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Abstract: It has sometimes - though usually informally - been suggested that the psychological arrow can be reduced to the thermodynamic arrow
through information processing properties of the brain. In this talk we demonstrate that this particular suggestion cannot succeed, as, insofar as
information processing (at least in the sense of aclassical computer) has an arrow of time, it is not governed by the thermodynamic arrow.
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“For the universe, the two directions of time are
indistinguishable, just as in space there is no up and down.
However, just as at a particular place on the earth's surface we
call 'down' the direction toward the center of the earth, so
will a living being i1in a particular time interval of such a
single world distinguish the direction of time toward the less
probable state from the opposite direction (the former toward
the past, the latter toward the future).”

. Bolfzmann, 1895
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oo Minds, Memories and Computers

-
“.. wWhen a computer records an item in memory, the total
amount of disorder i1n the Universe increases. The
direction of time in which a computer remembers the past 1is
the same as that in which disorder increases”

Hawking, 1987
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“.. wWhen a computer records an item in memory, the total
amount of disorder in the Universe increases. The
direction of time in which a computer remembers the past 1is
the same as that in which disorder increases”

Hawking, 1987

"If one imposes a final boundary condition on these
trajectories, one can show that the correlation between the
computer memory and the surroundings 1s greater at early
times than at late times. In other words, the computer
remembers the future but not the past.”

Hawking, 1994
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“.. when a computer records an item in memory, the total
amount of disorder in the Universe increases. The
direction of time in which a computer remembers the past 1is
the same as that in which disorder increases”

Hawking, 1987

"If one imposes a final boundary condition on these
trajectories, one can show that the correlation between the
computer memory and the surroundings 1s greater at early
times than at late times. In other words, the computer
remembers the future but not the past.”

Hawking, 1994

“Computations are accompanied by dissipation, so much so that
one of the principal issues for Intel’s Itanium chip 1is 1its
power consumption ... More fundamentally, Landauer ... has
shown that computation requires irreversible processes and
heat generation”

Schulman, 2005
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® It has been suggested (Hawking 1987 1994, Schulman 2005) that the psychological arrow
depends upon the thermodynamic arrow via a computational arrow
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* It has been suggested (Hawking 1987 1994, Schulman 2005) that the psychological arrow
depends upon the thermodynamic arrow via a computational arrow

— The mind is a computer

— Certain computational processes are only possible in an entropy increasing
direction
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* It has been suggested (Hawking 1987 1994, Schulman 2005) that the psychological arrow
depends upon the thermodynamic arrow via a computational arrow

— The mind is a computer

— Certain computational processes are only possible in an entropy increasing
direction

» We show that this is not the case
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® It has been suggested (Hawking 1987 1994, Schulman 2005) that the PSYChnIogimi"&,f{-;w'
depends upon the thermodynamic arrow via a computational arrow
— The mind is a computer

— Certain computational processes are only possible in an entropy increasing
direction

* We show that this is not the case
* (but say nothing as fo whether the mind is a computer)
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® It has been suggested (Hawking 1987 1994 Schulman 2005) that the psychological arrow
depends upon the thermodynamic arrow via a computational arrow
— The mind is a computer

— Certain computational processes are only possible in an entropy increasing
direction

» We show that this is not the case
» (but say nothing as fo whether the mind is a computer)

» All compufational processes can fake place in enfropy decreasing, as well as
enfropy increasing, universes.
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® It has been suggested (Hawking 1987 1994, Schulman 2005) that the psychological arrow
depends upon the thermodynamic arrow via a computational arrow

— The mind is a computer
— Certain computational processes are only possible in an entropy increasing
direction
= We show that this is not the case
» (but say nothing as fo whether the mind is a computer)

» All compufafional processes can fake place in enfropy decreasing, as well as
enfropy increasing, universes.

* Questions (and hopefully answers!)
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* It has been suggested (Hawking 1957 1994 Schulman 2005) that the psychological arrow
depends upon the thermodynamic arrow via a computational arrow
— The mind is a computer

— Certain computational processes are only possible in an entropy increasing
direction

* We show that this is not the case
* (but say nothing as fo whether the mind is a computer)

* All computafional processes can fake place in enfropy decreasing, as well as
enfropy increasing, universes.

* Questions (and hopefully answers!)
- What do I mean by an enfropy increasing/decreasing universe?
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® It has been suggested (Hawking 1987 1994, Schulman 2005) that the psychological arrow
depends upon the thermodynamic arrow via a computational arrow

— The mind is a computer
— Certain computational processes are only possible in an entropy increasing
direction
*» We show that this is not the case
» (but say nothing as fo whether the mind is a computer)

* All compufational processes can fake place in enfropy decreasing, as well as
enfropy increasing, universes.

* Questions (and hopefully answers!)
— What do I mean by an enfropy increasing/decreasing universe?
— What kind of computational process?
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® It has been suggested (Hawking 1987 1994 Schulman 2005) that the psychological arrow
depends upon the thermodynamic arrow via a computational arrow

— The mind is a computer
— Certain computational processes are only possible in an entropy increasing
direction
* We show that this is not the case
* (but say nothing as fo whether the mind is a computer)

* All compufafional processes can fake place in enfropy decreasing, as well as
enfropy increasing, universes.

* Questions (and hopefully answersi)
— What do I mean by an enfropy increasing/decreasing universe?
- What kind of computational process? What is the physical process?
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® It has been suggested (Hawking /987 1994, Schulman 2005) that the psychological arrow
depends upon the thermodynamic arrow via a computational arrow

— The mind is a computer
— Certain computational processes are only possible in an entropy increasing
direction
» We show that this is not the case
» (but say nothing as fo whether the mind is a computer)

» All computational processes can fake place in enfropy decreasing, as well as
enfropy increasing, universes.

* Questions (and hopefully answers!)
— What do I mean by an enfropy increasing/decreasing universe?
- What kind of computational process? What is the physical process?
- What of Landauer's Principle?
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® It has been suggested (Hawking 1987 1994, Schulman 2005) that the psychological arrow
depends upon the thermodynamic arrow via a computational arrow
— The mind is a computer

— Certain computational processes are only possible in an entropy increasing
direction

= We show that this is not the case
» (but say nothing as fo whether the mind is a computer)

» All computational processes can fake place in enfropy decreasing, as well as
enfropy increasing, universes.

* Questions (and hopefully answerst)
— What do I mean by an enfropy increasing/decreasing universe?
- What kind of computational process? What is the physical process?
- What of Landauer's Principle?

— What else might be responsible for the alignment?
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* An enfropy increasing universe:
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* An enfropy increasing universe:

- A marked asymmefry in physical processes
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* An enfropy increasing universe:

- A marked asymmetry in physical processes
* The tfendency for work to be irreversibly converted fo heat.
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* An enfropy increasing universe:
- A marked asymmetry in physical processes
* The fendency for work to be irreversibly converted to heat.
- An inifial condition hypothesis
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* An enfropy increasing universe:

- A marked asymmetry in physical processes
* The tendency for work to be irreversibly converted to heat.
- An inifial condition hypothesis
* The universe started in a small, a priori unlikely, part of state space.
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* An enfropy increasing universe:
- A marked asymmetry in physical processes

» The tendency for work to be irreversibly converted to heat
- An inifial condifion hypothesis

* The universe started in a small, a priori unlikely, part of state space.

* No equivalent future condition hypothesis (uniess on a very large timescale in
the future)
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* An enfropy increasing universe:
- A marked asymmetry in physical processes
* The fendency for work to be irreversibly converted to heat.
- An inifial condition hypothesis
* The universe started in a small, a priori unlikely, part of state space.

* No equivalent future condition hypothesis (unless on a very large timescale in
the future)

- A present day stafistical condition about inferacting systems
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* An enfropy increasing universe:

- A marked asymmetry in physical processes
» The tendency for work fo be irreversibly converted to heat
- An inifial condition hypothesis
* The universe started in a small. a priori unlikely, part of state space.

* No equivalent future condition hypothesis (unless on a very large timescale in
the future)

- A present day stafistical condition aboutf inferacting systems
* No initial microscopic correlations between systems

JoeSrsa ¥ifiputer have ReacieCid
n Arrow of Time? wmr m, B1AaF



=3 Entropy Increasing

a

o Enfropy Decreasing

FERIMETER INSTITL T
il THEOEETH sl MY

* An enfropy increasing universe:

- A marked asymmetry in physical processes
* The tendency for work to be irreversibly converted to heat.
- An initial condition hypothesis
* The universe started in a small, a priori unlikely, part of state space.

* No equivalent future condition hypothesis (unless on a very large timescale in
the future)

- A present day statistical condition about interacting systems
* No initial microscopic correlations between systems

* Thermal systems are initially well described by the canonical distribution on
the accessible stafte space.
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* An enfropy increasing universe:

- A marked asymmetry in physical processes
*» The tendency for work fo be irreversibly converted to heat
- An initial condition hypothesis
* The universe started in a small, a priori unlikely, part of state space.

* No equivalent future condition hypothesis (unless on a very large timescale in
the future)

- A present day statistical condition about interacting systems
* No initial microscopic correlations befween systems
» Thermal systems are initially well described by the canonical distribution on
the accessible state space.
* No equivalent conditions on final statistical states.
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* An entropy decreasing universe:

- A marked asymmetry in physical processes
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* An entropy decreasing universe:

- A marked asymmetry in physical processes
* The tendency for heat to be irreversibly converted to work.
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* An entropy decreasing universe:

- A marked asymmetry in physical processes
» The tendency for heat to be irreversibly converted to work.
- A final condition hypothesis.

Joed<a E¥itputer have Roe RS
in Arrow of Time? September 2008, PIAF



=3 Entropy Increasing

g

C Enfropy Decreasing

* An entropy decreasing universe:
- A marked asymmetry in physical processes
* The tendency for heat to be irreversibly converted to work.
- A final condition hypothesis.

* The universe will end up in a small, a priori unlikely, part of state space.
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* An entropy decreasing universe:
- A marked asymmetry in physical processes
» The tendency for hear fo be irreversibly converted fo work.
- A final condition hypothesis.

* The universe will end up in a small, a priori unilikely, part of state space.

» No equivalent /nifial condition hypothesis (unless on a very large timescale
in the pasY)
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* An entropy decreasing universe:

- A marked asymmetry in physical processes
*» The tendency for hear fo be irreversibly converted to work.
- A final condition hypothesis.

* The universe will end up in a small, a priori unlikely, part of state space.

» No equivalent /nifial condition hypothesis (unless on a very large timescale
in the pasY)

- A present day statistical condition about interacting systems
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* An entropy decreasing universe:

- A marked asymmetry in physical processes
» The tendency for hear to be irreversibly converted to work.
- A final condition hypothesis.

* The universe will end up in a small, a priori unlikely, part of state space.

* No equivalent /n/fial condition hypothesis (unless on a very large timescale
in the pasr)

- A present day stafistical condifion about inferacting systems
» No final microscopic correlations between systems
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* An entropy decreasing universe:

- A marked asymmetry in physical processes
» The tendency for hear to be irreversibly converted to work.
- A final condition hypothesis.

* The universe will end up in a small, a priori unlikely, part of state space.

» No equivalent /nifial condition hypothesis (unless on a very large timescale
in the pasY)

- A present day stafistical condifion aboutf inferacting systems
» No final microscopic correlations between systems

» Thermal systems are Finally well described by the canonical distribution
on the accessible state space.
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* An entropy decreasing universe:

- A marked asymmetry in physical processes
» The tendency for hea’ to be irreversibly converted to work.
- A final condition hypothesis.
* The universe will end up in a small, a priori unilikely, part of state space.

» No equivalent /nifial condition hypothesis (unless on a very large timescale
in the pas?)

- A present day stafistical conditfion about inferacting systems
* No final microscopic correlations between systems

* Thermal systems are finally well described by the canonical distribution
on the accessible state space.

* No equivalent condifions on /n/fial statistical stafes.
Page 39/171
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* An entropy decreasing universe:

- A marked asymmetry in physical processes
» The tendency for hear to be irreversibly converted to work.
- A final condition hypothesis.
» The universe will end up in a small, a priori unlikely, part of state space.
» No equivalent /nifial condition hypothesis (unless on a very large timescale
in the pas’)
- A present day statistical condition about interacting systems
* No final microscopic correlations between systems
* Thermal systems are finallv well described by the canonical distribution
on the accessible sfate space.
* No equivalent conditions on /n/fial statistical states.
* But NOT necessarily just a time reverse of our parficular universe..
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Logical Operations

AND
NOT
A B |AB |
0 0| O A | K
0 1 0 0 1
1 0| o 1 0
1 1 1
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Reversible Logical Operations

CCNOT
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Reversible Logical Operations

CCNOT
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0 0 0 0 0 0
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Reversible Logical Operations

CCNOT

A B Cl| D E F
0 0 0 0 0 0
o & Yl w 1
0 1 0 0 1 0
0 1 1 0 1 1
1 0 0| 1 0 0
1 0 1 1 0 1
1 1 0 1 1 1
1 1 ] 1 1 0
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input = >
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CCNOT
A B Cl| D E =
0 0 0 0 0 0
0 0 1 0 0 1
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0 1 gl ® . 8 1
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compute .
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Reversible Logical Operations

CCNOT

- -0 0O
-0 --0O0m
-0 =0 =0 =a|C)
—-i—-h-i-—-bDi;JDD-CJ
- OO0 == 0 QM
0w O =T

compute

input = > hiStDry hiStDl'y — —r input
output output
blank blank output output
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o o Computation and Logic I
e | ——
efficiently simulates : X
»—ae —
but they cannot efficiently simulate:
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| —f | ——
efficiently simulates
| — —
buf they cannot efficiently simulate:
BPP Complexity Class
Probabilistic Turing Machines
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o n Computation and Logic

| ——
efficiently simulates
i —

buf they cannot efficiently simulate:

| ——
i

BPP Complexity Class
Probabilistic Turing Machines
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a_n  Logically reversing compufations

PERIMETER INSTITLT
i THEDRETH ol FEYS

A general transformation of information, "L” must take into account the
effect on the probability distribution, P(a), over the input states.
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o n  Logically reversing computations

PFERIMETER INSTITLT
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A general transformation of information, "L” must take into account the
effect on the probability distribution, P(a), over the input states.

Defined by the conditional probabilities of any an output, b, given an input, a Plbla)
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aon Logically reversing computations

PERIMETER INSTITLTI
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A general transformation of information, "L” must take into account the
effect on the probability distribution, P(a), over the input states.

Defined by the conditional probabilities of any an output, b, given an input, a P Dl a)
The reverse transformation of information L*" is:

P(bla)P(a) _ Pl(bla)Pla)

Plald)= =
P(b) idPtb}mle
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a-n Logically reversing computations

FERIMETER INSTTTL T
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A general transformation of information, "L” must take into account the
effect on the probability distribution, P(a), over the input states.

Defined by the conditional probabilities of any an output, b, given an input, a Plba)
The reverse transformation of information"L*" is:

P(bla)Pla) _ Plbla)Pla)

Plalb)= =
P(b) :aPermPlai

It is not hard to see:

- if the input, a, to L, occurs with probability P(a), then following
L with L* restores the original probability distribution, P(a) - (L)L =1
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a-n Logically reversing computations

PERIMETER INSTTTLT
il THEDRETH ol PETYSH

A general transformation of information, "L” must take into account the
effect on the probability distribution, P(a), over the input states.

Defined by the conditional probabilities of any an output, b, given an input @ P (bl a)
The reverse transformation of information L*" is:

P(bla)Pla) _ Pl(bla)Pla)

Plalb)= =
Pl(b) ZdPrb[mPlai

I+ is not hard fo see:
- if the input, a, o L, occurs with probability P(a), then following
L with L* restores the original probability distribution, Pfa) - (L™ )L =1
—thereversal of L*isL : (L*)*=L
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aon Logically reversing computations

PERIMETER INSTITLT]
il THEDRETH wl MEY S

A general transformation of information, "L” must take into account the
effect on the probability distribution, P(a), over the input states.

Defined by the conditional probabilities of any an output, b, given an input, a Pl(ba)
The reverse transformation of information*L*" is:

P(bla)P(a) _ P(bla)Pla)

Plald)= =
P(b) EdPrbfalPla}

It is not hard to see:
- if the input, a, to L, occurs with probability P(a), then following
L with L* restores the original probability distribution, Pfa) : (L™ )L =1
~thereversalof L*isL : (L*)*=L
- if the input, b, fo L™, occurs with probability P(b), then following
L* with L restores P(b) - AL )=1
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a_n Physically implementing operations P[
* A particular physical implementation of L, is an evolution -
microstates, that satisfies Prbla)
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a_n Physically implementing operations P[

FERIMETER INSTTTLT
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* A particular physical implementation of L, is an evolution of
microstates, that satisfies Prbla)

*A flow on the state space (of system and environment), defined by a Hamiltonian: [/ .

Joed<a EBitiputer have Page 85/171
n Arrow of Time? September 2008, PIAF



=3
= n Physically implementing operations

PERIMETER INSTITLT
- it} Y a4

* A particular physical implementation of L, is an evolution o
microstates, that satisfies Prbla)

*A flow on the state space (of system and environment), defined by a Hamiltonian: /|

Each input logical state corresponds fo a region of system state space [fa/. a macrostate with
many microstates.
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o n Physically implementing operations

PERIMETER [NSTITLT

* A particular physical implementation of L, is an evolution of
microstates, that satisfies Prbla)

*A flow on the state space (of system and environment), defined by a Hamiltonian: /|

Each input logical state corresponds fo a region of system state space [fa/. a macrostate with
many microstates.

“The propertion of all microstatesin fafjis Pl a)
A sequence of macro operations takes place, accompanied by evolution of microstates.
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o n Physically implementing operations

FERIMETER INSTTTLT

* A particular physical implementation of Z, is an evolution of
microstates, that satisfies Prbla)

*A flow on the state space (of system and environment), defined by a Hamiltonian: HI.

Each input logical state corresponds fo a region of system state space [a/. a macrostate with
many microstates.

*The proportion of all microstatesinfafis Pl q)

A sequence of macro operations takes place, accompanied by evolution of microstates.
« The macro operafions are nof correlated fo the microstate
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o n Physically implementing operations

PFERIMETER INSTITLT

* A particular physical implementation of L, is an evolution of
microstates, that satisfies Prbla)

*A flow on the state space (of system and environment), defined by a Hamiltonian: /|

Each input logical state corresponds to a region of system state space faj. a macrostate with
many microstates.
*The propertion of all microstatesinfafis Pl a)
A sequence of macro operations takes place, accompanied by evolution of microstates.
= The macroc operafions are nof correlated fo the microsfale

*Each output state corresponds fo a region of state space [B], a macrostate with many
microstates.
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o n Physically implementing operations

PERINETER INSTITLT

A particular physical implementation of L, is an evolution of
microstates, that satisfies P(bla)

*A flow on the state space (of system and environment), defined by a Hamiltonian: HI.

Each input logical state corresponds fo a region of system state space [fa/. a macrostate with
many microstates.

*The proportion of all microstatesinfafis Pl q)

A sequence of macro operations takes place, accompanied by evolution of microstates.
= The macro operafions are nof correlafed fo the microsiafe

*Each output state corresponds to a region of state space [/, a macrostate with many
microstates.

«The proportion of those microstates that started out in fa], that end in pjis £ (Dl a)

Joed<& E¥itiputer have Page 90/171



=3
o n Physically implementing operations

PERIMETER INSTITLT
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* A particular physical implementation of Z, is an evolution of
microstates, that satisfies Prbla)

*A flow on the state space (of system and environment), defined by a Hamiltonian: HI.

Each input logical state corresponds o a region of system state space faj, a macrostate with
many microstates.

*The proportion of all microstatesin fafis Pl aq)

A sequence of macro operations takes place, accompanied by evolution of microstates.
= The macro operafions are nof correlafed fo the microsiafe.

*Each output state corresponds fo a region of state space [B], a macrostate with many

microstates.
«The proportion of those microstates that started out in faj, that end in pjis £ (Dl a)
- The proportion of ail microstates ending up in fb] is PlblzZaP{blalel
Mrsawr nave Page 91/171
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o n Physically implementing operations

PERIMETER [NSTTTL T

* A particular physical implementation of L, is an evolution of =~
microstates, that satisfies Prbla)

*A flow on the state space (of system and environment), defined by a Hamittonian: /|

Each input logical state corresponds fo a region of system state space [a/. a macrostate with
many microstates.
“The proportion of all microstatesin fafis Pl a)
A sequence of macro operations takes place, accompanied by evolution of microstates.
= The macro operafions are nof correlafed fo the microsfale.

*Each output state corresponds fo a region of state space [B], a macrostate with many
microstates.
“The proportion of those microstates that started out in faj, that end in pjis £ (Dl a)
* The proportion of all microstates ending up in B] is: P(b)=) _P(bla)P|a)
« The proportion of those microstates that end in [B], that started in fafis:
Plalb)= P(bla)Pla)
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*Now consider the complete, microscopic time reversal
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o o Time reversing the physics

FERIMETER INSTITL T
il TEEDRETH ol PEYSN

*Now consider the complete, microscopic time reversal

-
«Time reverse the macro-operations, via the Hamittonian: ( A ;)
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o 0 Time reversing the physics

FERIMETER INSTITET
i THEDRETH wl Y

‘Now consider the complete, microscopic time reversal
T
-Time reverse the macro—operations, via the Hamiltonian: IHEI‘

» Includes reversing velocities of (or complex conjugating) the final microstates for the
initial microstates
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o o Time reversing the physics

FERIMETER INSTITL T
Ol THEGRETI WL #HYSH

‘Now consider the complete, microscopic time reversal
«Time reverse the macro—operations, via the Hamilionian: IH'EI‘t

» Includes reversing velocities of (or complex conjugating) the final microstates for the
initial microstates
*Each [B] corresponds to a region of state space, macrostate with many microstates.
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o o Time reversing the physics

FERIMETER INSTITLT
F THE 4 Y ade

*Now consider the complete, microscopic time reversal
-lime reverse the macro-operations, via the Hamiltonian: IHEFI

» Includes reversing velocities of (or complex conjugating) the final microstates for the
initial microstates.
*Each [b] corresponds o a region of state space. macrostate with many microstates.
«The proportion of microstates in [B] is Pib]zzgplbia}f)iﬂ]

Joed<a E¥itiputer have fRge /1



:z:n Time reversing the physics

FERIMETER INSTITL T
il THEGRETI Ll Py

*Now consider the complete, microscopic time reversal
-Time reverse the macro-operations, via the Hamiltonian: IHEJI
» Includes reversing velocities of (or compiex conjugating) the final microstates for the
initial microstates
*Each [b] corresponds to a region of state space, macrostate with many microstates.
-The proportion of microstates in [B] is P1bi:ZaP1bia}Pial

*A sequence of macro operations take place, accompanied by evolution of microstates.
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FERIMETER INSTTTL T
il TREDRETH Wl PSS

*Now consider the complete, microscopic time reversal
-Time reverse the macro-operations, via the Hamiltonian: IH,_,JT
» Includes reversing velocities of (or complex conjugating) the final microstates for the
initial microstates.
*Each [b] corresponds o a region of state space, macrostate with many microstates.
-The proportion of microstates in [B] is PibJ:ZaPlbia}Pm)
*A sequence of macro operatfions fake place, accompanied by evolution of microstates.

*The flow on the state space is defined by the Hamiltonian that is the time reverse of
the initial Hamiltonian.
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PERIMETER INSTITLT
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‘Now consider the complete, microscopic time reversal
-[ime reverse the macro-operations, via the Hamiltonian: {HLJI
» Includes reversing velocities of (or complex conjugating) the final microstates for the
initial microstates
*Each [B] corresponds to a region of state space. macrostate with many microstates.
«The proportion of microstates in [B] is PiblzzaPlbia}Pm)
*A sequence of macro operations take place, accompanied by evolution of microstates.
*The flow on the state space is defined by the Hamilionian that is the time reverse of
the initial Hamittonian.
*The proportion of microstates starting out in /B that end in [a] is:
: Plbla)Pla)
Plalb)= I
Plb)

Joed<a E¥itiputer have Page 101/171
in Arrow of Time? Sepitember 2008, PIAF



=3
oo Time reversing the physics
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‘Now consider the complete, microscopic time reversal
-[ime reverse the macro-operations, via the Hamilionian: IHLII
» Includes reversing velocities of (or complex conjugating) the final microstates for the
initial microstates
*Each [b] corresponds to a region of state space, macrostate with many microstates.
«The proportion of microstates in /B] is Pibl:ZgPlbia}Pm)
*A sequence of macro operations take place, accompanied by evolution of microstates.
*The Hlow on the state space is defined by the Hamilionian that is the time reverse of
the initial Hamiltonian.
*The proportion of microstates starting out in /B that end in [af is:
| P(bla)Pla)
Plalb)= '
P(b)

-The proportion of all microstates ending up in [a] is: Ztha'b}PEbIZP{a}
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PERINETER [NSTTITLT
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‘Now consider the complete, microscopic time reversal
«Time reverse the macro-operations, via the Hamiltonian: {H'Llr
- Includes reversing velocities of (or complex conjugating) the final microstates for the
initial microstates
*Each [B] corresponds fo a region of state space, macrostate with many microstates.
-The proportion of microstates in [B] is Pibl:ZaPlbla}Pmi
*A sequence of macro operatfions fake place, accompanied by evolution of microstates.
The flow on the state space is defined by the Hamilionian that is the time reverse of
the initial Hamiltonian.
~The proportion of microstates starting out in [B] that end in [a] is:
PIa‘;bl:PibmlPlal
P(b)
-The proportion of all microstates ending up in fa] is: ZbP{a‘b}PthZP{a}
IHLIT is a physical implementation of L*
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Now consider a sequence, S1, of logical operafions
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o n Reversed Compufational Processes
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Now consider a sequence, S1, of logical operafions
~=Pla, =L, ,-P, J\a, ;) >P, \a. ., )-L,:Pla)>P, \a, =L, . P, \a. )"
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o n Reversed Computational Processes

FPERIMETER INSTITL T
0l THEDRETI wl Y

Now consider a sequence, S1, of logical operafions
= Pla =L, - P, J\a, ;) > P, \a. )L Pla)>P, \a, =L, ;- P, \a..)"

I+ i

After the i™ operation: [ the logical states are: o, the probability distribution is: P (a,)
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o n Reversed Computational Processes

PFERIMETER INSTITLT
il THEDEETH wl RS

Now consider a sequence, S1, of logical operatfions
—Pla,)=L, P, [\a, \)>P; \a, )J=L:Pl\a,)—>P, \a.,,)=L,,, P, \a,)"

After the i™ operation: [  the logical states are: a,the probability distribution is: P (a,)
The time reverse of this sequence, gives S2
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o n Reversed Computational Processes
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Now consider a sequence, S1, of logical operatfions
~—Pla =L, ;-P, J\a, ;)P N0, ;) -L,:Pla)>P, \a. )=L,. . P, \a. ;)
After the i™ operation: [ the logical states are: a,the probability distribution is: P.(a,)
The time reverse of this sequence, gives S2
(@ )=L"  Posle s> Pla)=1" P, .(a

I+

)— P

=1 rl

J=L*_,:P(a)-

H-l

Joelsa Eiputer have PROCHEs L
n Arrow of Time? wr m, PiarF



a_n Reversed Computational Processes

FERIMETER INSTTITI T
il THEORETI Ll P

Now consider a sequence, S1, of logical operafions
~-Pla,)=L, ,:P, ,\a, )P, \a,,)=L,:Pla,)—>P, ,a.,)=L,,: P,

After the i™ operation: [ the logical states are: a,the probability distribution is: P,(a,)
The time reverse of this sequence, gives S2

P e =L P le ) PlaL P Ae )P e J=1L" .-Pla)-

L

lanlj

If S1 is in an entropy increasing universe, S2 is in an entropy decreasing universe.
But these are quite different sequences of operations!
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Now consider a sequence, S1, of logical operafions
~Pla =L - P, Ja ;)P (e L Pla)j—P \a =L . P, \a. )
After the i™ operation: [ the logical states are: o, the probability distribution is: P (a)
The time reverse of this sequence, gives S2
P NG ELT P e s P te 1 P e )P e =1 o Pla)
If S1 is in an entropy increasing universe, S2 is in an entropy decreasing universe.

But these are quite different sequences of operations!
Instead, construct physical implementations of the L* operations, in

entropy increasing universe:
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o n Reversed Computational Processes

FERIMETER INSTITLI T
il THEODRETI sl MY S

Now consider a sequence, S1, of logical operafions
=Pl =L - P, @, )P e L -Pla)—>P, \a L, ;- P, \0..)
After the i™ operation: [ the logical states are: a,the probability distribution is: P (a,)
The time reverse of this sequence, gives S2
...PI*'I(HI-I}:L*I"l"PI-:iGI*:I_’Pi'iﬂl .IZL*E.'Pr_llﬂr__l]—'PI_I(GI*Iizl‘:*l_1.'Pllﬂri'“
If S1 is in an entropy increasing universe, S2 is in an entropy decreasing universe.
But these are quite different sequences of operations!
Instead, construct physical implementations of the L* operations, in
enfropy increasing universe: resulfs in $3

“'Pﬂ-l{an—l]:l'*;‘*l'.Pi—l'af—ll_'Pfiar}:L*f:Pr—liaﬂ-ll_bPr-l{ar-l):L*I-I'.Pr(all“
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FERIMETER INSTITL T
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Now consider a sequence, S1, of logical operafions
--Pla,)=L, - P, \\a; )P, \a,,)=L,:Pla)—P, ,\a.,,)=L,,, P, a,,)""
After the i™ operation: [ the logical states are: a,the probability distribution is: P,(a,)

The time reverse of this sequence, gives S2

“'Pnl{af-l}:‘[*1-1'1Pr*llar-li_’Prlﬂz 'I:I‘*;"-Pr—llnr-li_’Pr—llar—Ijzl*i—l'vpllar}'”

If S1 is in an entropy increasing universe, S2 is in an entropy decreasing universe.
But these are quite different sequences of operations!
Instead, construct physical implementations of the L* operations, in

enfropy increasing universe: resulfs in $3
'”PH-I{a:rl]:I‘*hl"P:-:'dr—ll_bpriar}:L*::Pr-—liaﬂ-ll_"Pr-l{ar-I):‘Lif-I'.Pr(aiiu
the same series of logical operatfions (and states) as S2, butf is enfropy
Increasing.
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Now consider a sequence, S1, of logical operafions
Pla =L, ;-P, J\a, ;> P, M0, . -L,-:Pla)—>P, |
After the i™ operation: [ the logical states are: a.the probability distribution is: P (a,)

The time reverse of this sequence, gives S2
Pola =L, . P la s Pl )L " P, pe.. ) >F (e ;J=1L". . Pla)~

[ & o4
If S1 is in an enfropy increasing universe, S2 is in an enfropy decreasing universe.
But these are quite different sequences of operations!
Instead, construct physical implementations of the L* operations, in

enfropy increasing universe: resulfs in $3
PHI{aHl]:L*i*l:Pr-llar-llqpfias}:L*::Pr—lianl'_'Pr-liar-l):‘l‘*i-I'.Pr(nr:lu
the same series of logical operafions (and stafes) as $2, but is enfropy
Increasing.
Now time reverse $3, fo get §4

a.=L, . P, .la

f+l
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Now consider a sequence, S1, of logical operafions
~~Pla,)=L, ,:P; \a, )P, \a,,)=L;:Pla,)—>P, ,\a,.,)=L,: P, la,,) -
After the i™ operation: I the logical states are: a,the probability distribution is: P,(a,)

The time reverse of this sequence, gives S2

Bl =R Pk S Pl P e P (e =1 P le)

L
If S1 is in an entropy increasing universe, S2 is in an entropy decreasing universe.
But these are quite different sequences of operations!
Instead, construct physical implementations of the L* operations, in

entropy increasing universe: resulfs in $3
S e R S Rty O PSR L A T o At A I G AR T il o T
the same series of logical operafions (and states) as $2, buf is enfropy
increasing.
Now time reverse §3, fo get $4
e Pla,)=L; ;:P,_\@;_3) PP \C.+)=L;: P\a,) > P \C. 7)) =L 1:-P; 1 \Cs 1)
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o n Reversed Computational Processes
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Now consider a sequence, S1, of logical operafions
—=Pla=L. - P, &, P oL - Pla) >, Aa =L, ;- P, 0. )

After the i™ operation: [ the logical states are: a.the probability distribution is: P (a,)
The time reverse of this sequence, gives S2

“'Pnl{ai*-l}:‘l*r-l"P:-liH:-Z}_’Prla: ]:I‘*f'-Pr—llnr-li_rPr—l{ar—1}:‘[*1—l'vpllar}'“
If S1 is in an enfropy increasing universe, S2 is in an enfropy decreasing universe.
But these are quite different sequences of operations!
Instead, construct physical implementations of the L* operations, in

entropy increasing universe: resulfs in $3
s P O O Gy U TR, D0 A T o et AR [ ) A T - Sl e Y
the same series of logical operafions (and stafes) as $2, but is enfropy
Increasing.
Now time reverse S3, fo get $4
-+Pl\a,)=L,_;: P, ;\a,_;)>P; . \a;,.)=L.: Pla,) > P; N\a;,5)=L; ;- P; 1\C; 1)

S4 is the same as S1, but is in an entropy decreasing universe.
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o n hat of Landauer's Principle P[
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* Landauer's Principle is supposed to be "the basic principle of
the thermodynamics of information processing” (Bennett 2003).
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= What of Land 's Principle?
o n hat of Landauer's Principle:

FERIMETER INSTITLT
il THEDEETH ol FEYSE

* Landauer's Principle is supposed to be "the basic principle of
the thermodynamics of information processing” (Bennett 2003).

- It is widely believed to state that some types of logical operations
are necessarily thermodynamically irreversible:
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- What of d 's Principle?
o n hat of Landauer's Principle-

FERIMETER INSTITI T
Ol THEDRETI ul PSS

* Landauer's Principle is supposed to be "the basic principle of
the thermodynamics of information processing” (Bennett 2003).

- It is widely believed to state that some types of logical operations
are necessarily thermodynamically irreversible:

“If information is understood as physically embodied
information, a logically irreversible operation must be
implemented by a physically irreversible device, which
dissipates heat into the environment.”

(Bub 2001)
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- What of d 's Principle?
o n at of Landauer's Principle*

PERIMETER INSTITLT
L THEOEETH . PSS

* Landauer's Principle is supposed to be "the basic principle of
the thermodynamics of information processing” (Bennett 2003).

- It is widely believed to state that some types of logical operations
are necessarily thermodynamically irreversible:

“If information is understood as physically embodied
information, a logically irreversible operation must be
implemented by a physically irreversible device, which
dissipates heat into the environment.”

(Bub 2001)

“This is often generalised to the claim that any logically
irreversible operation cannot be implemented in a

thermodynamically reversible way.”
(Short Ladyman, Groisman, Presnell 2007)
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= What of d 's Principle?
oo at of Landauer's Principle®

FERIMETER INSTITL T
il THEORETN wl PSS

* Landauer's Principle is supposed to be "the basic principle of
the thermodynamics of information processing” (Bennett 2003).

- It is widely believed to state that some types of logical operations
are necessarily thermodynamically irreversible:

“If information is understood as physically embodied
information, a logically irreversible operation must be
implemented by a physically irreversible device, which
dissipates heat into the environment.”

(Bub 2001)

“This 1s often generalised to the claim that any logically
irreversible operation cannot be implemented in a

thermodynamically reversible way.”
(Short Ladyman, Groisman, Presnell 2007)

How does this relate to the conclusion of the previous slides?
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%’3 Landauer in
o an enfropy increasing universe |

FERIMETER INSTTTLT
il THEORET . FHYS

py=p,®p:(T)=)  Pla)p,®@p:(T) H=H +H:+V Py o e
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=3 Landauer in

a
C an entropy increasing universe

PERIMETER INSTTTLT
il THEORETH wl MY S

ﬂ{}:PI@pziflzz_ Plrxlplﬁpsiff H=H +H:+V pEtl"‘n:_Ve'H-“H
pr:g_ﬁp.}gﬁ TF'E_e'ﬁp_tsp:nI!e&_:Eﬂ P{ﬁ:t]]ﬂﬁ
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=3 Landauer in

a

S an entropy increasing universe
Py=p,®p:(T)=)  Pla)p,®p:T) H=H +H:+V pe(T)=Ne T2

p.=e = p ™ Tr._,_e'&plspzil‘ieﬂéiﬁP{ﬁfﬂt}pﬁ

— T %, Ty
p.=Ir_lp.|l=” P|\B)
Pi_ﬁi*—*T PlBlx)Plex) . *'[':Jl e Fs
B p:"=Irc|p.]
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=3 Landauer in

g
S an entropy increasing universe

FERIMETER INSTITL T
il THEODRETIN wl PEYSE

po=p,®p(T)=2, Pla)p,8pAT) H=Hc+Hg+V  p(T)=Ne "7
pr:g_'&pggﬁ TrE_E'&pdapziIbe&_=EﬁP{ﬁlalpﬂ
—- =N
p=Ir:lp.l=2 P(B)p
P(B)=) P(Blx)P(«x) ! E[;_] e .
5 p:"=TIrc|p.|
Irlpnip)|+TrlpATinlpAT)) 2Tl pnlp,) |+Tr | p: "' In(ps )]
: ny HE . | |  Hg
I-?"ﬂ:,_- |IIUP;.: '*?}-EE pEII:E!ﬂIpElI—H*—kT '
Joed<a EBiputer have Page 127/171

n Arrow of Time? S-q:rfmr E'I}GS.PIAF



= Landauer in

&
C an entropy increasing universe

FERIMETER INSTTTL T
Ol THEORETH ol FYsa

9n=P:®ﬂE‘I}=E Pla)p,®pAT) H=H +H:+V pEiT}=.V€_H"’H
p,ze_ﬁp,._.eﬁ TrE_e'ﬁpdspfiIleﬂ’_zzﬂP{ﬁialpﬁ
- =0,
p~=Trlpl=2., P(B)p
P(B)=) P(Blx)P(x) i ik :
g Pe :I—rf[prl
Tf'!p,lﬂrp:v_+17?'_pf=I"rhl!pfifl'_:'-‘-‘r-l"r' p_,-iuipf.|_+1'r|pf'1iui.p£'l_
H: | H:
Ir| r' In '.-'""'_h =>Tr| = T':!ﬂ AT +—
or'|Inlp )+ Sl Tiass Hl
IriHp:(T) Ir|Hgpz'
Y Pla)mPla)—2> PiBnP(B)= ? ﬁgp“ | el
e T kT kT
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=3 Landauer in

a
- an entropy increasing universe

FERIMETER INSTITLT
Pl TREDERETH .l PN

=p,®p:(T)=) Plax)p,®p\T) H=H +H+V pe(T)=Ne FH
= —if® ;
p.=e ‘H’pgeﬂ’ Irf_e pdapfirleﬁ’_:EﬁP{ﬁIaJpﬁ
- s W
p.=Tr lpl=2.  P(B)p
P{Blrz Pl(Blx)Plex) 4 K ks = -
i p:"=TIrc|p.]
T?'|ﬂ.lﬂ'ﬂ,'_*1'?‘ ;J-ll"*hl!pfll'l: >Tr psnip,)] +Tr|pf'1ni.pf'l__
H;
Ir|p;'|In! .__'|--_ >TrlpAT) !n: (M) +—=
p:'|Inlp; | p:AT)\ln(p; = |
IriH;p:lT) T'H =
Y Pla)mP(a)-Y PEmP(g—_2r= 1 "I =fr|
e — kT kT
AH=) Pla)logP(a)}-Y P(B)logP(B) AQ=Tr|H,p;'|-Tr|Hpp (T)
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=3 Landauer in
C an entfropy decreasing universe §|

FERIMETER INSTITL T
il THEIRET . FEYS

iy o

9::ﬂ_r®95'-r‘:z_;P'ﬁ’ﬂggﬂz'r' H=Hc+Hg+V p-h_-l.f'l:_VETH';:ﬂ
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=3 Landauer in

oon
an entropy decreasing universe

P::p_“'gp.?!T*:E:;P'ﬁ*ﬂggpz'r' H:H{_‘""HE‘I"P? pE!I}:}JE-HI.:EI

p.=e " pye .T.?‘:-_E’&ﬂ_,_;ﬁpz_iT?F_Eizzmptﬂbﬁ!ﬂa
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=3 Landauer in

oon
an entropy decreasing universe

FERIMETER INSTITL T
Ol THEGRETH L P

i — it | :
pr=€'&pgeﬁ Irz e pg®p:lTI)e ‘:Eﬂpiﬂ[ﬁ?ﬂa
P(Blx) Pl ex) p,=Tr:Epg'=T Pla)p,
Pff;'I:'ﬁﬁ:T. v * - = 4 ‘—Tﬂ s
L. PlBla’)Pla’) ps"=Trc| po
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=3
g

p.=p;®p:(T)=2 _P(B)p,®p:(T)

PERIMETER INSTITET
Ol THEORETH Ll Y

Landauer in
an enfropy decreasing universe

H=H +H:+V p:(T)=Ne

Tr:._e&p:;@p:.! T le*’H‘A

—iHr i
Pr—=€ pPo€
P(Blx) Plex) p=Tr:[pﬂ'=T Plx)p,
P{alﬁ}zv === i R :

7 A P(Bla’')Plax’) ps"=Trc| pol
Ir\p/nlp,) | +Tr | pz\ T )Inlpe(T)) |2 Tr | pnl p,) |+ Tr | pr 'In(pg’)|
HE} =2Tr p,iIff}ﬂlpElI—H-v-THE'

_ | P;l-

¥
| —

Bl Il
o' \Inlpg )+

Page 134/171
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=3 Landauer in

a
C an entropy decreasing universe

PERIMETER [NSTITLT

0. =p;®p:(T)=2_ _P(B)p;®p:(T) H=Hc+He+V  p (T)=Ne ™™
= —iEr | :
przg-&pggﬁ Irz e pg®p:lT)e E=EﬂPin|ﬁ}pa
P(alB)= P(Blx) Plex) p.=Tr:lp,J=2 _Plax)p,
zﬂ PiBla’')Pla') pe =Trc| pel
Ir\p/nlp,) | +Tr | pz\ T )Inlpe (T )) |ZTr pinlp,) |+ Tr | pr 'In(pg’)|
: ne HEllo ] |  He|
Ti"p::_ |h1'p:_: I*—FF ;Iﬂ' pflr.ﬁiﬂipflrﬁfﬂ-kr '
I}' H .-{I} T.r HE i
_EJprannP'ir:n—-EsP!ﬂ']_uP|ﬂt}.. J;-;“ B _L'IﬂE ]
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=3 Landauer in

a
c an enfropy decreasing universe

FERIMETER INSTTITL T
il THEDERETH wl PEYSNW

pr:pﬁf’nglrizzﬁP*ﬁ}pgspflr] H:HC+HE+V pE'T}:*VE-HHH
— . TrE_e‘H’pﬂapElI'le*’Hrd!=iﬂP1niﬁ}pa

P(Blx) Plex) pr=TrE[pu]=E“ Plx)p,
Eﬂ Piﬁ!ﬂ"?P{ﬂ'l E':Irfipﬁl

Plex|B)=

Irlp/nlp,) | +Tr | pz(T)lnlpT)) |2 T p,Inlp,) | +Tr | pz 'In(ps )]

.l E Hr H:I
Ir|p; |In(p, I—?ff 3Ir'pE!T:!|]n:p£lIH+H: |

Tr|HppelT)| Tr|Hepy'|
kT kT

—E:nPbﬂllnpiﬂl-—zspiﬂ‘]ﬂpfﬂl?-
AH=Y PlajlogP(a)—Y P(B)logP(B) AQ=-Tr Hpp;'|+Tr Hyp,(T)
AQO<—AHKTIn(2)
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=3 Landauer in

a
S an entropy increasing universe

FERIMETER INSTTTL T
D THEDERETH wl. PEYSH

p{,:p,@pElI1=EﬂP|mpJ®pEt}_‘} H=H +H:+V pE!T}=.Ve_H"’H
ﬂrze*ﬂﬂgeﬂr Irz_erﬁﬂa@ﬂsirwﬂr;zzﬁP{ﬁlﬂlﬂﬂ
= =
| | p,=Tr lpl=2.  Pl(Blp
P(B)=> P(Blx)P(ex) A ool o .
= p:"=TIrclp.|
T?‘|ﬂ,111'-ﬂ:’_*1'?'_ﬂg*T*Iﬂ‘ﬂzif“.:'-'-?’-'rI'r"p_;lﬂiﬂff':*ff-[pf'lini.pf".:
| H-— | Hrl
Irlp:. |Inlp." | +—| 127l pA T )lInlp T ))+—
p:'|Inlp; ﬂ_f pe(T)|ln(p, = |
Tr HepAT) Tr|Hgpg'|
Y Pla)nPla)-Y P(B)nP(g)> ;;E l_ -H‘Ep“ -
AH=Y PlajlogPla)—Y _P(B)logP(B) AQ=Tr H,p;'|—Tr|Hyp(T)|
AQO=—AHkKTIn(2)
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= Landauer in

o
C an entropy increasing universe

FERIMETER INSTTTL T
D THEDERETE Wl PEYSN

pg=p,®pE|I1=i Pla)p,@p:\T) H=Hc+Hg+V PEET}=_VE_H"H
p,ze*ﬁpgeﬁ TrE_e'&pdepEtrleﬁ_=EﬁP{ﬁlulpﬁ
= B %
p,=Tr lpl=2_ _Pl(Blp
Plﬁﬁll*z P(Blx)Plex) 4 E ’ o= 4
& P= :Irc[ﬂ;l
I'?.|p'[n;p:l_—-]'r pftfr[ﬂipfi}-!!;%fr p_;lﬂ#pffl_:—-—ff-|pE'];nilpE.':
el ’ HE - | I'! o HEI
Ir|ps |In!p:_: |—-?F.3Ir pEII'.-.lln:pElI'l,—-IrT '
Ir|H \T)| Ir\Hyp;'
Y Pla)aPla)-Y PloapP(p— L toe 1 | =fe|
T = kT kT
AH=Y PlajlogPla)—3 P(B)logP|(B) AQ=Tr H,p; |—Tr|Hpp,(T)|
AQO=>—AHKTIn(2)
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e ik
oo Correlations with the world

Consider a system, with staftes {A'}, gdt‘her"lng information PERIMETER INSTITLT)
about another system, with states {B}, in an environment, {E}.
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E‘;ﬂ ti ith
o n Correlations with the world

Consider a system, with states {A’}, gafhenng information PERIMETER INSTITLT]
about ancther system, with states {B}, in an environment {E}.

4,®(.U,B,)®E,—(.U,4,8B,@E,)<(.U,4,®B,)®E, E,=.U,E,
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Correlations with the world

Consider a E‘fﬁm, with states {A}, gu'f‘henng information PERIMETER INSTITLTI
about another system, with states {8}, in an environment, {E}.

4,®(.U,B,)®E,—(.U,4,8B,@E,)<(.U,4,®B,)®E, E,=.U,E,

p(4,®U,B,®E,)=p(.U;, 4,8 B,@E,)<pu(.U; 4,8B,8E ;)
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n.:n Correlations with the world

Consider a system, with staftes {A’}, ga‘f‘henng information PERIMETER INSTITLTI
about another system, with states {8}, in an environment, {E}.

4,®(.U,B,)®E,—~(.U,4,8@B,®E,)<(.U; 4,8B,)8E,; E,=.UE,

p(4,®U,B,®@E,)=p(.U, 4,8 B,@E,)<p(.U, 4,8B,8E ;)

u(4,)| 2 u(B)|u(E)=2 p(4)u(B)u(E)<|D ul(4,)u(B)|u(E,)

—

B,NB;=4,N4,=8(i#])
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= . .
o o Correlations with the world

Consider a EYS*EITI, with states {A}, gl'fhﬂf‘lﬂg information PERIMETER INSTITUTI
about another system, with states {8}, in an environment, {E}.

4,®(.U,B,)®E,—(.U,4,8B,@E,)<(.U,4,®B,)®E, E,=.U,E,

p(4,®U,B,®@E,)=p(.U;4,@ B,@E,)<p(.U,; 4,8B,8E ;)

p{.—lﬂlleuiBll yiE_jsz_T ut.-l,lmBiip(EEnéiEjui_-l,!plB,}_tu{E‘,-}

Coarse grained entropy increase. B.NB;=4,N4,=8(i#])

But now consider system {A}, initially possessing
information about {B}, and "anti-gathering” it:
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ugn Correlations with the world

Consider a Sysm, with states {A}, Whenﬂg information PERIMETER INSTITUT)
about another system, with states {B}, in an environment, {E}.

4,8(.U,B,)®E,—~(.U,4,@B,®E,)<(.U,4,®B,)®E; E,=.U,E,

p(4,®U,B,®@E,)=p(.U;,4,@ B,@E,)<pu(.U; 4,8B,8E ;)

ui.—lﬂl-:ZIulB,} utEﬂl=T ut.i,l,ulBilp(E,.}%Ejui_-l,.luIB,-Hu{EfJ

Coarse grained entropy increase. B,NB;=4,N4,=8(i#])

But now consider system {A}, initially possessing
information about {B}, and "anti-gathering” it:
(.U;4,8B)8E,"— 4,8(.U,B,@FE,")S 4,®(.U,B,)®E,” L' =.UE/S
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ngn- Correlations with the world

Consider a 5‘/’51'!!'“, with states {A}, gcd'henng information PERIMETER INSTITLT]
about another system, with states {B}, in an environment, {E}.

4,®(.U,B,)®E,—~(.U,4,8B,@E,)<(.U,4,®B,)®E, E,=.U,E,

p(4,®U,B,®Ey)=p(.U; 4, B,®E,)<p(.U;4,8B,8E )

uldy) Z plB ) plEy)= T uld, jul B, )pulE, rmz pld )ulB,) .u{Ef-J
Coarse grained entropy increase. B.NB;=4,N4,=8(i#])
But now consider system {A}, initially possessing
information about {B}, and "anti-gathering” it:
(.U, 4,@B,)@Ey’ — 4,@(.U,B,@E,")S 4,8(.U,B)®E,” E=.UkE/

p(.U,4,®B®E, )=p(4,8U,B,®E,")<p(4,8U,BRE,)
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ugn Correlations with the world

Consider a E‘fsm, with states {A}, gai"henrlg information PERIMETER INSTITLT]
about ancother system, with states {B}, in an environment {E}.

4,®(.U,B,)®Ey—(.U,4,8B,@E,)<(.U, 4,8B,)®E, E,=.U,E,

p(4,®U,B,®Ey)=p(. U, 4,@ B,®E,)<p(.U,4,8B,8E,)

u(4e)| 2 (B u(E)=2 w(4)u(B)u(E)<|DY p(4,)u(B)|u(E,)

Coarse grained entropy increase. BNB;=4,N4,=8(i#])

But now consider system {A}, initially possessing
information about {B}. and “anti-gathering” it:
(.U, 4,@B,)@E," > 4,@©(.U,B,@E,")S4,8(.U,B)8E,” L =.UkL/
u(.U,4,8B,@E, )=pu(4,@U,B,®E,")<u(4,8U,B@E )

Iqui__—lr.lulBI}:piEg’}=ul.-1,,}:§_:rpiBIrptEI'};ﬁul.-lﬂnzfu{B,.}zpiEf'}
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n:n Correlations with the world

Consider a SyS‘l’em, with states {A}, mﬂﬂg information PERIMETER NSTITLT)
about another system, with states {B}, in an environment {E}.

4,®(.U,B,)®E,—(.U,4,8B,@E,)<(.U,4,®B,)®E, E,=.\U,E,

p(4,®U,B,®E,)=p(.U,4,@ B,®E,)<p(.U; 4,8B,8E ;)

yi.iﬂ]-:zruiB,i j.I'I.EﬂI=Z'p{.-lfl,uilep(E,-]'-‘Eiz'_y'l.-].iHJlB,-]':u{E‘;}
Coarse grained entropy increase. B,NB,=4,NA4,=8(i#])
But now consider system {A}, initially possessing
information about {B}, and “anti-gathering” it:
(.U, 4,@B,)@Ey’ > 4,@(.U,B,@E, )< 4,8(.U,B,)8E,” £ =.UkE/
ui.UI.-IIEBIQEG'l:pi.-LD@L_;IB,@E,'l%pi.:lo@UIBIGE_;}
;Zr_u{_—lfiulBI};plE,J'}=ui.-1ﬂjizrpiBrrptEi'};ﬁul_-lﬂhZfpiBi}!uiEf'l
Still a coarse grained enfropy increase.
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n.gn (De-)Correlations with the world H

How does the enfropy increase appear?
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=3 . :
agn (De-)Correlations with the world P[

FERIMETER INSTITLET
Nl THEDRETH .l FEYS

How does the enfropy increase appear?

U;4,®B®ECS. U, 4,8B@E; pl.U 4,@B,@E,)<ul.U,4,88B,E )
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=3 ‘ .
ﬂgn (De-)Correlations with the world P[

FERIMETER INSTITL T
il THEDGRETH wl FEYS

How does the enfropy increase appear?

U;4,®B®E,S. U, 4,8B,SE; pl.U 4, @B,®E,)<ul.U,4,88B,@E )
E' pld)p(B ulE )< E’ pld )ulB,.) E plE ) E.=.UE,
wrsa%hr nave Page 152/171

in Arrow of Time? September 2008, PIAF



=3 . .
ugn (De-)Correlations with the world

PERIMETER INSTTTLT
Ol THEDMETH ol FHYSS

How does the enfropy increase appear?

U;4,®B,®E,C. U, 4,®B,®F, pl.U,4,®B,@F,)<pul.U,4,@B,®E )
E,”‘AE'”[B;'”'E”S‘;:E, pld )ulB.) ?E; leEj.] E.=.UE,

Inaccessibility of microscopic correlations with the environment.
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n:n (De-)Correlations with the world

How does the enfropy increase appear?

;4,8 B,®E,C.U,4,8B,8E, pl.U,4,@B.®E,)<pul.U,4,8B,8E,)
E' pld)pul BI.};,[IEII5=E?J.H+{:}HI B.) 'E leEj.]: E,=.UE,

Inaccessibility of microscopic correlations with the environment.
Coarse grained decorrelation.
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=1 . .
c:.:n (De-)Correlations with the world

PERIMETER INSTTTLT
il THEDERETH ol PETYSH

How does the enfropy increase appear?

U;4,®B®EC U, 4,®B,8F, p(.U, 4 @B SE,)<ul.U,4,®B,QE,)
E,”f*‘[:’”‘ BI*HIE,'%E, pld ulB,.) E plE ) E.=.UE,

Inaccessibility of microscopic correlations with the environment.
Coarse grained decorrelation.

U; 4,8 B,S.U;4,8U.B; pl.U, 4,88, )<p(.U; 4,8U;B))

RIS 08009 ter have Page 1551171
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=3 . .
u:n (De-)Correlations with the world

FERIMETER INSTITL T
il THEORETH L PFEYSE

How does the enfropy increase appear?

,L_J'Ij;_ili@BIEEI;.L':F:.’.ESB:@E'( ut' ‘IUI‘JTSBIE‘E:}H‘{‘H{'u[‘{yl@BI®‘E_f}
E'pt.:{jlwﬁfiulfiliéii' pld pulB,.) E f.I(Ej]: E, = \E,

Inaccessibility of microscopic correlations with the environment.
Coarse grained decorrelation.

. ur-'{j-g ‘BIE‘ ‘1-"]-*{[3"-": B; “‘ !\-_Ji.il..@B: I“".";.pl I\Jr ..41,'@1._}-}:.8;']
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How does the enfropy increase appear?

U;4,®B®E, S U 48®BSE,; pl.U 4,@B,QE, )<ul.U 4,88 E,)
2. u(4)u(B)u(E)<| 2 u(4)u(B)|( 2 u(E)) E,=.U,E,

Inaccessibility of microscopic correlations with the environment.
Coarse grained decorrelation.

U; 4,8 B,©.U;4,8U; B, pl.U,4,®B,)<p(.U, 4,8U;B))

2 wl4)u(B)<D p(4)||X u(B)
But it is precisely the accessibility of macroscopic correlations that makes information
gathering of value.
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How does the enfropy increase appear?
U, 4,®B®ECS U, 4,8B8E; pl.U,4,@B,QE )<pul.U 4,8B,BE,)

2. u(4)u(B)u(E)<| 2 u(4)u(B)|(2 n(E) E=\LE,

Inaccessibility of microscopic correlations with the environment.
Coarse grained decorrelation.

U; 4,®B,<.U; 4,8U. B, pl .U, 4,@B,)<p(.U, 4,8U;B))

> wl4)u(B)<Y p(4)||X u(B)

But it is precisely the accessibility of macroscopic correlations that makes information
gathering of value. Coarse grained decorrelation of information does not occur (at
least, on the timescales relevant).
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How does the enfropy increase appear?
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b 3 ﬂl,ij_!ple}gIEi]{iiY pld )pulB.) lzj_ﬂlff}: E,=.U,E,

— —

Inaccessibility of microscopic correlations with the environment.
Coarse grained decorrelation.

U; 4,8 B,©.U; 4,8U; B; pl.U;4,®B,)<p(.U, 4,8U;B;)
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But it is precisely the accessibility of macroscopic correlations that makes information
gathering of value. Coarse grained decorrelation of information does not occur (af
least, on the timescales relevant).
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- The imposition of an initial condition hypothesis, but no final condition hypothesis, constrains
counterfactual reasoning. Minor perturbations in the microstate now can have unconstrained
future consequences but cannot have unconstrained past consequences. Criticisms: it is not clear
if an initial condition in the remote past really does constrain past consequences in the near past:
a remote future condition would not appear to constrain near future choices. (Frisch, Price &
Weslake)
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- The imposition of an initial condition hypothesis, but no final condition hypothesis, consirains
counterfactual reasoning. Minor perturbations in the microstate now can have unconstrained
future consequences but cannot have unconstrained past consequences. Criticisms: it is not clear
if an initial condition in the remote past really does constrain past consequences in the near past:
a remote future condition would not appear to constrain near future choices. (Frisch, Price &
Weslake)

Evolution

- In an entropy increasing universe there may be more evolufionary advantfage to the development
of self-replicating systems which utilise information that has been gathered, than in an entropy
decreasing universe. Eniropy increasing universes have a macroscopic predictability, so gathered
information is a good predictor of the future. Entropy decreasing universes have an
unpredictability, so gathered information is not necessarily of use.
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- The imposition of an initial condition hypothesis, but no final condition hypothesis, constrains
counterfactual reasoning. Minor perturbations in the microstate now can have unconstrained
future consequences but cannot have unconstrained past consequences. Criticisms: it is not clear
if an initial condition in the remote past really does constrain past consequences in the near past:
a remote future condition would not appear to constrain near future choices. (Frisch, Price &
Weslake)

Evolution

- In an eniropy increasing universe there may be more evolufionary advantfage to the development
of self-replicating systems which utilise information that has been gathered, than in an entropy
decreasing universe. Eniropy increasing universes have a macroscopic predictability, so gathered
information is a good predictor of the future. Entropy decreasing universes have an
unpredictability, so gathered information is not necessarily of use.

An additional condition

- Perhaps the psychological arrow is simply independent of the thermodynamic arrow? Causal
agents must agree on the direction of the causal arrow (for self consistency) but the fact that i
is entropy increasing, not decreasing, may be just a contingent fact about this universe, and it
could have been ctherwise.
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* Contrary to a common (if usually informally stated) intuition, information
processing does nof have an infrinsic alignment to the thermodynamic arrow of
time
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* Contrary to a common (if usually informally stated) intuition, information
processing does nof have an intrinsic alignment fo the thermodynamic arrow of
fime

- The logical reverse of any computational process may be constructed in an entropy increasing
universe. From a reverse fime direction, this looks like the original computational process in an
entropy decreasing universe
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* Contrary to a common (if usually informally stated) intuition, information
processing does nof have an infrinsic alignment to the thermodynamic arrow of
fime

- The logical reverse of any computational process may be constructed in an entropy increasing
universe. From a reverse fime direction, this looks like the original computational process in an
entropy decreasing universe.

- Landauer’s principle, as commonly stated, is derived on the assumption one is in an entropy
increasing universe. On the assumption one is in an entropy decreasing universe, key
inequalities are reversed.
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* Contrary to a common (if usually informally stated) intuition, information
processing does nof have an infrinsic alignment to the thermodynamic arrow of
time

- The logical reverse of any computational process may be constructed in an entropy increasing
universe. From a reverse fime direction, this looks like the original computational process in an
entropy decreasing universe

- Landauer's principle, as commonily stated, is derived on the assumption one is in an entropy
increasing universe. On the assumption one is in an enitropy decreasing universe, key
inequalities are reversed.

- Acquisition of information about the macrostate of the world does require the development of
correlations, but these macro—correlations are of a different kind fo the micro—correlations
involved in entropy increase. It is the inaccessibility of microcorrelations that make them
entropy increasing. It is the accessibility of macrocorrelations that make them information.
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* Contrary to a common (if usually informally stated) intuition, information
processing does nof have an infrinsic alignment to the thermodynamic arrow of
time

- The logical reverse of any computational process may be constructed in an entropy increasing
universe. From a reverse fime direction, this looks like the original computational process in an
entropy decreasing universe.

- Landauer’s principle, as commonly stated, is derived on the assumption one is in an entropy
increasing universe. On the assumption one is in an enifropy decreasing universe, key
inequalities are reversed.

- Acquisition of information about the macrostate of the world does require the development of
correlations, but these macro-correlations are of a different kind fo the micro-correlations
involved in entropy increase. It is the inaccessibility of microcorrelations that make them
entropy increasing. It is the accessibility of macrocorrelations that make them information.

» Insofar as computation seems to have an arrow of time, it is not directly
governed by the statistical mechanical arrow
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* Contrary to a common (if usually informally stated) intuition, information
processing does nof have an infrinsic alignment to the thermodynamic arrow of
fime

- The logical reverse of any computational process may be constructed in an entropy increasing
universe. From a reverse fime direction, this looks like the original computational process in an
entropy decreasing universe

- Landauer's principle, as commonly stated, is derived on the assumption one is in an entropy
increagsing universe. On the assumption one is in an entropy decreasing universe, key
inequalities are reversed.

- Acquisition of information about the macrostate of the world does require the development of
correlations, but these macro-correlations are of a different kind to the micro-correlations
involved in entropy increase. It is the inaccessibility of microcorrelations that make them
entropy increasing. It is the accessibility of macrocorrelations that make them information.

» Insofar as computation seems to have an arrow of time, it is not directly
governed by the statistical mechanical arrow

» This does not mean the psychological arrow is nof a consequence of the

thermodynamic arrow (causal handles, evolution efc.)
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* Contrary to a common (if usually informally stated) intuition, information
processing does nof have an infrinsic alignment to the thermodynamic arrow of
time

- The logical reverse of any computational process may be constructed in an entropy increasing
universe. From a reverse fime direction, this looks like the original computational process in an
entropy decreasing universe.

- Landauer's principle, as commenly stated, is derived on the assumption one is in an entropy
increagsing universe. On the assumption one is in an eniropy decreasing universe, key
inequalities are reversed.

- Acquisition of information about the macrostate of the world does require the development of
correlations, but these macro-correlations are of a different kind fo the micro-correlations
involved in entropy increase. It is the inaccessibility of microcorrelations that make them
entropy increasing. It is the accessibility of macrocorrelations that make them information.

» Insofar as computation seems to have an arrow of time, it is not directly
governed by the statistical mechanical arrow

* This does not mean the psychological arrow is notf a consequence of the
thermodynamic arrow (causal handles, evolution efc.)

- Just that if it is a consequence, it cannot be via computational properties of the brain.
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* Contrary to a common (if usually informally stated) intuition, information
processing does nof have an infrinsic alignment to the thermodynamic arrow of
time

- The logical reverse of any computational process may be constructed in an entropy increasing
universe. From a reverse fime direction, this looks like the original computational process in an
entropy decreasing universe.

- Landauer's principle, as commonily stated, is derived on the assumption one is in an entropy
increagsing universe. On the assumption one is in an entropy decreasing universe, key
inequalities are reversed.

- Acquisition of information about the macrostate of the world does require the development of
correlations, but these macro—correlations are of a different kind to the micro—correlations
invoived in entropy increase. It is the inaccessibility of microcorrelations that make them
entropy increasing. It is the accessibility of macrocorrelations that make them information.

» Insofar as computation seems to have an arrow of time, it is not directly
governed by the statfistical mechanical arrow

» This does not mean the psychological arrow is nof a consequence of the

thermodynamic arrow (causal handles, evolution efc.)
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