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Physics becom
es the com

puter
E

m
ulating P

hysics
»

F
inite-state, locality, invertibility,

and conservation law
s

P
hysical W

orlds
»

Incorporating com
p-universality

at sm
all and large scales

Spatial C
om

puters
»

A
rchitectures and algorithm

s for
large-scale spatial com

putations

N
ature as C

om
puter

»
P

hysical concepts enter C
S and

com
puter concepts enter P

hysics
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A
s w

e zoom
 in on a

digital im
age, w

e

begin to notice that

there isn’t an infinite

am
ount of resolution:

W
e begin to see the

pixels.
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Som
ething sim

ilar

happens in nature.  A

box full of particles

doesn’t have an infinite

num
ber of different

configurations:  the

num
ber of distinct

configurations is finite.
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Introduction

Sim
ilarly, the rate at

w
hich a finite system

can transition from
 one

distinct state to another

is also finite.  T
hus a

finite physical system

is m
uch like a com

puter.



Introduction

•
Physics studies m

acro
properties of finite
inform

ation system
s

•
B

asic quantities such
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In this talk…

R
eview

:

•
info (E

ntropy) in physics

D
iscuss:

•
statistical description of
com

putation (→
 Q

M
)

•
energy and action in com

p

•
w

hat does Q
M

 add?

•
physics as com

putation



W
hat is Info?

•
num

ber of bits system
 can

hold, given its constraints

•
system

 w
ith 2

n possible
states can represent n bits

•
focus on classical info:
»

survives in m
acro lim

it

»
substitute m

icro dynam
ics

w
hen Q

M
 is invisible

»
ordinary m

acro quantities
have classical info interp

Info
=
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p
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i
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=
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 equally probable states,



W
hat is E

ntropy?

•
Form

al param
eter in

therm
o (irreversibility)

•
B

oltzm
ann and G

ibbs
understood as counting

•
M

ixing neat  →
 m

ess

•
M

ixing m
ess →

 m
ess

•
E

ntropy is log of #states
that fit w

ith constraints



C
lassical E

ntropy

•
For particles in a box,
can introduce som

e
coarseness

•
T

his allow
s relative

probabilities to be
calculated

•
(A

lso do the sam
e

thing for m
om

entum
)



Infinite E
ntropy?

•
T

herm
o of E

M
 radiation in

cavity led to Q
M

•
G

eneral state is a
superposition of w

aves
w

ith integer num
 peaks

•
A

ny am
plitude, can put

unit of energy into any
w

ave  (infinite info!)
•

Planck proposed E
 =

 nhν
(finite info!)

E
M

 radiation in a cavity
(periodic boundaries)
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D
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Statistical D
ynam

ics

•
T

o give a com
plete

dynam
ics, w

e say
w

hat happens to each
state in a fixed tim

e
•

W
eighted sum

 of
states (superposition)
describes an ensem

ble
•

Probability of initial
state applies to
corresponding final
state
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Statistical D
ynam

ics

•
B

etter to use square
roots of probabilities
(am

plitudes)

•
E

volution preserves
vector length

•
L

ets us analyze
system

 in other bases
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E
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asis
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τ

•
Suppose U

τ  represents
one clock period of a
reversible com

puter
•

A
dd together all

configs in orbit
•

T
his state has equal

prob for any config
•

T
im

e evolution leaves
this state unchanged!



E
nergy B

asis

•
E

xam
ple: suppose

com
puter only has one bit,

and U
τ  just flips it.

•
Form

 new
 2-state basis by

adding and subtracting
configs

•
M

agnitudes of am
plitudes

of energy states don’t
change w

ith tim
e
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E
nergy B

asis

•
In general: use com

plex
am

plitudes to form
 new

orthogonal basis
•


a〉 is like a colum

n
vector of com

ponents
•

〈a
 is like a row

 vector
of com

plex conjugates
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E
nergy B

asis

•
E

nergy basis is Fourier
T

ransform
 of config basis

•


E
n 〉 cycles w

ith a frequency
of ν

n =
ν(n/N

), w
here ν=

1/τ
•

W
e w

ill call hν
n  the E

nergy
of the state 

E
n 〉, i.e. E

n =
hν

n
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E
nergy B

asis

•
Interpret coefficients in
energy basis as probs

•
E

nergy of any state is
independent of tim

e
•


X

n 〉 is com
posed of

equally spaced energies,
E

n =
nhν

1

•
E

=
hν/2, or ν=

2E
/h
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W
hat is E

nergy?

•
ν=

2E
/h, so energy is

rate of change of
configurations

•
C

A
 lattice can change

one spot at a tim
e for

reversible rules
•

Should count changes
as bit changes (i.e.,
energy is extensive!)
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W
hat is E

nergy?

•
C

onservation L
aw

:
num

ber of ones constant
•

C
onstrains num

ber of
spots that can change in
lattice update period τ

l

•
Focus on energy of the
spots that can change

•
If each particle is
assigned an energy h ν

l
m

ax change is still 2E
/h

Mh

M
E

h
l

l

===
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num
particles

νν
ν

particle
energy

/
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2
2

t:

t
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+
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W
hat is A

ction?
•

ν=
2E

/h, so Ω
(t)=

2E
t/h

•
A

ction is am
ount of

evolution (total ops for
ideal com

putation)
•

N
um

ber of com
p events

in rest fram
e is rel scalar

•
C

om
p energy m

ust
transform

 like rel energy:
2E

r tr /h =
 2(E

t-px)/h
•

If x/t=
c, then E

=
cp so

that E
t=

px (com
p stops)

rest fram
e

m
oving fram

e



W
hat does Q

M
 add?

•
Stat C

om
p is special case:

Q
M

 allow
s som

e new
kinds of operations

•
A

ny invertible evolution
w

hich preserves vector
length is okay

•
Probabilities can com

e
and go!

•
O

nly need to add extra
single-bit operations

•
ν

∆ =
2(E

-E
m

in )/h
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             are universal!
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configurations
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W
hat does Q

M
 add?

•
N

o new
 kinds of

com
putations; at m

ost
reduces effort required

•
D

istinction is basis
dependent

•
Fundam

ental Q
: If

speedup is exponential,
then distinction is real!



W
hat does this m

ean?
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Q
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W
hat does this m

ean?

C
lassical:

Q
uantum

:

B
oston

N
ew

 Y
ork
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C
onclusions

•
O

n a large scale, often
can’t tell if m

icro finite-
state is Q

M
 or C

M

•
E

ntropy, E
nergy and

A
ction all have com

p
m

eaning: others m
ust

•
Significant for com

p
and for physics

for m
ore inform

ation, see   http://w
w

w
.ai.m

it.edu/people/nhm
/looking-at-nature.pdf


