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•
N

ote patterns then look for an explanation

•
U

se m
achine learning to train a com

puter to calculate in hep-th, math

M
athem

atical Phenom
enology

—
 M
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ple

—
 Black box gives probably approxim

ately correct answ
ers

—
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e have m
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L to identify associations

—
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ant to bridge this success to new
 analytic results and m

ethods
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—
 K

not theory provides another case study

•
Illustrate technology and then discuss this in a broader context
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topological invariant: independent of how
 the knot is draw
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uestion: how

 to calculate these?

A
nsw

er: quantum
 field theory!

<latexit sha1_base64="lF/17Cy7ak98BKt4r2Dpt6ZAeD8="></latexit>

J
(K

;q)
=

(�
q

34)
w
(K

) hK
i

h
i

; e.g.,

<latexit sha1_base64="4ofSM8AcijWzXuN+syqUVoY/ESI=">AAAB+XicdVDLSsNAFJ3UV62vqEs3g0Wom5DU0FZEKLoRVxXsA9pQJpNJO3Ty6MykUEL/xI0LRdz6J+78GydtBRU9cOFwzr3ce48bMyqkaX5ouZXVtfWN/GZha3tnd0/fP2iJKOGYNHHEIt5xkSCMhqQpqWSkE3OCApeRtju6zvz2hHBBo/BeTmPiBGgQUp9iJJXU1/XbUm+cIA9ewPEpvIRWXy+axnmtUrYr0DRMs2qVrYyUq/aZDS2lZCiCJRp9/b3nRTgJSCgxQ0J0LTOWToq4pJiRWaGXCBIjPEID0lU0RAERTjq/fAZPlOJBP+KqQgnn6veJFAVCTANXdQZIDsVvLxP/8rqJ9GtOSsM4kSTEi0V+wqCMYBYD9CgnWLKpIghzqm6FeIg4wlKFVVAhfH0K/yetsmFVDPPOLtavlnHkwRE4BiVggSqogxvQAE2AwQQ8gCfwrKXao/aivS5ac9py5hD8gPb2CcOKkc4=</latexit>

J
(

;q)
=

1



Topological Invariants 
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•
U

niversal A
pproxim

ation T
heorem

: feedforw
ard neural netw

ork, sigm
oid 

activation function, single hidden layer w
ith finite num

ber of neurons can 
approxim

ate continuous functions on com
pact subsets of  

R
esult 

v
i
=

f
(J

i )
+
sm

all
correction

s
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•
Surprise here is sim

plicity of architecture that does the job

•
W

e w
ant a not m

achine learning knot result
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W
e seek to reverse engineer the neural netw

ork 
to obtain an analytic expression for 

the volum
e as a function of the Jones polynom

ial

Entr’acte 

v
i
=

f
(J

i )
+
sm

all
correction

s
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Tow
ards the Volum

e C
onjecture 

•
T

he volum
e conjecture:

•
11,921 colored Jones polynom

ials at
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t-SN
E

Volum
e is learnable from

 coefficients

C
hern–Sim

ons invariant probably is not
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C
oefficients 

F
ig
u
re

1
1
:
T
h
e
ab

solu
te

valu
es

of
th
e
(fi
rst

8)
Jon

es
p
olyn

om
ial

coe�
cients

as
a
fu
n
ction

of
th
e

hyp
erb

olic
volu

m
e.

T
h
e
coe�

cients
ob

ey
a
p
ow

er
law

relation
sh
ip

w
ith

resp
ect

to
th
e
volu

m
e,

w
h
ere

(for
c
i
th
e
i th

coe�
cient)

th
e
con

stant
coe�

cient
d
ecreases

(by
ab

ou
t
an

ord
er

of
m
agn

itu
d
e)

an
d

th
e
exp

on
ent

in
creases

as
i
in
creases.

T
h
ese

p
ow

er
law

relation
sh
ip
s
are

sym
m
etric

w
ith

th
e
last

8

coe�
cients,

as
d
em

on
strated

in
th
e
T
ab

le
2.

A
n
oth

er
u
sefu

l
qu

antity
associated

w
ith

K
h
ovan

ov
h
om

ology
is
th
e
K
h
ovan

ov
ran

k,
given

by

ran
k(
H

•(
K
))

=
X

r

q
d
im

H
r(
K
)
.

(B
.5)

T
h
e
K
h
ovan

ov
ran

k
is

correlated
w
ith

th
e
hyp

erb
olic

volu
m
e,

as
n
oticed

in
[38],

an
d
w
as

com
p
ared

to
n
eu

ral
n
etw

ork
p
red

iction
tech

n
iqu

es
in

[16].

T
h
e
m
ain

p
oint

w
e
w
ish

to
convey

w
ith

th
is

b
rief

su
m
m
ary

is
th
at

th
e
coe�

cients
of

th
e
Jon

es
p
olyn

om
ial

are
related

to
d
im

en
sion

s
of

h
om

ology
grou

p
s,

an
d
th
erefore

any
su
c-

cess
of

ou
r
m
ach

in
e
learn

in
g
tech

n
iqu

es
rep

resents
an

oth
er

p
iece

of
evid

en
ce

th
at

u
n
d
erly-

in
g
h
om

ological
stru

ctu
re

is
relevant

for
ch
aracterizin

g
p
hysics

an
d

m
ath

em
atics

w
h
ich

is

m
ach

in
e-learn

ab
le.

B
.2

P
o
w
er

law
b
eh

av
io
r
o
f
co

e�
cien

ts

In
th
is

ap
p
en

d
ix,

w
e
stu

d
y
h
ow

th
e
coe�

cients
in

th
e
Jon

es
p
olyn

om
ial

m
ay

b
e
in
d
ivid

u
ally

related
to

th
e
hyp

erb
olic

volu
m
e.

T
h
rou

gh
K
h
ovan

ov
h
om

ology,
w
e
kn

ow
th
at

each
coe�

cient

is
m
easu

rin
g
th
e
d
im

en
sion

of
a
certain

h
om

ology
grou

p
.
T
hu

s,
th
is

nu
m
erical

stu
d
y
is

in

som
e
sen

se
a
gen

eralization
of

K
h
ovan

ov’s
stu

d
y
of

p
attern

s
in

h
is

h
om

ology
[38],

an
d
h
is

ob
servation

th
at

coarser
p
rop

erties
of

h
is

h
om

ology
are

related
to

th
e
volu

m
e
(see

[16]
for

–
30

–

C
oefficients scale w

ith volum
e as pow

er law
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N
o D

egrees N
eeded 

•
Suppose w

e drop the degrees and provide only the coefficients; Jones 
polynom

ial is no longer recoverable from
 the input vector

•
R

esults are unchanged!

N
.B.: w

e have sw
itched to Python 3 using GPU-Tensorflow

 w
ith K

eras w
rapper

tw
o hidden layers, 100 neurons/layer, R

eLu activation, m
ean squared loss, Adam

 optim
izer



Jones Evaluations 

•
Physics in C

hern–Sim
ons theory that leads to volum

e conjecture m
ay also 

be responsible for inform
ation in 
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•
C

onsider evaluations of Jones polynom
ial at roots of unity

•
In particular, fix              and evaluate 
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•
T

he input vector
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does not degrade neural netw
ork perform

ance

•
In fact, w

e only need to feed in the m
agnitudes: 
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Layer-w
ise R

elevance Propagation 
•

To determ
ine w

hich inputs carry the m
ost w

eight, propagate backw
ard 

starting from
 output layer em

ploying a conservation property

•
C

om
pute relevance score for a neuron using activations, w

eights, and biases

196
G
.
M
on

tavon
et

al.

F
ig
.1

0
.2
.
Illu

stration
of

th
e
L
R
P

p
ro
ced

u
re.

E
ach

n
eu

ron
red

istrib
u
tes

to
th
e
low

er
layer

as
m
u
ch

as
it

h
as

received
from

th
e
h
igh

er
layer.

in
brain-com

puter
interfaces

[50].
In

the
biom

edical
dom

ain,
LR

P
w
as

used
to

identify
subject-specific

characteristics
in

gait
patterns

[24],to
highlight

relevant
cellstructure

in
m
icroscopy

[12],as
w
ellas

to
explain

therapy
predictions

[56].
F
inally,

an
extension

called
C
LR

P
w
as

applied
to

highlight
relevant

m
olecular

sections
in

the
context

ofprotein-ligand
scoring

[23].

10.2.1
L
R
P

R
u
les

for
D
eep

R
ectifi

er
N
etw

orks

W
e
consider

the
application

of
LR

P
to

deep
neural

netw
orks

w
ith

rectifier
(R

eLU
)nonlinearities,arguably

the
m
ostcom

m
on

choice
in

today’sapplications.
It

includes
w
ell-know

n
architectures

for
im

age
recognition

such
as

V
G
G
-16

[48]
and

Inception
v3

[54],
or

neural
netw

orks
used

in
reinforcem

ent
learning

[35].
D
eep

rectifier
netw

orks
are

com
posed

ofneurons
ofthe

type:

a
k
=

m
ax

(0, ∑
0
,j
a
j w

jk ).
(10.1)

T
he

sum
∑

0
,j

runs
over

all
low

er-layer
activations

(a
j )

j ,
plus

an
extra

neuron
representing

the
bias.

M
ore

precisely,
w
e
set

a
0
=

1
and

define
w

0
k
to

be
the

neuron
bias.W

e
present

three
propagation

rules
for

these
netw

orks
and

describe
their

properties.

B
asic

R
u
le

(L
R
P
-0)

[7].T
his

rule
redistributes

in
proportion

to
the

contribu-
tions

ofeach
input

to
the

neuron
activation

as
they

occur
in

E
q.(10.1):

R
j
=

∑

k

a
j w

jk
∑

0
,j
a
j w

jk
R

k

T
his

rule
satisfies

basic
properties,

such
as

(a
j
=

0)∨
(w

j:
=

0)
⇒

R
j
=

0,
w
hich

m
akes

coincide
concepts

such
as

zero
w
eight,deactivation,and

absence
of

connection.
A
lthough

this
rule

looks
intuitive,

it
can

be
show

n
that

a
uniform

application
of

this
rule

to
the

w
hole

neural
netw

ork
produces

an
explanation

that
is

equivalent
to

G
radient×

Input
(cf.

[47]).
A
s
w
e
have

m
entioned

in
the

introduction,gradient
of

a
deep

neuralnetw
ork

is
typically

noisy,therefore
one

needs
to

design
m
ore

robust
propagation

rules.

E
p
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R
u
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(L
R
P
-ε)

[7].A
firstenhancem
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basic

LR
P
-0

rule
consists
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a
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allpositive
term

ε
in

the
denom

inator:

R
j
=

∑

k

a
j w
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ε+
∑

0
,j
a
j w
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k
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n
t
a
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n
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a
l
.
 
(
2
0
1
9
)
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Layer-w
ise R

elevance Propagation 

F
ig
u
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3
:
E
ach

grid
sh
ow

s
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e
L
R
P
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lts

for
10

n
eu

ral
n
etw

ork
in
p
u
ts.

T
h
e
grid

lab
els

r
2
[3
,7]

d
eterm

in
e
th
e
form

of
th
e
in
p
u
t
vector.

E
ach

colu
m
n
rep

resents
a
sin

gle
in
p
u
t,

corresp
on

d
in
g
to

th
e

real
an

d
im

agin
ary

p
arts

of
th
e
kn

ot’s
Jon

es
p
olyn

om
ial

evalu
ated

at
th
e
p
h
ases

e
2
⇡
ip
/
(r

+
2
)
w
ith

p
2
Z

an
d
0


2
p


r
+
2.

D
ark

b
lu
e
squ

ares
corresp

on
d
to

th
e
low

est
relevan

ce
score,

an
d
red

to
th
e
h
igh

est.

S
o,

in
a
given

colu
m
n
,
th
e
red

squ
ares

rep
resent

evalu
ation

s
w
h
ich

w
ere

h
igh

ly
relevant

for
th
e
n
eu

ral

n
etw

ork
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p
red

ict
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at

kn
ot’s

volu
m
e.

W
e
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see
th
at

th
e
sam

e
evalu

ation
s
are

often
relevant

across

all
10

kn
ots

in
th
e
d
isp

layed
set;

th
ese

corresp
on

d
to

m
ostly

red
row

s.

can
im

m
ed
iately

see
w
h
ich

colu
m
n
s
are

relevant
in

m
akin

g
a
p
red

iction
of

th
e
volu

m
e.

T
h
e

fi
n
al
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m
n
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T
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le
1
sh
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s
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e
resu

lts
w
h
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g
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e
n
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ral

n
etw
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ation

s
w
h
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L
R
P
d
eterm

in
es

are
relevant.

C
om

p
arin

g
th
e
valu

es
in

th
e
fi
n
al
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m
n
to
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e
origin
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error

in
th
e
secon

d
colu

m
n
,
w
e
see
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at

th
ere
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n
o
real

red
u
ction

in
p
erform

an
ce.

L
R
P
su
ccessfu

lly
selects
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e
relevant

in
p
u
t
featu

res,
an

d
in

som
e
cases

p
erform

an
ce

is
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im
p
roved

by
p
ru
n
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g
irrelevant

in
p
u
ts.

T
h
e
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lts
in

T
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1
w
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each
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over
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e
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n
,
so
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u
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s
in

th
e
error
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exp

ected
.
T
o
test

th
e
stab

ility
of

th
e
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w
e
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e
n
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n
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20
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u
sin

g
J
2 (
K
;
e
4
⇡
i/5)

(th
e
relevant

root
for

r
=

3)
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in
p
u
t.

A
veraged

over
20

ru
n
s,

th
e
error

w
as

3
.71

±
0
.06%

.
W

ith
th
is
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sm
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stan

d
ard

d
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,
w
e
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clu
d
e
th
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n
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ork

p
erform
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m
u
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le
ru
n
s.
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e
fi
rst
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e
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T
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le
1,

th
e
n
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ral

n
etw

ork
is
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in
g
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p
red

ict
th
e
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m
e
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o
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m
b
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e
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d
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agin
ary

p
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J
2 (
K
;
e
4
⇡
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If
w
e
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e
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p
u
t
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a

m
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itu
d
e
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d
a
p
h
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a
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d
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agin
ary

p
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e
p
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an
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e

n
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n
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u
n
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.
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fact,
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t
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w
e
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e
p
h
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d

w
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w
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e
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itu
d
e,
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e
p
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rem
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s
u
n
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;
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e
p
h
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d
oes

n
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atter.

T
h
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m
ean

s
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e
n
etw

ork
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p
red

ictin
g
th
e
volu

m
e
(to

96
.29

±
0
.06%

accu
racy)

w
ith

ju
st

on
e
nu

m
b
er:

|J
2 (
K
;
e
4
⇡
i/5)

|.
A
n
oth

er
p
rom

isin
g
can

d
id
ate

is
|J

2 (
K
;
e
3
⇡
i/4)

|,
w
h
ich

w
as

also

d
eterm
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ed

by
relevan

ce
p
rop

agation
to

b
e
im

p
ortant

in
several

row
s
of

T
ab

le
1.

P
lottin

g

eith
er

|J
2 (
K
;
e
4
⇡
i/5)

|
or

|J
2 (
K
;
e
3
⇡
i/4)

|
again

st
th
e
volu

m
e
(F

igu
re

4),
w
e
fi
n
d
a
grap

h
w
h
ich

looks
like

a
log(

x
+

b)
+

c
for

som
e
con

stant
O
(1)

p
aram

eters
a,

b
>

0,
an

d
c.

T
hu

s,
w
e
m
ay

b
e
ab

le
to

ob
tain

a
reason

ab
ly

com
p
act

an
alytic

exp
ression

by
p
erform

in
g
sim

p
le

regression

on
su
ch

an
an

satz.
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e
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g
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e
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e
fou
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s
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d
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e
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�
�

1
<latexit sha1_base64="W8SR8K6baKmAtZx6P1VLlY0wP0o=">AAAB73icdVDJSgNBEK2JW4xb1KOXxiB4Ct1BstyCXjxGMAskQ+jp9CRNeha7e4Qw5Ce8eFDEq7/jzb+xJ4mgog8KHu9VUVXPi6XQBuMPJ7e2vrG5ld8u7Ozu7R8UD486OkoU420WyUj1PKq5FCFvG2Ek78WK08CTvOtNrzK/e8+VFlF4a2YxdwM6DoUvGDVW6k3RQEpECsNiCZcxxoQQlBFSq2JLGo16hdQRySyLEqzQGhbfB6OIJQEPDZNU6z7BsXFTqoxgks8Lg0TzmLIpHfO+pSENuHbTxb1zdGaVEfIjZSs0aKF+n0hpoPUs8GxnQM1E//Yy8S+vnxi/7qYijBPDQ7Zc5CcSmQhlz6ORUJwZObOEMiXsrYhNqKLM2IiyEL4+Rf+TTqVMqmV8c1FqXq7iyMMJnMI5EKhBE66hBW1gIOEBnuDZuXMenRfnddmac1Yzx/ADztsnud2PHw==</latexit>

k
⌧

1

this is explanation for observation that
<latexit sha1_base64="gzmZSDJJjnVo5ErecrZ9ns+0ynE="></latexit>
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T
he Shape of T

hings 

Spike:
near

<latexit sha1_base64="oH2kPZ5Eejl+JUn0iFvSAJtU6iE="></latexit>

k
=

1

at integer values of level w
ith                    , the path integral receives 

<latexit sha1_base64="8OAoH/fMKHi3fayQK218sSVZikU="></latexit>

k
+
1
�

n

contributions only from
               valued critical points

<latexit sha1_base64="PtWjZRdXVLtqBJJ8JpWsoxgnWvY="></latexit>

S
U
(2)

i.e., no analytic continuation is necessary

because w
e lose know

ledge of the geom
etric conjugate connection, 

the error becom
es high

C
onclusion:

geom
etric conjugate connection is crucial to success of 

approxim
ation form

ula

R
am

p:

knots lose access to geom
etric conjugate connection

at              or             , the geom
etric conjugate connection of       enters

W
i
t
t
e
n
 
(
2
0
1
0
)

<latexit sha1_base64="ET94/a0XjsO9f2XOenZZK3lTqUw=">AAAB+HicdVDLSsNAFJ3UV62PRl26GSyCq5Ckoa3goujGZQX7gDaUyXTSDp1MwsxEqKFf4saFIm79FHf+jZO2gooeuHA4517uvSdIGJXKtj+Mwtr6xuZWcbu0s7u3XzYPDjsyTgUmbRyzWPQCJAmjnLQVVYz0EkFQFDDSDaZXud+9I0LSmN+qWUL8CI05DSlGSktDszwIBcJuFV7AqS53aFZs67xRc70atC3brjuukxO37lU96GglRwWs0Bqa74NRjNOIcIUZkrLv2InyMyQUxYzMS4NUkgThKRqTvqYcRUT62eLwOTzVygiGsdDFFVyo3ycyFEk5iwLdGSE1kb+9XPzL66cqbPgZ5UmqCMfLRWHKoIphngIcUUGwYjNNEBZU3wrxBOkklM6qpEP4+hT+Tzqu5dQs+8arNC9XcRTBMTgBZ8ABddAE16AF2gCDFDyAJ/Bs3BuPxovxumwtGKuZI/ADxtsnKr2Reg==</latexit>23
<

k
<

2
interpolating regim

e

<latexit sha1_base64="m7iC5zNcJ6jSQtwnve+44vW9R2s=">AAAB6nicdVBNS8NAEJ34WetX1aOXxSJ4CkkNbb0VvXisaD+gDWWz3bRLN5uwuxFK6E/w4kERr/4ib/4bN20FFX0w8Hhvhpl5QcKZ0o7zYa2srq1vbBa2its7u3v7pYPDtopTSWiLxDyW3QArypmgLc00p91EUhwFnHaCyVXud+6pVCwWd3qaUD/CI8FCRrA20q03cAelsmNf1KsVr4oc23FqbsXNSaXmnXvINUqOMizRHJTe+8OYpBEVmnCsVM91Eu1nWGpGOJ0V+6miCSYTPKI9QwWOqPKz+akzdGqUIQpjaUpoNFe/T2Q4UmoaBaYzwnqsfnu5+JfXS3VY9zMmklRTQRaLwpQjHaP8bzRkkhLNp4ZgIpm5FZExlphok07RhPD1KfqftCu2W7WdG6/cuFzGUYBjOIEzcKEGDbiGJrSAwAge4AmeLW49Wi/W66J1xVrOHMEPWG+fBc2Now==</latexit>

4
1

<latexit sha1_base64="5g/sUs/T9rYlFXuvA/QpTijsz4Q=">AAAB8XicdVBNS8NAEN3Ur1q/qh69LBbBU9ikoa0HoejFYwXbim0om+2mXbrZhN2NUEL/hRcPinj133jz37hpK6jog4HHezPMzAsSzpRG6MMqrKyurW8UN0tb2zu7e+X9g46KU0lom8Q8lrcBVpQzQduaaU5vE0lxFHDaDSaXud+9p1KxWNzoaUL9CI8ECxnB2kh3k/N+KDGpuqVBuYLss0bN9WoQ2QjVHdfJiVv3qh50jJKjApZoDcrv/WFM0ogKTThWquegRPsZlpoRTmelfqpogskEj2jPUIEjqvxsfvEMnhhlCMNYmhIaztXvExmOlJpGgemMsB6r314u/uX1Uh02/IyJJNVUkMWiMOVQxzB/Hw6ZpETzqSGYSGZuhWSMTQTahJSH8PUp/J90XNup2ejaqzQvlnEUwRE4BqfAAXXQBFegBdqAAAEewBN4tpT1aL1Yr4vWgrWcOQQ/YL19ApGCkDQ=</latexit>

k
=

32

<latexit sha1_base64="hNAkBj1M7bkIjw7U+1FH3yZCJ+Y=">AAAB+HicdVDLSsNAFJ3UV62PRl26GSyCq5Ckoa0LoejGZQX7gCaUyXTSDp1JwsxEqKVf4saFIm79FHf+jZO2gooeuHA4517uvSdMGZXKtj+Mwtr6xuZWcbu0s7u3XzYPDjsyyQQmbZywRPRCJAmjMWkrqhjppYIgHjLSDSdXud+9I0LSJL5V05QEHI1iGlGMlJYGZtkfIc7RhR8JhN1qaWBWbOu8UXO9GrQt2647rpMTt+5VPehoJUcFrNAamO/+MMEZJ7HCDEnZd+xUBTMkFMWMzEt+JkmK8ASNSF/TGHEig9ni8Dk81coQRonQFSu4UL9PzBCXcspD3cmRGsvfXi7+5fUzFTWCGY3TTJEYLxdFGYMqgXkKcEgFwYpNNUFYUH0rxGOkI1A6qzyEr0/h/6TjWk7Nsm+8SvNyFUcRHIMTcAYcUAdNcA1aoA0wyMADeALPxr3xaLwYr8vWgrGaOQI/YLx9As+Kkos=</latexit>

�
=
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F
ig
u
re

7
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M
ean

ab
solu

te
errors

as
a

fu
n
ction

of
x

w
h
en

op
tim

izin
g

th
e

an
satz

V
(
K
)

=

a
log(

|J
2 (
K
;
e
ix)

|
+

b)
+

c.
W
e
re-op

tim
ize

th
e
con

stants
a,

b,
an

d
c
for

each
in
d
ivid

u
al

valu
e
of

x
.
T
h
e
m
in
im

u
m

error
of

2
.83%

occu
rs

at
x
=

2
.3.

T
h
is

is
evid

en
ce

th
at

w
e
can

ap
p
roxim

ate
th
e

hyp
erb

olic
volu

m
e
from

th
e
Jon

es
p
olyn

om
ial

evalu
ated

at
a
w
id
er

variety
of

fraction
al

levels
th
an

ju
st

k
=

12
or

k
=

23 .

T
ab

le
1.

N
otice

also
th
at

th
ere

is
a
p
lateau

in
error

rate
at

arou
n
d
12%

for
x
.

⇡2
.
T
h
e
error

of
12%

is
sign

ifi
cant;

if
w
e
take

V
(
K
)
=

V
0 ,

w
h
ere

V
0
is

th
e
average

volu
m
e
of

all
kn

ots
u
p

to
16

crossin
gs,

th
e
error

for
th
is
con

stant
ap

p
roxim

ation
fu
n
ction

is
11

.97%
.
T
h
is
rep

resents

a
latent

correlation
in

th
e
d
ataset,

an
d
if
w
e
h
ave

an
error

rate
greater

th
an

or
equ

al
to

th
is

th
en

ou
r
ap

p
roxim

ation
form

u
la

is
learn

in
g
essentially

n
oth

in
g.

T
h
is
error

p
lateau

,
an

d
oth

er

interestin
g
featu

res
of

F
igu

re
7
like

th
e
error

sp
ike

arou
n
d
k
=

1,
w
ill

b
e
an

alyzed
in

th
e

context
of

C
h
ern

–S
im

on
s
th
eory

in
S
ection

4.2.
B
efore

m
ovin

g
on

,
w
e
n
ote

th
at

u
p
on

closer

in
sp
ection

of
th
e
region

arou
n
d
k
=

1,
th
e
sin

gle
error

sp
ike

sh
ow

n
in

F
igu

re
7
is

actu
ally

resolved
into

tw
o
sep

arate
sp
ikes

at
k
=

1
an

d
k
=

1
.014

w
ith

a
sh
allow

d
ip

of
rou

gh
ly

0.7%
.

W
e
d
o
n
ot

h
ave

a
good

u
n
d
erstan

d
in
g
of

th
is

featu
re,

an
d
w
e
h
ave

n
ot

ru
led

ou
t
nu

m
erical

errors
as

its
sou

rce,
b
ecau

se
ou

r
M
a
t
h
e
m
a
t
i
c
a
fi
ttin

g
p
roced

u
res

give
convergen

ce
w
arn

in
gs

at
th
ese

levels.
T
h
e
rob

u
st

con
clu

sion
th
at

w
e
claim

h
ere

is
on

ly
th
at

th
ere

is
a
large

error

sp
ike

arou
n
d
k
=

1
w
h
ich

reach
es

u
p
to

th
e
h
eight

of
th
e
p
lateau

.
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A
 Better Form

ula 

error for neural netw
ork; the latter is essentially intrinsic

•
O

ur reverse engineered function gave               error com
pared to

•
C

an w
e do better w

ith a form
ula? If so, how

 m
uch better?

•
D

efine a new
 error m

easure

<latexit sha1_base64="jQa1X0R4Ouzxc+R6JOZmRVzcVPU=">AAAB8HicdVDLSsNAFJ34rPVVdelmsAiuQhJjWxdC0Y3LCvYhbSiT6aQdOjMJMxOhhH6FGxeKuPVz3Pk3TtoKKnrgwuGce7n3njBhVGnH+bCWlldW19YLG8XNre2d3dLefkvFqcSkiWMWy06IFGFUkKammpFOIgniISPtcHyV++17IhWNxa2eJCTgaChoRDHSRrrrKTrkCF7Afqns2Oe1iudXoGM7TtX13Jx4Vf/Uh65RcpTBAo1+6b03iHHKidCYIaW6rpPoIENSU8zItNhLFUkQHqMh6RoqECcqyGYHT+GxUQYwiqUpoeFM/T6RIa7UhIemkyM9Ur+9XPzL66Y6qgUZFUmqicDzRVHKoI5h/j0cUEmwZhNDEJbU3ArxCEmEtcmoaEL4+hT+T1qe7Z7Zzo1frl8u4iiAQ3AEToALqqAOrkEDNAEGHDyAJ/BsSevRerFe561L1mLmAPyA9fYJMeaQBA==</latexit>

�
=

 variance of (actual volum
e – predicted volum

e)     

variance of volum
es in dataset 

[suggested to us in correspondence w
ith F

i
s
c
h
b
a
c
h
e
r
,
 
M
ü
n
k
l
e
r]                        

•
C

an ask w
hat fraction of variance is left unexplained

   -m
easure is shift/rescaling invariant

<latexit sha1_base64="egPbPWtjWR7/Ozpezvo2t0aXlVs=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BLx4jmAckS5idzCZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnwoZyJmnTMstpJ9EUi4jTdjS+nfntJ6oNU/LBThIaCjyULGYEWye1eoYNBe6XK37VnwOtkiAnFcjR6Je/egNFUkGlJRwb0w38xIYZ1pYRTqelXmpogskYD2nXUYkFNWE2v3aKzpwyQLHSrqRFc/X3RIaFMRMRuU6B7cgsezPxP6+b2vg6zJhMUkslWSyKU46sQrPX0YBpSiyfOIKJZu5WREZYY2JdQCUXQrD88ippXVSDWtW/v6zUb/I4inACp3AOAVxBHe6gAU0g8AjP8ApvnvJevHfvY9Fa8PKZY/gD7/MHngWPKA==</latexit>

�

<latexit sha1_base64="FACgKC27UDLTKxWSpyDjN4qLLlc=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CZaCp7IrUnssevFYwX5Au5Rsmm1js8mSZIWy9D948aCIV/+PN/+N2XYP2vpg4PHeDDPzgpgzbVz32ylsbG5t7xR3S3v7B4dH5eOTjpaJIrRNJJeqF2BNORO0bZjhtBcriqOA024wvc387hNVmknxYGYx9SM8FixkBBsrdS5rjfqgOixX3Jq7AFonXk4qkKM1LH8NRpIkERWGcKx133Nj46dYGUY4nZcGiaYxJlM8pn1LBY6o9tPFtXNUtcoIhVLZEgYt1N8TKY60nkWB7YywmehVLxP/8/qJCRt+ykScGCrIclGYcGQkyl5HI6YoMXxmCSaK2VsRmWCFibEBlWwI3urL68Qm5tVr7v1VpXmTx1GEMziHC/DgGppwBy1oA4FHeIZXeHOk8+K8Ox/L1oKTz5zCHzifP+mDjgo=</latexit>

2.86%
<latexit sha1_base64="28BICwIJqNIdAFN+V38KDuZLMMQ=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CZaCp7JbRHssevFYwX5Au5Rsmm1js8mSZIWy9D948aCIV/+PN/+N2XYP2vpg4PHeDDPzgpgzbVz32ylsbG5t7xR3S3v7B4dH5eOTjpaJIrRNJJeqF2BNORO0bZjhtBcriqOA024wvc387hNVmknxYGYx9SM8FixkBBsrdeq1emNQHZYrbs1dAK0TLycVyNEalr8GI0mSiApDONa677mx8VOsDCOczkuDRNMYkyke076lAkdU++ni2jmqWmWEQqlsCYMW6u+JFEdaz6LAdkbYTPSql4n/ef3EhA0/ZSJODBVkuShMODISZa+jEVOUGD6zBBPF7K2ITLDCxNiASjYEb/XldWIT865q7v1lpXmTx1GEMziHC/DgGppwBy1oA4FHeIZXeHOk8+K8Ox/L1oKTz5zCHzifP+NljgY=</latexit>

2.28%



•
By this m

easure, the neural netw
ork gives 

<latexit sha1_base64="pJiU+GE/+m4z4gWl/Hc/X061g7s=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqszYim6EohuXFewD2rFk0kwbmmSGJKOUof/hxoUibv0Xd/6NaTsLbT1wuYdz7iU3J4g508Z1v53cyura+kZ+s7C1vbO7V9w/aOooUYQ2SMQj1Q6wppxJ2jDMcNqOFcUi4LQVjG6mfuuRKs0ieW/GMfUFHkgWMoKNlR66mg0ERlfILbuVSq9Ysn0GtEy8jJQgQ71X/Or2I5IIKg3hWOuO58bGT7EyjHA6KXQTTWNMRnhAO5ZKLKj209nVE3RilT4KI2VLGjRTf2+kWGg9FoGdFNgM9aI3Ff/zOokJL/2UyTgxVJL5Q2HCkYnQNALUZ4oSw8eWYKKYvRWRIVaYGBtUwYbgLX55mTTPyt552b2rlmrXWRx5OIJjOAUPLqAGt1CHBhBQ8Ayv8OY8OS/Ou/MxH8052c4h/IHz+QMNDJDo</latexit>

�
=

0.033

w
hile our functional approxim

ation gives
<latexit sha1_base64="jpOxzFFGfDU4dzgM1/SYX0QUD08=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsyI1W6EohuXFewD2rFk0kwbmmSGJKOUof/hxoUibv0Xd/6NaTsLbT1wuYdz7iU3J4g508Z1v53cyura+kZ+s7C1vbO7V9w/aOooUYQ2SMQj1Q6wppxJ2jDMcNqOFcUi4LQVjG6mfuuRKs0ieW/GMfUFHkgWMoKNlR66mg0ERlfILbsX1V6xZPsMaJl4GSlBhnqv+NXtRyQRVBrCsdYdz42Nn2JlGOF0UugmmsaYjPCAdiyVWFDtp7OrJ+jEKn0URsqWNGim/t5IsdB6LAI7KbAZ6kVvKv7ndRITVv2UyTgxVJL5Q2HCkYnQNALUZ4oSw8eWYKKYvRWRIVaYGBtUwYbgLX55mTTPyl6l7N6dl2rXWRx5OIJjOAUPLqEGt1CHBhBQ8Ayv8OY8OS/Ou/MxH8052c4h/IHz+QMZL5Dw</latexit>

�
=

0.068

•
If w

e just assign the average volum
e to every knot in the dataset,               ; 

this corresponds to plateau

<latexit sha1_base64="c07DTf62We51RnSRNWJGU4sytIg=">AAAB8XicdVDLSgMxFM34rPVVdekmWARXJSlq24VQdOOygn1gO5RMmmlDk8yQZIQy9C/cuFDErX/jzr8x01ZQ0QMXDufcy733BLHgxiL04S0tr6yurec28ptb2zu7hb39lokSTVmTRiLSnYAYJrhiTcutYJ1YMyIDwdrB+Crz2/dMGx6pWzuJmS/JUPGQU2KddNczfCgJvIC4XyiiEkIIYwwzgivnyJFarVrGVYgzy6EIFmj0C++9QUQTyZSlghjTxSi2fkq05VSwab6XGBYTOiZD1nVUEcmMn84unsJjpwxgGGlXysKZ+n0iJdKYiQxcpyR2ZH57mfiX101sWPVTruLEMkXni8JEQBvB7H044JpRKyaOEKq5uxXSEdGEWhdS3oXw9Sn8n7TKJXxWQjenxfrlIo4cOARH4ARgUAF1cA0aoAkoUOABPIFnz3iP3ov3Om9d8hYzB+AHvLdPkO+QMw==</latexit>

�
=

1

A
 Better Form

ula 

•
T

here is room
 for im

provem
ent, but it is rem

arkable that a function w
ith 

only three fit param
eters w

orks so w
ell

<latexit sha1_base64="jQa1X0R4Ouzxc+R6JOZmRVzcVPU=">AAAB8HicdVDLSsNAFJ34rPVVdelmsAiuQhJjWxdC0Y3LCvYhbSiT6aQdOjMJMxOhhH6FGxeKuPVz3Pk3TtoKKnrgwuGce7n3njBhVGnH+bCWlldW19YLG8XNre2d3dLefkvFqcSkiWMWy06IFGFUkKammpFOIgniISPtcHyV++17IhWNxa2eJCTgaChoRDHSRrrrKTrkCF7Afqns2Oe1iudXoGM7TtX13Jx4Vf/Uh65RcpTBAo1+6b03iHHKidCYIaW6rpPoIENSU8zItNhLFUkQHqMh6RoqECcqyGYHT+GxUQYwiqUpoeFM/T6RIa7UhIemkyM9Ur+9XPzL66Y6qgUZFUmqicDzRVHKoI5h/j0cUEmwZhNDEJbU3ArxCEmEtcmoaEL4+hT+T1qe7Z7Zzo1frl8u4iiAQ3AEToALqqAOrkEDNAEGHDyAJ/BsSevRerFe561L1mLmAPyA9fYJMeaQBA==</latexit>

�
=

 variance of (actual volum
e – predicted volum

e)     

variance of volum
es in dataset 



O
ther Experim

ents 

•
C

hern–Sim
ons invariant does not look to be learnable from

 Jones 
polynom

ial in various experim
ents

•
K

hovanov polynom
ial predicts volum

e w
ith               accuracy;

<latexit sha1_base64="XcoFTjC2Rkhctmn6+0Q8nzpLKYg=">AAAB7XicdVDLSgMxFM34rPVVdekmWAquhqSobXdFNy4r2Ae0Q8mkmTY2kwxJRiil/+DGhSJu/R93/o2ZtoKKHrhwOOde7r0nTAQ3FqEPb2V1bX1jM7eV397Z3dsvHBy2jEo1ZU2qhNKdkBgmuGRNy61gnUQzEoeCtcPxVea375k2XMlbO0lYEJOh5BGnxDqpVav45V6pXygiHyGEMYYZwZUL5EitVi3jKsSZ5VAESzT6hffeQNE0ZtJSQYzpYpTYYEq05VSwWb6XGpYQOiZD1nVUkpiZYDq/dgZLThnASGlX0sK5+n1iSmJjJnHoOmNiR+a3l4l/ed3URtVgymWSWibpYlGUCmgVzF6HA64ZtWLiCKGau1shHRFNqHUB5V0IX5/C/0mr7ONzH92cFeuXyzhy4BicgFOAQQXUwTVogCag4A48gCfw7Cnv0XvxXhetK95y5gj8gPf2CTldjkE=</latexit>

97.2%
H

O
M

FLY-PT
 polynom

ial does less w
ell w

ith               accuracy
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•
D

ifferent representations of Jones polynom
ial w

ork just as w
ell

•
Sym

bolic regression using PySR
 gives form

ulae w
ith                accuracy, 

but not so interpretable 
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Prospectus 
•

Inequalities à la volum
e-ish theorem

 using analytically continued C
hern–

Sim
ons theory; investigate this for higher colors as w

ell

•
M

onotonic version of the volum
e conjecture

•
Better understanding of w

hat problem
s are m

achine learnable in 
m

athem
atics and physics —

 failed experim
ents m

ay teach us som
ething!

•
R

everse engineer other m
achine learned results

•
R

elations betw
een other topological invariants

•
U

se num
erics to study Stokes phenom

ena in C
hern–Sim

ons theory



Sm
ooth Poincaré in 4d 

•
Freedm

an proved it is hom
eom

orphic

•
C

onjecture: A
 four m

anifold w
ith hom

otopy type      is diffeom
orphic to

•
D

oes      adm
it exotic sm

ooth structures?
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•
T

he R
asm

ussen s-invariant cannot be used to detect counterexam
ples

•
Find topologically slice knots that are not slice

•
Perhaps M

L can assist in identifying further interesting knots
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A
 V

iew
 to H

olography 
•

Beautiful recent w
ork by H

ashim
oto, et al.

•
Train on lattice data for chiral condensate vev vs. quark m

ass

•
O

btain m
etric from

 param
eters in neural netw

ork and follow
 A

dS/Q
C

D
 

dictionary despite not being in large-     lim
it

•
Predict form

 of quark–antiquark potential

N
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•
Investigations in C

FT
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•
Look at interesting black hole datasets



Baryons and M
esons 
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=
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ount of energy to add to spontaneously em
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eson containing given valence quark
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he neural netw
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T
he Future 

•
M

achine learning identifies associations

•
C

an a m
achine do interesting science?

•
W

ant to convert this to analytics —
 i.e., how

 does a m
achine learn?

•
W

hat problem
s in physics and m

athem
atics are m

achine learnable?



hep-th
•

U
se m

achine learning to classify papers into arXiv categories

•
65%

 success at exact subject, 87%
 success at form

al vs. phenom
enology

P
aris�
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ce
+
Italy

=
R
om

e
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<latexit sha1_base64="Sv4anypCwP7o4wwHngyXzKvK3nI=">AAACJ3icbVDLSgMxFM3UV62vqks3wSIIYpkRQTdK0Y3LCvYBbSmZ9LYNTTJjklHKMH/jxl9xI6iILv0T04dFWw8Ezj3nXnLv8UPOtHHdTyc1N7+wuJRezqysrq1vZDe3yjqIFIUSDXigqj7RwJmEkmGGQzVUQITPoeL3Lgd+5Q6UZoG8Mf0QGoJ0JGszSoyVmtnzuiCmq0TcY7KT4EP8UwsiE3wwKe+DoXA2EW4jAJk0szk37w6BZ4k3Jjk0RrGZfam3AhoJkIZyonXNc0PTiIkyjHJIMvVIQ0hoj3SgZqkkAnQjHt6Z4D2rtHA7UPZJg4fq74mYCK37wredgy31tDcQ//NqkWmfNmImw8iApKOP2hHHJsCD0HCLKaCG9y0hVDG7K6Zdogg1NtqMDcGbPnmWlI/ynuXXx7nCxTiONNpBu2gfeegEFdAVKqISougBPaFX9OY8Os/Ou/Mxak0545lt9AfO1zegPacF</latexit><latexit sha1_base64="Sv4anypCwP7o4wwHngyXzKvK3nI=">AAACJ3icbVDLSgMxFM3UV62vqks3wSIIYpkRQTdK0Y3LCvYBbSmZ9LYNTTJjklHKMH/jxl9xI6iILv0T04dFWw8Ezj3nXnLv8UPOtHHdTyc1N7+wuJRezqysrq1vZDe3yjqIFIUSDXigqj7RwJmEkmGGQzVUQITPoeL3Lgd+5Q6UZoG8Mf0QGoJ0JGszSoyVmtnzuiCmq0TcY7KT4EP8UwsiE3wwKe+DoXA2EW4jAJk0szk37w6BZ4k3Jjk0RrGZfam3AhoJkIZyonXNc0PTiIkyjHJIMvVIQ0hoj3SgZqkkAnQjHt6Z4D2rtHA7UPZJg4fq74mYCK37wredgy31tDcQ//NqkWmfNmImw8iApKOP2hHHJsCD0HCLKaCG9y0hVDG7K6Zdogg1NtqMDcGbPnmWlI/ynuXXx7nCxTiONNpBu2gfeegEFdAVKqISougBPaFX9OY8Os/Ou/Mxak0545lt9AfO1zegPacF</latexit><latexit sha1_base64="Sv4anypCwP7o4wwHngyXzKvK3nI=">AAACJ3icbVDLSgMxFM3UV62vqks3wSIIYpkRQTdK0Y3LCvYBbSmZ9LYNTTJjklHKMH/jxl9xI6iILv0T04dFWw8Ezj3nXnLv8UPOtHHdTyc1N7+wuJRezqysrq1vZDe3yjqIFIUSDXigqj7RwJmEkmGGQzVUQITPoeL3Lgd+5Q6UZoG8Mf0QGoJ0JGszSoyVmtnzuiCmq0TcY7KT4EP8UwsiE3wwKe+DoXA2EW4jAJk0szk37w6BZ4k3Jjk0RrGZfam3AhoJkIZyonXNc0PTiIkyjHJIMvVIQ0hoj3SgZqkkAnQjHt6Z4D2rtHA7UPZJg4fq74mYCK37wredgy31tDcQ//NqkWmfNmImw8iApKOP2hHHJsCD0HCLKaCG9y0hVDG7K6Zdogg1NtqMDcGbPnmWlI/ynuXXx7nCxTiONNpBu2gfeegEFdAVKqISougBPaFX9OY8Os/Ou/Mxak0545lt9AfO1zegPacF</latexit><latexit sha1_base64="Sv4anypCwP7o4wwHngyXzKvK3nI=">AAACJ3icbVDLSgMxFM3UV62vqks3wSIIYpkRQTdK0Y3LCvYBbSmZ9LYNTTJjklHKMH/jxl9xI6iILv0T04dFWw8Ezj3nXnLv8UPOtHHdTyc1N7+wuJRezqysrq1vZDe3yjqIFIUSDXigqj7RwJmEkmGGQzVUQITPoeL3Lgd+5Q6UZoG8Mf0QGoJ0JGszSoyVmtnzuiCmq0TcY7KT4EP8UwsiE3wwKe+DoXA2EW4jAJk0szk37w6BZ4k3Jjk0RrGZfam3AhoJkIZyonXNc0PTiIkyjHJIMvVIQ0hoj3SgZqkkAnQjHt6Z4D2rtHA7UPZJg4fq74mYCK37wredgy31tDcQ//NqkWmfNmImw8iApKOP2hHHJsCD0HCLKaCG9y0hVDG7K6Zdogg1NtqMDcGbPnmWlI/ynuXXx7nCxTiONNpBu2gfeegEFdAVKqISougBPaFX9OY8Os/Ou/Mxak0545lt9AfO1zegPacF</latexit>
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hep-th
•

U
se m

achine learning to classify papers into arXiv categories

•
65%

 success at exact subject, 87%
 success at form

al vs. phenom
enology

•
A

n idea generating m
achine for hep-th:

P
aris�

F
ran

ce
+
Italy

=
R
om

e
<latexit sha1_base64="LxiWKBByRPvF+efS6yFzUUVOEMs=">AAACKnicbZBNSwMxEIazftb6VfXoJVgEQZRdEfQiVAXRWxVbC20ps+lUQ5PskmSFsuzv8eJf8dKDUrz6Q0xrFb9eCLw8M0Nm3jAW3FjfH3gTk1PTM7O5ufz8wuLScmFltWqiRDOssEhEuhaCQcEVViy3AmuxRpChwJuwezqs39yjNjxS17YXY1PCreIdzsA61CocNyTYOy3TMmhuMrpDP8GZBsUwo9tf5MKC6GX06AtcRRKzVqHo7/oj0b8mGJsiGavcKvQb7YglEpVlAoypB35smyloy5nALN9IDMbAunCLdWcVSDTNdHRqRjcdadNOpN1Tlo7o94kUpDE9GbrO4ZLmd20I/6vVE9s5bKZcxYlFxT4+6iSC2ogOc6NtrpFZ0XMGmOZuV8ruQAOzLt28CyH4ffJfU93bDZy/3C+WTsZx5Mg62SBbJCAHpETOSZlUCCMP5Ik8kxfv0et7A+/1o3XCG8+skR/y3t4BcnOn4g==</latexit><latexit sha1_base64="LxiWKBByRPvF+efS6yFzUUVOEMs=">AAACKnicbZBNSwMxEIazftb6VfXoJVgEQZRdEfQiVAXRWxVbC20ps+lUQ5PskmSFsuzv8eJf8dKDUrz6Q0xrFb9eCLw8M0Nm3jAW3FjfH3gTk1PTM7O5ufz8wuLScmFltWqiRDOssEhEuhaCQcEVViy3AmuxRpChwJuwezqs39yjNjxS17YXY1PCreIdzsA61CocNyTYOy3TMmhuMrpDP8GZBsUwo9tf5MKC6GX06AtcRRKzVqHo7/oj0b8mGJsiGavcKvQb7YglEpVlAoypB35smyloy5nALN9IDMbAunCLdWcVSDTNdHRqRjcdadNOpN1Tlo7o94kUpDE9GbrO4ZLmd20I/6vVE9s5bKZcxYlFxT4+6iSC2ogOc6NtrpFZ0XMGmOZuV8ruQAOzLt28CyH4ffJfU93bDZy/3C+WTsZx5Mg62SBbJCAHpETOSZlUCCMP5Ik8kxfv0et7A+/1o3XCG8+skR/y3t4BcnOn4g==</latexit><latexit sha1_base64="LxiWKBByRPvF+efS6yFzUUVOEMs=">AAACKnicbZBNSwMxEIazftb6VfXoJVgEQZRdEfQiVAXRWxVbC20ps+lUQ5PskmSFsuzv8eJf8dKDUrz6Q0xrFb9eCLw8M0Nm3jAW3FjfH3gTk1PTM7O5ufz8wuLScmFltWqiRDOssEhEuhaCQcEVViy3AmuxRpChwJuwezqs39yjNjxS17YXY1PCreIdzsA61CocNyTYOy3TMmhuMrpDP8GZBsUwo9tf5MKC6GX06AtcRRKzVqHo7/oj0b8mGJsiGavcKvQb7YglEpVlAoypB35smyloy5nALN9IDMbAunCLdWcVSDTNdHRqRjcdadNOpN1Tlo7o94kUpDE9GbrO4ZLmd20I/6vVE9s5bKZcxYlFxT4+6iSC2ogOc6NtrpFZ0XMGmOZuV8ruQAOzLt28CyH4ffJfU93bDZy/3C+WTsZx5Mg62SBbJCAHpETOSZlUCCMP5Ik8kxfv0et7A+/1o3XCG8+skR/y3t4BcnOn4g==</latexit><latexit sha1_base64="LxiWKBByRPvF+efS6yFzUUVOEMs=">AAACKnicbZBNSwMxEIazftb6VfXoJVgEQZRdEfQiVAXRWxVbC20ps+lUQ5PskmSFsuzv8eJf8dKDUrz6Q0xrFb9eCLw8M0Nm3jAW3FjfH3gTk1PTM7O5ufz8wuLScmFltWqiRDOssEhEuhaCQcEVViy3AmuxRpChwJuwezqs39yjNjxS17YXY1PCreIdzsA61CocNyTYOy3TMmhuMrpDP8GZBsUwo9tf5MKC6GX06AtcRRKzVqHo7/oj0b8mGJsiGavcKvQb7YglEpVlAoypB35smyloy5nALN9IDMbAunCLdWcVSDTNdHRqRjcdadNOpN1Tlo7o94kUpDE9GbrO4ZLmd20I/6vVE9s5bKZcxYlFxT4+6iSC2ogOc6NtrpFZ0XMGmOZuV8ruQAOzLt28CyH4ffJfU93bDZy/3C+WTsZx5Mg62SBbJCAHpETOSZlUCCMP5Ik8kxfv0et7A+/1o3XCG8+skR/y3t4BcnOn4g==</latexit>kin

g
�
m
an

+
w
om

an
=

qu
een

<latexit sha1_base64="Sv4anypCwP7o4wwHngyXzKvK3nI=">AAACJ3icbVDLSgMxFM3UV62vqks3wSIIYpkRQTdK0Y3LCvYBbSmZ9LYNTTJjklHKMH/jxl9xI6iILv0T04dFWw8Ezj3nXnLv8UPOtHHdTyc1N7+wuJRezqysrq1vZDe3yjqIFIUSDXigqj7RwJmEkmGGQzVUQITPoeL3Lgd+5Q6UZoG8Mf0QGoJ0JGszSoyVmtnzuiCmq0TcY7KT4EP8UwsiE3wwKe+DoXA2EW4jAJk0szk37w6BZ4k3Jjk0RrGZfam3AhoJkIZyonXNc0PTiIkyjHJIMvVIQ0hoj3SgZqkkAnQjHt6Z4D2rtHA7UPZJg4fq74mYCK37wredgy31tDcQ//NqkWmfNmImw8iApKOP2hHHJsCD0HCLKaCG9y0hVDG7K6Zdogg1NtqMDcGbPnmWlI/ynuXXx7nCxTiONNpBu2gfeegEFdAVKqISougBPaFX9OY8Os/Ou/Mxak0545lt9AfO1zegPacF</latexit><latexit sha1_base64="Sv4anypCwP7o4wwHngyXzKvK3nI=">AAACJ3icbVDLSgMxFM3UV62vqks3wSIIYpkRQTdK0Y3LCvYBbSmZ9LYNTTJjklHKMH/jxl9xI6iILv0T04dFWw8Ezj3nXnLv8UPOtHHdTyc1N7+wuJRezqysrq1vZDe3yjqIFIUSDXigqj7RwJmEkmGGQzVUQITPoeL3Lgd+5Q6UZoG8Mf0QGoJ0JGszSoyVmtnzuiCmq0TcY7KT4EP8UwsiE3wwKe+DoXA2EW4jAJk0szk37w6BZ4k3Jjk0RrGZfam3AhoJkIZyonXNc0PTiIkyjHJIMvVIQ0hoj3SgZqkkAnQjHt6Z4D2rtHA7UPZJg4fq74mYCK37wredgy31tDcQ//NqkWmfNmImw8iApKOP2hHHJsCD0HCLKaCG9y0hVDG7K6Zdogg1NtqMDcGbPnmWlI/ynuXXx7nCxTiONNpBu2gfeegEFdAVKqISougBPaFX9OY8Os/Ou/Mxak0545lt9AfO1zegPacF</latexit><latexit sha1_base64="Sv4anypCwP7o4wwHngyXzKvK3nI=">AAACJ3icbVDLSgMxFM3UV62vqks3wSIIYpkRQTdK0Y3LCvYBbSmZ9LYNTTJjklHKMH/jxl9xI6iILv0T04dFWw8Ezj3nXnLv8UPOtHHdTyc1N7+wuJRezqysrq1vZDe3yjqIFIUSDXigqj7RwJmEkmGGQzVUQITPoeL3Lgd+5Q6UZoG8Mf0QGoJ0JGszSoyVmtnzuiCmq0TcY7KT4EP8UwsiE3wwKe+DoXA2EW4jAJk0szk37w6BZ4k3Jjk0RrGZfam3AhoJkIZyonXNc0PTiIkyjHJIMvVIQ0hoj3SgZqkkAnQjHt6Z4D2rtHA7UPZJg4fq74mYCK37wredgy31tDcQ//NqkWmfNmImw8iApKOP2hHHJsCD0HCLKaCG9y0hVDG7K6Zdogg1NtqMDcGbPnmWlI/ynuXXx7nCxTiONNpBu2gfeegEFdAVKqISougBPaFX9OY8Os/Ou/Mxak0545lt9AfO1zegPacF</latexit><latexit sha1_base64="Sv4anypCwP7o4wwHngyXzKvK3nI=">AAACJ3icbVDLSgMxFM3UV62vqks3wSIIYpkRQTdK0Y3LCvYBbSmZ9LYNTTJjklHKMH/jxl9xI6iILv0T04dFWw8Ezj3nXnLv8UPOtHHdTyc1N7+wuJRezqysrq1vZDe3yjqIFIUSDXigqj7RwJmEkmGGQzVUQITPoeL3Lgd+5Q6UZoG8Mf0QGoJ0JGszSoyVmtnzuiCmq0TcY7KT4EP8UwsiE3wwKe+DoXA2EW4jAJk0szk37w6BZ4k3Jjk0RrGZfam3AhoJkIZyonXNc0PTiIkyjHJIMvVIQ0hoj3SgZqkkAnQjHt6Z4D2rtHA7UPZJg4fq74mYCK37wredgy31tDcQ//NqkWmfNmImw8iApKOP2hHHJsCD0HCLKaCG9y0hVDG7K6Zdogg1NtqMDcGbPnmWlI/ynuXXx7nCxTiONNpBu2gfeegEFdAVKqISougBPaFX9OY8Os/Ou/Mxak0545lt9AfO1zegPacF</latexit>
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<latexit sha1_base64="MnLF7ue/WV3jDmWSiDlE51ah11E="></latexit><latexit sha1_base64="MnLF7ue/WV3jDmWSiDlE51ah11E="></latexit><latexit sha1_base64="MnLF7ue/WV3jDmWSiDlE51ah11E="></latexit><latexit sha1_base64="MnLF7ue/WV3jDmWSiDlE51ah11E="></latexit>

sym
m
etry

+
algeb
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p

<latexit sha1_base64="PTuiuafhv5pVGvXYduOywHdwp2k="></latexit><latexit sha1_base64="PTuiuafhv5pVGvXYduOywHdwp2k="></latexit><latexit sha1_base64="PTuiuafhv5pVGvXYduOywHdwp2k="></latexit><latexit sha1_base64="PTuiuafhv5pVGvXYduOywHdwp2k="></latexit>
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p
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a
<latexit sha1_base64="WLqiSdiMMge6pk92qGm5hLaaeTY="></latexit><latexit sha1_base64="WLqiSdiMMge6pk92qGm5hLaaeTY="></latexit><latexit sha1_base64="WLqiSdiMMge6pk92qGm5hLaaeTY="></latexit><latexit sha1_base64="WLqiSdiMMge6pk92qGm5hLaaeTY="></latexit>

sp
acetim

e
+

in
fl
ation

=
cosm

ological
con
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<latexit sha1_base64="jzYQZB6zvgMHOlU0xTwK4R52Rfw="></latexit><latexit sha1_base64="jzYQZB6zvgMHOlU0xTwK4R52Rfw="></latexit><latexit sha1_base64="jzYQZB6zvgMHOlU0xTwK4R52Rfw="></latexit><latexit sha1_base64="jzYQZB6zvgMHOlU0xTwK4R52Rfw="></latexit>
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<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>
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String D
ata

•
string_data 2017 (N

ortheastern)

•
string_data 2018 (LM

U
, M

unich)

•
string_data 2020 (C

ER
N

)

•
string_data 2021 (W

its)

•
Physics     M

L (M
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<latexit sha1_base64="jFtXt21B+/RUpOMnAlluTnYyi50=">AAAB63icbVBNSwMxEJ31s9avqkcvwSJ4KrtF1GPRi8cK9gPapWTTbBuaZEOSFcrSv+DFgyJe/UPe/Ddm2z1o64OBx3szzMyLFGfG+v63t7a+sbm1Xdop7+7tHxxWjo7bJkk1oS2S8ER3I2woZ5K2LLOcdpWmWEScdqLJXe53nqg2LJGPdqpoKPBIspgRbHOpT7AaVKp+zZ8DrZKgIFUo0BxUvvrDhKSCSks4NqYX+MqGGdaWEU5n5X5qqMJkgke056jEgpowm986Q+dOGaI40a6kRXP190SGhTFTEblOge3YLHu5+J/XS218E2ZMqtRSSRaL4pQjm6D8cTRkmhLLp45gopm7FZEx1phYF0/ZhRAsv7xK2vVacFWrP1xWG7dFHCU4hTO4gACuoQH30IQWEBjDM7zCmye8F+/d+1i0rnnFzAn8gff5AwH9jjk=</latexit>
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