= kT[ In(a)+(1 )In(1  a)]: (B.14)

This minimum can be achieved in the quasi-static limit. It depends on the choewdfich should be
chosen as a function of, in such a way that equation (B.14) is minimized. The minimum is achieved

ata = (the straightforward calculation is analogous to the optimization performed in [107], which was
discussed after equation (2.2) in the main text: the rst derivative \aid.set to zero, kT =a + kT (1
)=(1 a) 20, leading toa = ; the second derivative is positiveT =a? + (1 =1 a)? > 0).

The resulting minimal cost for this protocol is exactly equal to the maximally extractable work:
WS MM ()= kTh( )= Wex( ): (B.15)

The memory is reset by simply pulling out the divider, which does not cost work, but allows for free expan-
sion, whereby energy is dissipated.

Now, construct instead a memory manipulation protocol which contains a step of “reset to zero”, inter-
pretable as “erasing” the memory. (This construction is a generalization of the construction in [14] to the
case in which the divider in the work medium of the &mil box can be inserted off-center.) Start with
a memory left over from the last cycle, with the divider at positeofdo not assume knowledge of that
memory, in the sense that it is not known in which state the memory is, i.e. if the particle resides in volume
aorl a). First, move the divider from positioa to position isothermally and quasi-statically. With
probability , the volume accessible to the particle is changed fadm , and with probabilityl ~ , from
1 atol . Thisstep serves to retrieve energy implicitly stored in memory. The average work for this step
splits up into a contribution coming from the uncertainty about the work medign), minus the average
work done in the simple set-and-release protocol discussed above, equation (B.14), before optimization over
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KT In 2+ )n i a (B.16)
= KT[h()+ In(a)+(1 )In(1 a)] (B.17)
= KT h() WpEsmem(g; ) (B.18)

Second, remove the partition and compress the gas such that the particle resides inajobmme-
sponding to the “zero” reset state. This procedure can be interpreted as erasing the memory, cf. [14]. This
isothermal compression costs at lea$tT In(a). Overall, the cost of erasing the memory, by changing it
from its former state to the “zero” reset state, is then the sum:

a

WSS ) = KT h() @ )h

(B.19)

Finally, a last step is needed to set the memory to the new value. With probability “zero” state correctly
corresponds to the new measurement outcome and does not need to be changed. With prbbability

it needs to be transformed into the other state. The costs encountered for this transformation come from
changing the volume the particle resides in frano 1  a. Thus, this last step, which can be interpreted as
setting the memory, costs on average at least

a

W, ) = kT@ )lin T3’ (B.20)
Combining all costs for this protocol, we see that its minimum (quasi-static) costs are exactly the same as
those of the simpler set-and-release protocol, again, cancelling out all possible gains one could derive over

acycle:

WEBSersel( ) = kTh( )= WDeASHMeM () = Weyu( ): (B.21)
However, the way in whichivV r2se*s€t( ) has been split up is still dependent on the paranatehich can

be chosen at will, without changing the overall costs of the full protocol. One cho&eobild attribute all
costs to the “erasure” by ensuriVgSel(a; ) = 0; this choice isa = 1=2, corresponding to a symmetric
memory. Another choice would make the erasure costs Yéfi:(a; ) = 0, and attribute all costs to the
setting of the memory. This choice is realized by

()= )

C Calculation of equation (2.15)

The probability density of the particlels position,p(x), is constant inside the container, and the length of
the container is set to unity, so to calculatel [UjX ], we need to evaluate the integral

Z =2 1 x 1 x 1
—+— |In =+-— + >

dx:
= 2 C 2 ¢

ol X

In the rst term, substitute®= 3 + X, which gives a factodx = cdx’, and for the second term substitute

x%= 1 X withdx = cdx? Note that the limits on the integrals are then just reversed, and because
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of the negative sign on the second term, both terms are the same. Let us glioo#ige new integration
variable:

Zl Z0
HIUX] = ¢ x%n(x%dx® ¢ x%n(x%dx®
= 2c ylin(y)dy: (C.23)
0
We solve the inde nite integral by parts,
Z Z
— 1 2 1
yin(y)dy = Sy“in(y) 5 ydy (C.24)
— 1 2 1 .

and evaluate the limits to arrive at equation (2.15):

HUjX] = 52:: (C.26)
D Boxeswith =4 0
If we do the same calculation fer> 1, the integration limits change, and we have to computgUjX ] =
fr2 x n o LeX o, oxo Lox o
1=2 2 ¢C 2 c 2 c 2 c
After the coordinate transformations we have
z % 1+ 1
H[UjX] = 2c yIn(y)dy; (D.27)
2(1 2)
B d)
= cy? In(y) = (D.28)
2 1 1
3(1 %)
and, altogether, we arrive at
. 1 c ct+1l
= —+ —
HUjX] In(2) > 4In 1
1 c+1 1 1
+ = = +Z S .
4CIn ] 2In 1 2 (D.29)
qt In(2): (D.30)
becauselIn §+—11 9t 2, as one can see by using L'Hopital's rule. As expected, the maximum relevant

information goes to zero as we tilt the divider closer to parallel withxkaxis. We plotl 77 (c) as a
function ofcin gure D.1.
We choose to discuss only geometries ugte 1 ( = =4) in the main text, because for the larger
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Figure D.1 Maximum relevant informatiarf;™ (c). Dotted lines marlc = 1 with II7™>(c = 1)  0:28
bits.

tilts nothing qualitatively different happens. For completeness, we show in guréR(2 c)=I™(c) as
a function ofl mem( ; ) at the optimal data representations for geometries with selectetl.

Figure D.2 Information plane curves of optimal data representations for seteetdd
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E Calculationof | 5=1"®=(1 c¢)51 c=In(4)], displayed in gure 2.16

rel = 'rel

Only the uncertain region contributes to the conditional entropy. The certain region's contribution to the
relevant information is:

Z% X (U.X)
b X;U] = 2 dx pOcu)in P (E.31)
% u2f  1;1 p(u)
11g
fr X oo
= 2 dx p(ujx) In [p(ujx)]
2 u2f 1;1g
Z% x * 1
+2 In(2) dx p(ujx)
3w 11g
= (1 0oIn@) (E.32)
The relative contribution, plotted in gure 2.16, is
11 ¢[X;U] In2)(1 ¢ 1 c
= = : E.33
XU 2 § 1 15 (E.33)

F Comparison to boxes with xed angle and varying size of the certain re-
gions

Note that we do not lose generality by assuming unit container lengtkdinection. Were we to keep the
length as a parametdr, then we would simply have to replacen all the calculations above l~L, the
relative length of the uncertain region.

Figure F.3 Equivalent parametrization of the partially observableaféziéngine. The angle is xed to
= =4and the length of the box along tkeaxis,L, is varied.

Two boxes with different tilt angles, and thus differentandc,, and different length& ; andL ,, re-
spectively, behave the same whenever the relative length of the uncertain region is the sam., i.e.
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c,=L, = c=L. We checked this numerically: solutions to the optimization problem equation (2.47) are the
same.

We could thus have used an alternative, equivalent parametrization: x the angle to, for example,
=4, i.e. c = 1, and let the container length along theaxis, L, vary. This is sketched in gure F.3.
What matters is the relative length of the certain regidns, ¢, compared to the uncertain regioa,

(L c¢)=c=L=c 1L

G Deterministic memories, computed from parametric minimization of dis-
sipation

We can allow for deterministic partitions of any shape (including asymmetric solutions), where the number
of memory states is a free parameter. For the box with diagonal iltl , we maximize work output, equa-

tion (2.46), over these deterministic memories, to compare their performance to the minimally dissipative
probabilisticmemories we found by solving optimization equation (2.47). Figure G.4, shows the total work
output, in units ok T as a function of the temperature ratio

Figure G.4 Total work output in units &T ©, as a function of , comparing deterministic memories (red) to
optimal probabilistic memories (black). Numbers point to the rst solutions with two and three states.

Compared to the optimal, minimally dissipative memories, deterministic memories achieve comparable
work output at higher values of To obtain nonzero output, the temperature ratio has to be larger by roughly
1.75.

The data are re-displayed in the information plane in gure G.5, to reveal that the deterministic memories
are close to those found for! 1, when partitions are constrained to a xed humber of states. The closer
they are to these solutions, the closer they come to the ef ciency that optimal memories afford, as displayed
in gure G.61.

YIn this exploration, we broke off the numerical optimization at the point where we observed a transition to four memory
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Figure G.5 Comparing deterministic memories (red) to optimal probabilistic memories (black) in the infor-
mation plane, and to deterministic memories found && , when partitions are constrained to two (black
triangle) and three (diamond) number of states.

H Suboptimal four- and ve-state memories

To show that the deterministic four- and ve-state memories discussed in the main text, section 2.4.3 are
optimalinthe !'1 , we discuss the suboptimal cases here.

The simplest four-state memory one can think of maps the certain regions to two distinct states and splits
the uncertain region into two more states (table H.1).

X m | ¢~ °(m)
1=26 x6 c=2 210
c2<x 60 1|14

0<x 6 c=2 1 |14

c=2<X 6 1=2 210

Table H.1 Memory assignments and errors for a deterministic four-state memorg with

This coarse graining has two certain stagds(m =  2) = 0, and two states with the same xed error
probability,qu °(m = 1) = 1=4. Asinthe main text, the error is found by dividing the area of the triangle
on the other side of the divider, which@s8 by the total area of the 1 state, which i$=2.

states, because the trends are clearly visible at that point. We thus show only solutions up to three memory states. We calculated
parametrically optimized deterministic partitions atntervals of 1, which is coarser than the spacing used to compute optimal
memories.
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Figure G.6 Ef ciency achieved by deterministic memories (red) compared to optimal probabilistic memories
(black), as a function of. Carnot ef ciency, ¢, is traced out as a dotted line for comparison. Discontinu-
ities occur at transitions in the number of memory states.

For this memory the relevant information is given by

1D = o)

rel

1 QIn@)+ cin@) h(1=4)]
In(2) ch(1=4): (H.34)

The second type of suboptimal symmetrical four-state memory has the same state assignments as the
optimal deterministic four-state memory (table 2.1) but it has lamges 1 states that include parts
of the certain regiond > c). Therefore the errors are different and we qﬁ?c(m = 2)=0and
a@>(m= 1)= 25~ For the three-state memory it was clear that choosingc decreases the amount
of relevant information captured since it simply increases the size ahthe0 state that cannot be used
for work extraction. For four-state memories it is not immediately obviousdhatc is a similarly poor

choice. While the size of the certain states decreasesfroncto 1l d, the error for them = 1 states
also decreases. The relevant information for this assignment is given by:
" h c i
18(d>c) = @ d)in@+dIn@ h 2
c
= In(2 dh — : H.35
n2) A (H.35)

For ve-state memories there are two parametrizations with one parameter equdltoc or ™ = ¢). For

the rst (d = ¢, table H.2) the size of the waste basket state 0 is given by’ < ¢: with «(";c) = & .
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X q‘;c (m)
1=26 x6 c=2 0
c2<x 6 =2 ~;c)
=2<X 6 =2 1=2

=2<X 6 c2 ~';0)

c2<Xx 6 1=2 0

Table H.2 Memory assignments and errors for a ve-state memory with andd = c.

For this assignment the relevant information is given by:

18C<cid=0 = @ ©In@)+(c )In@) hE)
= @ )In@) (c )h((;0): (H.36)
For the second option € c) the statesn = 1havegs-¢(m = 1) = 0 since they are completely within
the certain region fod > ° = c. Clearly this coarse graining then captures the same amount of relevant

information as a three-state memory witk c. The two certain states are further subdivided into 2 states

each, but this only increases the cost of running the memory while not capturing any additional relevant
information:

I(5)(I = c;d>c)

rel

@ Hin@+(> oIn@)
@ on@=19¢=0: (H.37)

More interesting are the ve-state memories with both parameters unegaaCtwosing > ¢ only leads

to subdividing the certain regions into two states each and is clearly an even poorer choice thafor
smaller waste baskets< ¢, the option not discussed in the main text (section 2.4.3) cuts into the certain
regionsd > c. This parametrization is presented in table H.3. The error for the states 1is given by

NP I
Ged= qg (H.38)

X m | g¢<d4(m)
126 x6 d=2| 2|0
d=2<x 6 =2 1| (;c;d)
=2<X 6 =2 0 |1=2

=2<x 6 d=2 1 ;e d)

d=2<x 6 1=2 2 10

Table H.3 Memory assignments and errors for a ve-state memory with andd > c.
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The relevant information captured by this memory is

| ©

rel

(‘<c;c<d) @ din@2)+(d )[In2) h()]

(I )In@) (d )h((;cd): (H.39)

For ! 0Owe recover equation (H.35).

Figure H.7 Fraction of the maximum relevant information captured in memory, for optimal (colored curves)
compared to suboptimal (black curves) parametrizations, as a functon of

Just as for three-state memories (section 2.4.2), splitting the certain region into more than two memory
states @ > c) is the worst choice for symmetric four- and ve-state memories. Decreasing the error of the
m = 1 states can never compensate for having smaller certain states. Consequently for parametrizations
with d > ¢ the best partitions will have their certain states as larges as possibteas elose ta@ as possible.
In gure H.7 we see that it is also never bene cial to choase cin four- and ve-state memories since
memories with the same number of statesdut ¢ are able to retain a larger proportion of the maximum
relevant information available for a given geometry.

|  Compressibility (adopted from [109])

A data generating process (a source produgings said to bully compressible if the information curve
(Imem( );1vel( ) traced out for all optimal data representations (where optimality is understood in terms of
minimizing wasted energy, i.e. the solutions to equation (2.47)) reaches the maximum, at akioh=

i, for a memory that achieves a compression of the input data, i.e. for Whigh( ) <H [X].

Any source with a curve above the diagonal spanned by (0,0Xldfd ]; 1 5™) is compressible. The
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smallerl mem( ) is at the point wheréye () asymptotically reachdsi®™, i.e. the larger the curvature, the
more compressible is the source. Applied to gure 2.11, geometries for which smaller memories contain a
larger fraction of relevant information are thus said to be more compressible.

J Information Bottleneck Algorithm Implementation

Numerical calculations are performed using the Information Bottleneck algorithm together with a “determin-
istic annealing” procedure adapted from [112]. Starting with 1, for each value of , the self-consistent
equations (equations (2.49)-(2.51)) are iterated until convergence (algorithm 1). Tikelgwly increased.

The solution at the previous value foiis handed to the algorithm as an initial condition for the iterations at
the next value of . During this procedure, the size of the memory grows. This is implemented by doubling
the number of memory states and perturbing them slightly. Then the effective number of states is found
by inspecting the distributiong(ujm) after the iterative equations converge. If they are the same for two
different values oim, then the corresponding states are merge together. The algorithm nishes when a
maximum temperature ratig,ax is reached (or when the solutions for a xed number of st#tgsx are
deterministic), a practical choice to cut down computational time. In principle we could let it run until there
is one memory state for everyvalue, the point at which all data is recalled, and the memory is no longer

a summary. Since we are not particularly interested in this asymptotic regime, we end early. Numerical
calculations are performed using algorithm 2. Algorithm 1 describes a subroutine used in algorithm 2.

Algorithm 1 lIterate self-consistent Information Bottleneck equations

Require: p(x;u); joint probability distribution of observablesand relevant variablas

Require: p(mjx); probabilistic assignments of observable® memory statems

Require: p(m); probability for each memory state

Require: p(ujm); probability of relevant variable having realizationgiven memory staten

Require: = T%T; temperature ratio between work extraction stef) &and memory making stef |
while p(ujm) not convergedio

Updatep(mjx)  p(m)exp(  D(p(ujm)kp(mjx)))

Normalizep(mjx S p(mix)

Updatep(m) " p(mjx)p(x)
Updatep(ujm) W
end while

P . . P _ )
Computed [M;X ] . p(mjx)p(x)log BSEED 1[U;M] |, p(ujm)p(m)log BT

return , 1[M; X ], 1 [U;M], p(mjx), p(ujm), p(m).
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Algorithm 2 Information Bottleneck with annealing

Require p(x; u); joint probability distribution of observablesand relevant variablas

Require init, max; initial and maximum value for

Require ; annealing rate for increasingafter each iteration

Require perturb; maximum perturbation to be added when splitting memory states

Require merge; minimum element-wise difference for memory states not to be merged

Require K max; maximum number of memory states (for subroutine nding deterministic assignments)
Initialize: K =1, _= jnit, p(mMjx) = 1=K; 8x P b ‘
Computep(x) =, p(x;u), p(ujx) = 28 p(m) = ", p(mjx)p(x), p(ujm) = —xEER(MX)

while K < K max and < mqax do

SplitK ! 2K and add random perturbation perturb ) to each memory state
Iterate self-consistent Information Bottleneck equationauntil convergence foKk = 2K
Merge memory state2K | KO(KO°2 [K;K +1;K +2;::;2K])
lterate self-consistent Information Bottleneck equationauntil convergence fok = K ©
Store ,lmem 1[M;X ], le [[U;M]
end while
Subroutine: Find deterministic memory assignments (assignments are either 0 orkl)$oK max
while p(mjx) not deterministi@and p(m) not convergednd < pax do
Iterate self-consistent equations until convergence
end while
return , Imem, | rel

K Dependence of usable and total information in memory on the data rep-
resentation strategy

To show explicitly the dependencies of total information kept in memgyy,and usable information,,,
on the data representation characterizeg(mjx), we write out Eq. (3.7) (visually highlighting(mjx) in
the following equations in blue)
Z .
X p(mjx)

Im=dx (x) - p(mjx)In RdxO (X9p(mjx9

and combine Egs. (3.9)-(3.11):
z X _ -
lu = dx (x)  p(mjx)p(ujx)In

m;u

+In(2) :

0 (e (i p(ujx
~dx% (x9p(mjx9)

L Coarse graining strategies

Here we provide detailed calculations for the inferenggajm), and the conditional entropiell, [ujm],
used to compute the usable information retained by the two coarse grainings in Sec. 3.3.2.2. We also provide
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some additional details about those coarse grainings and compare them to a naive, symmetrical two-state
coarse graining.

To compute the usable information retained in memory, Eq. (B(®jm) needs to be known. For any
memory assignmenp(mjx), and any engine geometiy,ujx), we have (see Eq. (3.10))
Z 12

- dx p(ujx)p(mjx); (L.40)

p(ujm) =
p(m)

where we used(x) = 1 for all x inside the container.
The simplest two-state coarse graining is a symmetric partitioning of the observable with,

p(d2) (mjx) = m sign(x) - (L.41)

Equation (L.41) describes the optimal memory assignment for arffizingine for any value of the temper-
ature ratio . Such a symmetric coarse graining always captuﬁfé =In(2) nats or 1 bit of information,
sincep(@ (m) = 1=2. To determine the usable part of the memorized information we rst evaluate Eq.
(L.40), usingp(ujx) de ned in Eq. (3.2) ang@ (mjx) given in Eq. (L.41):

|
Z 12 '
pf(u=1jm=1) = 2 dx p(u = 1jx) p(m = 1jx)
1=2
|
Zy Z =2 Zamp
= 2 0dx + —dx+ 1dx
1=2 o 2 w=2
w
=1 5 (L.42)

Note that sinceu is a binary random variable and since the two memory states are symmetric, it is suf -
cient to comput@© (u = 1jm = 1), because we always haptu = 1jm=1)=1 pu=1jm=1)

and due to symmetry we also hapl? (u=1jm= 1)= w=2=p@ (u= 1jm=1). Now we can
evaluate the conditional entropy(@2) [ujm]:

H @) [ujm] P (ujm)p® (m) In[p'“? (ujm)]

m;u

X
2p®(m=1)  p(ujm = 1)In[ p®? (ujm = 1)]

P9 u=1jm=1)In[p@(u=1jm=1)] p@(u= 1Lm=1)In[p@? (u= 1ym=1)]
Q@ w=2)In(1 w=2) w=2In(w=2)
h(w=2): (L.43)

In the second line we used the fact that the two memory states are symmé®iem = 1) = 1 =2 =
p@2(m = 1), and for the nal equality we expressed the result in terms of the entropy funhtion
introduced in Eqg. (3.17). Since we always havfu] = In(2) , we get the usable information by inserting
Eq. (L.43) into Eq. (3.9):

182 =In2) h g : (L.44)

Interestingly, this is not the best two-state coarse graining for our engine class and it is outperformed by
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Figure L.8 Total information (left) and usable information (right) in bits captured by the two coarse grainings
discussed in Sec. 3.3.2.2 (orange and blue curves) as a function of the size of the uncertaiwrédgire,
symmetric two-state coarse graining for reference (green curve).

the asymmetrical coarse graining shown in the upper panel of Fig. 3.11 and described by Eq. (3.34). This
asymmetrical coarse graining maps one certain region and the uncertain region into one memory state with
greater weight, while mapping the second certain region into the other, less probable memory state.

To compute the information quantities for the asymmetrical two-state gparse graining, recall that for a
two-state memory we haygm = 1jx) =1 p(m = 1jx) and thatp(m) = 12:2 dx (x)p(mjx). The
probability of the more probable state, = 1, being realized is given by(¥2 (m = 1) = (1+ w)=2 and
thus the total information stored in memory, Eq. (3.35), is:

X
152 = p*2) (m) In[p'**? (m)]
m
_ l+wIn 1+w 1 WIn 1 w
- 2 2 2 2
1+
= h 2W (L.45)

By construction, the less probable memory state, in this gase 1, carries no uncertainty about the
relevant quantity,
(da2) (i = - :
pre(um = 1) = g1y (L.46)

Removing the uncertainty from this state comes at the cost of increasing the inference error associated with
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the other memory state, making it larger than the error probability of a symmetric two-state coarse graining

2 z w=2 YA w=2 1 z 1=2
pll@(u= 1m=1) = 0 dx Zdx + 0 dx

1+w o w=2 2 w=2

o Zw=2 g
= — dx

1+w =2
w w

T+ w > > 8w < 1 (L.47)

The usable information in memory is then given by Eq. (3.36) in the main text:

X
182 = i@+ p“P(m=1)  p®(ujm = 1)In[p“*? (ujm = 1)]
u
1+w w w 1 1
= + +
n@* 5 W™ Trw FTew" Tew
1+w w
= In(2 L.48
@ “5h o (L.48)

The asymmetrical coarse graining outperforms the symmetrical one, because combining the uncertain region
with one of the certain regions not only reduces the costs, as seen in Fig. L.8a, but also results in one memory
state without uncertainty about thus allowing for greater work extraction, see Fig. L.8b.

While two-state memories with even greater asymmetry between the two states cost even less to imple-
ment, the asymmetric memory discussed here captures the most usable information of any two-state coarse
graining. Consequently it is the solution to Egs. (3.14) farl , if the number of memory states is con-
strained to two. We used parametric optimization to verify that for {¢t, (see Eq. (3.37)) deterministic
observers cannot achieve positive net work output, thus their best option is to do nothing, i.e. use a one-state
memory (see Fig. 3.12).

The three-state coarse graining shown in blue in Fig. L.8, is the three-state coarse graining that captures
all available usable information. This coarse graining is introduced in the beginning of Sec. 3.3. The
probability of realizing the individual memory states is given by the size of the three regions (left and right
certain region and uncertain region) of the engine:

1
P (m= 1) = TW; (L.49)
P¥m=0 = w (L.50)
Thus the total information stored in this memory is given by Eq. (3.16). Sinaathé state has maximum
uncertainty abouti, whereas the two other states have no uncertainty in their inference, the conditional
entropy is:

H @ [ujm] = win2) = H [ujx]: (L.51)

Consequently this coarse graining retains all usable information available in the observable, Eq. (3.15).

Trivially, whenw = 1, the measurements do not carry any usable information, and the engine cannot be run.
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M Information plane comparison of the three observer classes

In Fig. M.9 we compare the cost-bene t trade-off in the information plane between optimal memories found
with the Information Bottleneck (IB) algorithm, soft partitioning strategies and coarse grained memories for

an engine witlw = 0:3. Optimal soft partitionings solutions (orange and blue curves for two and three states
respectively) overlap with the black curve obtained from the IB algorithm in the information plane. Note
that the black curve has a discontinuity at the transition from two to three memory states, while the curves
of the optimal soft partitioning solutions are continuous, because for them the number of memory states
is xed. Before the phase transition the black curve overlaps the orange curve, because optimal observers
use two memory states, but at the phase transition this changes to three memory states and the black curve
overlaps the blue curve afterwards. Along all curves the valueinfreases.

Figure M.9 Information plane representation of optimal solutions (black and green), compared to best para-
metric solutions (orangds = 2, blue:K = 3), and deterministic coarse grainings (orange cross for naive,
2-state, symmetric coarse graining along the mid-line; green cross for best 2-state asymmetric coarse grain-
ing; blue cross for best 3-state coarse graining, see Sec. 3.3.2.2). Work medium geanse@s.

When parametric soft partitionings are constrained to use at most two memory Ktate8 {s prohib-
ited), then the best solutions (orange curve in Fig. M.9) branch off from the optimal curve (black) when

> 2. The deterministic solutions, used by observers that coarse grain, are plotted with “x” markers in Fig.
M.9. Comparing the soft two-state partition with = 0 (end point of the orange curve), to the symmetric
two-state coarse graining (orange “x” in the inset, further discussed in Appendix L), we see that the latter
captures no additional usable information, while incurring signi cant additional costs of abéunit.

Constraining the solutions found by the IB algorithm to use at most two states (green curve in Fig.

M.9), forces those solutions to be suboptimal a¢ 2. For very large , with this constraint in place,
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the asymmetric two-state coarse graining (green “x” in Fig. M.9) is found, which costs less bits to encode
while simultaneously capturing more usable bits than the naive symmetric two-state coarse graining (this
difference is discussed in Appendix L).

Symmetric and asymmetric two-state coarse grainings differ from optimal two-state soft partitions even
when there is no residual probability in the assignmemts; 0, because soft partitioning strategies assign
observations in the uncertain region with equal probability to either of the two memory states. Therefore,
by construction, symmetrical soft partitionings constrained to two states do not converge to a a regular
coarse graining. Since we also optimize over the number of memory states when nding thermodynamically
optimal soft partitioning strategies, this is not an issue, as the best soft partitioning observers already use
three memory states in theregime where the asymmetrical two-state coarse graining outperforms the
symmetrical two-state soft partitioning.

For large values of, optimal solutions found with the IB algorithm and the best three-state soft partition-
ings coarse grain the observable into three distinct regions, recovering the three-state coarse graining that
captures all relevant information (blue “x” in in Fig. M.9).

Finding thermodynamically optimal soft partitioning strategies adds little computational hassle, com-
pared to nding thermodynamically optimal coarse grainings, yet the soft partitioning strategies have a
much richer structure in the information plane and signi cantly outperform coarse graining in sizable
ranges (see. Fig. 3.14) and recover deterministic solutions, when they become optimal.

N Algorithmic details

To iteratively solve Egs. (3.14) we used the same algorithm as in [75]. Pseudocode and a detailed description
of the algorithm can be found in the appendix of [75]. Here we instead focus on algorithmic issues that
occurred for our model class, due to the discontinuous shape of the divider in the work medium.

In a small region around = 2 there is a large degeneracy in the space of optimal solutions to Egs.
(3.14). We used the soft partitions discussed in Sec. 3.3.2.1 to verify that aroan2l, all three types
of soft partitioning strategies (symmetric and asymmetric two-state as well as three-state) yield (almost)
identical net engine work output, Eq. (3.12). Consequently it is possible for the Information Bottleneck
algorithm to arrive at an almost degenerate but suboptimal solution integfion. This effect is especially
pronounced for uncertain regions spanning half the work medium contaiger, 1=2, as the optimal
strategies qualitatively change their behaviour for uncertain regions of that size (transitioning from one state
immediately to three states, skipping two-state solutions).

While the iterative algorithm is theoretically guaranteed to nd the optimal solution at each value of

[112], the actual implementation relies on four important input parameters:

» annealing rateused during the deterministic annealing procedure (default 1a0(d)

» convergence threshaglchaximum difference below which solutions to two consecutive iteration steps
are deemed converged (default valie 3?)

* perturbation maximum perturbation applied when increasing the number of memory states (default
value5 10 %)

* merge toleranceminimum difference in the infereng&ujm) above which two memory states are
considered different from each other (default veue 10 2).

To better understand the impact of these parameters, the splitting and merging of memory states during
the annealing procedure has to be understood. States are split and merged in terms of their inference,
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p(uim) 2 [0;1]. For each value of (starting with = 1) the number of possible memory states is
doubledK ! 2K, andasmall, random perturbation (between Operturbation= , whereperturbation
is an input parameter) is applied to each new state. Then Eqgs. (3.14) are iteratively solved2i¢r the
memory states until the solutions are deemed to be converged, which iBpligp(ujm)jjPoig (Ujm)]
convergence threshatd. HereDKL denotes the Kulback-Leibler divergenggq(ujm) is the inference
from the previous iteration antbnvergence threshold an input parameter.

After convergence, all states andm®6 m for which the element-wise differengg(ujm)  p(ujm9);
never exceeds thmerge tolerancare combined into a single average state, reducing the number of states
from 2K to K 92 [K; 2K ]. Equations (3.14) are then iteratively solved for the new number of stafes,
and the trade-off parameter, is increased tannealing rate

Depending on the initial choices for the four different parameters, the iterative algorithm will transition
to a larger number of memory states at slightly different values of the trade-off parameiéfthile this
effect is negligible for a broad range of input parameters and continp(@js), it becomes an issues for
the discontinuous divider shapes considered here.

For0:4 <w < 0:6, the iterative algorithm sometimes returns asymmetrical two-state memories as opti-
mal solutions for one or two annealing steps arourd2 . Careful investigation and numerical comparison
to the soft partitioning strategies shows that these solutions are not in fact optimal, but their net engine
work output is (almost) identical to the optimal solutions that have three memory statesné&xgases the
algorithm quickly arrives at the optimal three-state solution for 2 +

Since forw > w there are no optimal two-state memories, the splitting procedure has to be adjusted.
Instead of always doubling the number of states, i.e. going fkomr 1 to K = 2 for the rst tran-
sition, effectively forcing the algorithm to nd a suboptimal two-state solutionvior w ., we allowed
the algorithm to us& ax > 2 states in each annealing step. With this adjustment optimal solutions for
w  0:6 transition from one to three states, skipping the suboptimal two-state solutions, while optimal
solutions forw  0:4 correctly transition from one to two states and only use three states#o2 +
In the region0:4 < w < 0:6, where the degeneracy between optimal two- and three-state memories is the
most pronounced, algorithmic solutions will still occasionally get stuck in suboptimal, asymmetric two-state
solutions for a small number of annealing step<g).

O Mapping binary decision problems to partially observable Sziard en-
gines

A binary decision problem with observable data2 R" can be fully specied byp(u = 1jd), since

p(u= 1d) =1 p(u = 1jd) follows from normalization. To map the binary decision problem to a
partially observable SArd engine the values @{u = 1jd) are rearranged in increasing order aht
mapped tox 2 R, such that the resulting functidn(x) is monotonically increasing ir. If the probability
density (x) (or equivalently (d)) is constant, the partially observable &zd engine corresponding to the
decision problem results from trapping a single-particle gas in a cube-shaped container (without loss of
generality we assumed the container to have unit length in every spatial direction) with the divider inside the
container shaped dgx). Discontinuities inf (x) are connected vertically if necessary. If the probability
density over the data is not constant, the work medium container will no longer be rectangular, instead
the cross-sectional area of the container has to re €g), being wider in regions where the density is
larger and narrower in regions where the density is smaller, assuming that the containers depth is the same
everywhere. Let the perimeter of the container in xhg-plane be described by(x), then we require
y(x1)=y(Xx2) = (x1)= (X2). In this way any binary decision problem can be mapped unto a partially
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observable SZird engine.

Importantly this mapping procedure can be used for binary decision problems with intrinsic uncertainty,
measurement errors or a combination thereof. Intrinsic uncertainty is present even if the measurements are
perfect and there is no measurement error. Both types of uncertaintiespgfipct and can be taken into
account by using an appropriately shaped divider in the partially observabdedszilgine. Observations in
the resulting information engine can then be assumed to be error free (since measurement errors are already
accounted for by the divider shape). A more detailed discussion of the effects of measurement errors will be
left to a follow-up article.

P Parametric soft partitioning strategies

In the following we provide detailed calculations of the total information stored in memory as well as the
usable part of it for the two soft partitionings discussed in the main text (see Fig. 3.16). For completeness
an asymmetrical soft partitioning witd = 2 is discussed in Appendix Q. To easily distinguish probability
distributions and information quantities pertaining to different encoding strategies, we denote parametric
two-state solutions with the superscr{p®) and three-state solutions with supersc(g).

P.1 Information quantities

For soft partitioninggp(mjx) can in general no longer be expressed adanction and thusi[mjx] 6 0,
except in special cases.

Two memory states. The symmetric two-state partitioning shown in the upper panel of Fig. 3.16 has
pCA(m=1)=1=2=pI(m = 1), due to symmetry. Consequenth(s?[M] = In(2) . To determine

the total amount of information stored in memory we compute the conditional entropy from the assignments
shown in the upper panel of Fig. 3.16,

X £ 1=
dx p®2 (mjx) In[p©? (mjx)]

m 1=
= 2 %(1 ®)In(l o)+ In(1=2) + %Cbln((h)
= (1 v)In(2)+ vh(p); (P.52)

HG2[M X ]

t v
2

where we used the symmetry of the memory assignments to get rid of the sumaued the fact that
p®2) (mjx) is constant within the three different regions (left certain region, uncertain region and right certain
region). The total information stored in a symmetric two-state partitioning is given

182 = HEAM] HEIMjX]1=In@ v 1 ha(xp) (P.53)
To calculate the useful information, the inferences implied by each memory state need to be determined
via Z
m= 2 e puiopmi) (P54)
um) = —— X p(ujx)p(mjx) : .
p(ujm) om) 1, OX PUPOR(m]
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For the parametric two-state assignments we nd,

Z @wv=21 1 Z 1

(s2) —1im —
p“(u=1jm= 1) -
@ w22 2 1 v)=2

Q1 v)=2+ v; (P.55)

where we ignored the left certainregioni=2 x< (1 Vv)=2), because in this regigo(u = 1jx) =0.
Due to the symmetry of the memory, we h@®@)(u=1jm = 1)= p®d(u= 1jm =1). SinceH[U] =
In(2) regardless of the encoding strategy, we only need to calculate the conditional eAtféljyjM ] to
guantify the usable information in memory:

X
H®uim] = 2p%9(m= 1)  pD(ujm=1)In[p*(ujm = 1)]
u
— p(52)(u=1jm= 1)|n[p(52)(u=1jm= 1)]
[1 p*P(u=1jm= 1]l p*P(u=1jm= 1)]
h(p(sz)(ué mjm)): (P.56)

The amount of usable information in the symmetric two-state soft partitioning is given by

1% = H[U] H®UM]=In@2) h %* G %V (P-57)

Three memory states. For the soft partitioning with three states we rst compp(en):Rlﬁ2 dx p(mjx)

for each memory state. Using the memory assignments depicted in the lower panel of Fig. 3.16, we nd
pPA(mM =0) = (1 v)+ vggandp®(m=1)=(1 )v=2=p(m= 1) p =2. Thus the
entropy of the three-state soft partitioning is,

HEIM] = p¥(m=0)in[p*F(m=0)] 21 Oe)% In[1 @)Vl In(2)

P (m=0)In[p(m=0)1 p*(m=0)] In[L p*F(m=0)] In@2)

[1 p®F(m=0)]In@)+ h(p®I(m =0))

= p In(2Q+ h(p ): (P.58)
The conditional entropy is found to be,
Z 1=
HEIMX] = dx p®¥(m = 0jx) In[p®) (m = 0jx)]
1=2
1=2
2 dx p(m = 1jx) In[p®(m = 1jx)]
(1 v)=2
1=2
= 2 dx[gIn(g) + (1 ®w)In(l  o)]
1 v)=2
= v[ xin(e) @ a)in(l o)
= vh(gg)=vh(l )= vh(p =Vv): (P.59)
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The total information retained by the three-state soft partitioning is given by the difference of Eq. (P.58) and
Eqg. (P.59):
1$9=In@) p +hap ) vha(p =) (P.60)

Since the three-state partitioning a&(u = 1jm = 1) = 1 andp®)(u = 1jm = 0) = 1 =2,
see also Fig. 3.16, lower right panel, nding the conditional entropy of the relevant quantiwen the
memory statem, is straightforward. Only then = O state contributes and sing&3(u = 1jm = 0) =
1=2 = p®)(u=1jm =0), itis suf cient to consider one value af.

HEIUM ]

2p(53)(m =0) p(53)(u =1jm =0)In[ p(53)(u =1jm =0)]
p3)(m =0)In(2) : (P.61)

Thus the usable information stored in the three-state partitioning is,

| (83) In2) pS(m =0)In)

@ @ vy vg)inQ
(1 w)Vvin(); (P.62)

which is the maximum available usable informatioin(2), reduced by %, since with probabilitygs the
observer assigns an observation in one of the certain regions to thenstat@, resulting in no action on
the work medium.

Q Asymmetrical two-state soft partitioning

For completeness we also parameterize an asymmetrical two-state soft partitioning to compare it to the two
other soft partitionings and the optimal two-state coarse graining, which is asymmetrical. The parameteriza-
tion is shown in Fig. Q.10. Clearly there are two equivalent parameterization, since the memory state with

greater weight can either be the state= 1 orm = 1. Here we calculate everything far = 1 being

the less probable state (as shown in Fig. Q.10).

Figure Q.10 Parameterization for asymmetric two-state soft partitioning strategy for an engine@t3
(red lines at w=2). Values are memory assignmermiémjx) for the corresponding regions »f

The probabilities of being in either memory state are given by
pePm= 1= )= (Q.63)
where we de ned (1  w)qap + w to simplify the notation. The Shannon entropy of the two asym-
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metrical memory states is then

1+ 1+ 1 1
(sa2) —
H [m] > In 5 5 In 5
1+
= h (Q.64)
2
The conditional entropy is,
(saZ) . _ 1 W
HPImix] = == Gap IN(qaz) + (1 Ga2) Nl Gaz))
1 w
= 72 h(O(aZ)); (Q.65)
and the information captured by the asymmetrical soft partitioning is,
1+ 1 w
I = h = 5 N(Qe2) (Q.66)

If m = 1, the observer knows with certainty, that the right side of the container is epf3&)(u = 1jm =
1) = 0. For the other memory state the inference error is givep®P(u= 1m=1)= =1+ ).
Since only the more probable memory state has any uncertainty in the inferencesrthel state does not

contribute to the conditional entropy ofgivenm:

) 1+ 1 1
HEBum) = T T T
= L+ h : Q.67
2 1+ ' (Q.67)

Thus the usable information for the asymmetric two-state partitioning is given by

1+
(sa2) —
| ¢ In(2) >—h o5 (Q.68)

Note that we recover the corresponding deterministic quantities (see Appendix R) for the asymmetric two-
state and the three-state strategies by setging 0. This is expected, since fog = 0 the partitionings are
no longer soft and we return to the coarse grained assignments. The symmetric two-state soft partitioning
does not have a coarse grained counterpart, because, by design, observations in the uncertain region are
assigned to either memory state completely at random.

R Optimal coarse graining strategies

The following strategies are used by observers that maxii2g under the coarse graining constraint: At
large , observations are coarse grained into the three distinct regions. At intermedia¢edata are coarse
grained into two regions with boundary at eithew=2 or w=2. The latter strategy lumps uninformative ob-
servable outcomes together with (either) one of the informative outcome regions [171] (those two solutions
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are degenerate). Criticalvalues are readily calculated. Transitions occur at

h
In@2) 1

1t 2(v)

h -1

v
2 : (R.69)
V
2 2 v

1+ 2vin(2) h(v) _
(1 v)In(42+v2 3v)) In2 v)°

2t 3(V)

(R.70)

These functions are displayed as dark grey lines in Fig. 3.4¥7,(v) < 3P 3(v)), showing that the
phase diagram is markedly different when the observer coarse grains.

S Critical temperature ratios at transitions in the number of memory states

Depending on the amount of uncertainty present in the engine, there are either one or two transitions in the
number of memory states used by thermodynamically rational observers. For engines with more informative
observations than uninformative ongs> % the observer transitions from using one memory state (mem-
orizing nothing) to two and then three as the temperature ratio increases. If the uninformative outcomes
dominate,v % observers transition from one memory state to three states without using two memory

states at any value of the temperature ratio.

S.1 First transition

The value of the temperature ratipat which it becomes worthwhile for an optimal observer to memorize
anything can be computed using the parametric soft partitions introduced in the letter. Regak-that v.

Before memorizing anything, an observer uses a data representationywithl , = 0, i.e., a one-state
memory. To determine the criticalvalue at which an observer can derive positive net work output from a
two-state memory for the rst time, we compare the net engine work output (in urkfs 9fat the transition
from one to two memory states:

lim 152 1 62 =0; (S.71)
®! 3
where the left hand side is the net engine work output of a parametric two-state soft partitioning right after
the transition from a one-state memory and the right hand side is the net engine work output of an engine
were nothing is memorized. The critical temperature ratio is thus given by,

82
n2(w) = (']",“1 & (S.72)
im & wn@) hie)) , 0 (5.73)

T @@ h(w=2+1 w) 0

Since the limit approaches an inde nite expression of the for we can use LHpital's rule to evaluate
the limit. The derivative of the binary entropy function with respect to its argument is

ax

gh(ax) = aln

& (S.74)
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Applying L'H 6pital's rule twice and using the above derivative we nd

In L@
. @ 0
= | —
1 2(W) (I;Zr.nll 1w=2 1 wge 0 (S.79)
2N T wae
% + 1
— ® g
= I|r'n1 - " E (S.76)
R 2T w=2 1 wWg w=2+1 w)p
1
= — S.77
T w (S.77)

This expression describes the red curve in Fig. S.11.
Similarly we can compute the critical value of the temperature rajos, for which a three-state memory
outperforms doing nothing for the rsttime:

sy
1 3(w) gsrplll(?g) (S.78)
_ (1 ®@ win@) (@ wh(g) hw+@ w)g) |, O
=M T wa wne) 1 wl whe) bo 879
As before, we use L'ifipital's rule to evaluate the limit,
@ wh@+@ win & @ win L R0
v sw) = lim, T winR) 1 w)in@)
— im 1+ M@ ) In(ge) In(@ w)L cg) | In(w+(1 w)cp)
@ 1 In(2) In(2)
_ . Nl o) In1 g)+in(l w)
= im e ()
W; (S.80)

where we usetimg, 1In(gg) = 0 andlimg, 1In(w+(1 w)g) = 0. This expression describes the blue
curve in Fig. S.11.
Note that atv = 1=2 we have ;, ,(1=2)=2= 4 3(1=2) and forw > 1=2, transitioning to a three-

state memory becomes worthwhile at lower temperature ratios than transitioning to a two-state memory,
u o(w> 1=2)> 4, 5(w > 1=2). Thus there are no optimal two-state memoriesfor 1=2. Conversely
for w < 1=2, optimal observer rst transition to using two memory statesg ((w < 1=2) < ;, z(w <

1=2)) and at = 2 they switch to three memory states, regardless of the value ske Fig. S.11. This
universal second phase transition is analyzed in detail in Section S.2.

S.2 Second transition - two to three states

For engine geometries, where the uncertain region spans less than half of the total welsmEs2, the
parametric soft partitions can be used to derive analytic expressions for the net engine work output of optimal
two- and three-state observers at the critical temperature ratig = 2. For the reader's convenience
detailed calculations of all quantities can be found in section T.
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Figure S.11 Phase diagram for optimal observers. Numbers indicate number of memory states, black dots
mark algorithmically found critical values (transitions to more memory states) for selected engine geome-
tries. Colored curves show, »(w) (red, Eq. (S.77)) and;, 3(w) (blue, Eq. (S.80)).

At =2, the net engine work output is given by

1
Waat ) (deiw)= kTO 1 @ciw) - 518 (aciw) (S.81)
with K 2 f 2; 3g (see Eqgs. (T.91) and (T.109) for the full expression for each valk€)oflo nd the value

of gk that maximizes the work output, we take the derivativti\dﬁf ) (oK ; w) with respect tak and set it
to zero. For two states we have

(s2)( -
dwouaé%’w) 10 (S.82)
1 1 Pivswr aw o

2 - %73 20 w)?

:) =

Using the second derivative, we con rmed that in the region of intef@st, w < 1=2, ¢p = 1=2is

a minimum of the net engine work output (detailed calculations in Section T). This is expected, since it
corresponds to a one-state memory, allowing for no net work output at allwPorl=2, ¢ = 1=2 is the

only solution to Eg. (S.82) and in this region it corresponds to a maximum of the net engine work output,
because at = 2 it is best to do nothing for two-state observers, if the uncertain region spans more than half
of the work medium geometry (see also Fig. S.11). The other two solutions exist oMy €or1=2 and

they correspond to just one probability, because by de niflon ¢ 1=2. (A memory withgp > 1=2is
identical to a memory with the labels of the memory states switchedgandl=2).
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Thus, at =2, two-state observers achieve maximum net engine work output with

1 p1+5W2 4w 2w3

Similarly we can derive the probabilitgg(w; = 2), that maximizes net engine work output of three-
state observers at=2:
AW (GiW) 1 _ oy W
i, =0 =) gw =2)= — (S.84)

Again this result is only valid fow < 1=2. We con rmed thaty; = w=(1 w) maximizes the net engine
work output of three-state observers at 2 using the second derivative (see Appendix T).

The optimal residual probabilities for two- and three-state obsergglsy; = 2), are depicted in Fig.
S.12.

Figure S.12 Residual probabilitieg andq, that optimize the net engine work output of two- (red) and
three-state (black) observers at 2. Colored dots are numerical values for selected engine geometries,
colored curves are analytical results (Egs. (S.83) and (S.84)). Dashed greygine dt=2.

For engines with uncertain regions that span less than half of the work medium contairer]=2,

the maximum net engine work output for optimal two- and three-state observers (Egs. (T.91) and (T.109)

evaluated at, andqg respectively) is identical at = 2

2 kTO 3
Wi (iw) = —-(n@)  h(w)) = WS (cg: w): (5.85)
To see that for > 2 optimal three-state observers outperform their two-state counterparts, we will
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