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Generative Models

0/(z)

x = f(z) — logpx(x) = logp,(2) — logdet | =

> First normalizing flows arXiv:1505.05770
e Restrict functional form of ffor simplified determinant

e Non-tractable analvtic inverse of f= Not trainable on data

> (oct of det 7
> Autoregressive transformations arXiv:1606.04934

e Use autoregressive models for lower-triangular Jacobian > _Z;IV(?/’K'B 0/7][7
e Expensive inverse of f, which requires D applications of f

> Partitioned transformations arXiv:1605.08803
e Use partitioning and affine transformations for cheap det and inverse of f
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From discrete to continuous

0
x = f(2z) —> logpx(x) = log p,(z) — log det ];(ZZ)
f@ )
S a
A 81 8i “ 8i 8n ‘
p— ces ! ’ 2 cee ’
7
hiy1 =hy + f(hy, 0;) —> dl;it) = f(h(t),t,0)
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From discrete to continuous

0f(z)
0z

x = f(z) —> logpx(x) = log p,(z) — log det

Neural Ordinary Differential Equations
arXiv:1806.07366

Ricky T. Q. Chen*, Yulia Rubanova*, Jesse Bettencourt*, David Duvenaud
University of Toronto, Vector Institute
{rtqichen, rubanova, jessebett, duvenaud}@cs.toronto.edu

[% = f(z(i),t)]—) log p(z(t1)) = log p(z (tO))_/to Tr (a(z{)> dt

t v/ [r cheaper
— x =1z(t)) = z(ty) + f(z(t),t,0)dt

to

v /Vo 1nverse reqw'/fea’
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https://arxiv.org/abs/1806.07366

CNF for LFT

How to define U — Cﬁg — f(U, t) 777

where () i¢ in S’U//V)
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ODEs on manifolds

U — g(U)U where U € Grouw
[g & Algebra ]

e g(U) must be element of the algebra

e |Imposing Gauge invariance:

Uy (z) = U2)U, ()2 (z+ ) wd | (U, (2)) — 2)g(Uy(2))2 ()|

e Strong constraints on g(U), how to satisfy these properties?

S. Bacchio - 16/08/22 - Numerical Challenges 6/32




Luscher’s ansatz

arXiv:0907.5491

~ e ~
U L (a;‘ ) ) p— 8:2,/1, S ( U) Trivializing maps, the Wilson flow and

g( the HMC algorithm

~
L 8 S 1 / 1 / Martin Liischer
w’“ K CERN, Physics Department, 1211 Geneva 23, Switzerland

/

S. Bacchio - 16/08/22 - Numerical Challenges 7/32



https://arxiv.org/abs/0907.5491

Proof of properties

8, 8(U) = 363y, 0uuTr(Us (v) 20 (y) + UL (1) 2 (v))

e Is it element of the algebra?

M- M =iagl + 5, opT}, weemp =T, > oy Tr(T,T5)

= —2T, > oy = —5 >y T ]
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Proof of properties

0, 8(U) = i Yy OauTr (Us (4) 20 (v) + Ul (1) (1))
e Does it transform as g(UM (33)) N Q(w)g(Uu (x))QT (:l:) ?

0, . Tr (U, ()5, (z) + U} ()=} (z)) = —%(Uu(x)zu(a:) >l (2)U (2) - iaol)
it U, (:p)Eu (z) isaclosed path, then

Us(@) = @)U, (@) (@ + ) mmd 0,,8(U) — Q2)8,,,5U) (2)
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Luscher’s ansatz

arXiv:0907.5491

~ o . )
a;.) ) - 8 S ( U) Trivializing maps, the Wilson flow and
= Oz,

/N

Q(Uu

U= (0,

the HMC algorithm

~
S ! ] l ] Martin Liischer
l’L K CERN, Physics Department, 1211 Geneva 23, Switzerland

~»

/

Lischer ansatz satisfies all properties, but...

e Does the force of any gauge invariant quantity satisfy the properties?

? e Are there more generic approaches to define g(U)?

@
e |s it Lischer ansatz good enough to define a CNF?
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Luscher’s ansatz

arXiv:0907.5491

~ e ~
g ( U L (a;‘ ) ) p— 8:2,/1, S ( U) Trivializing maps, the Wilson flow and

the HMC algorithm

Martin Liischer

CERN, Physics Department, 1211 Geneva 23, Switzerland

. /

(% = f(z'(t),t)]—> log p(z(t1)) = log p(z (to))—/ Tr (526) dt\

t oU
- X = Z(tl) — Z(tO) + f(Z(t)v t Q)dt Rem,‘u(le" ab

. to /
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Luscher’s ansatz

arXiv:0907.5491

< -
g ( U L (a;‘ ) ) p— 8:2,/1, S ( U) Trivializing maps, the Wilson flow and

the HMC algorithm

° ~
l ; - 8 S l ? l ’ Martin Liischer
w’l,l/ K CERN, Physics Department, 1211 Geneva 23, Switzerland

e Another result from his work: Liischer already discovered CNFs!

~

/

logp(U(t1)) = logp(U(t)) — f,* LS(U)dt

wmere LEWU) =~ Yy

)

8¢ ,02,S(U)
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Laplacian of action

£§(U) — Zw,,u,a ag’ﬂag"“’g(U)
= = 56 S pa Xy 0208 4 RTr (U, (3)%0 (1))
Forloopsw/o __ __ Zz C; Z:c,,u,a RQTI’ (TaTa U,u, ($)2,u (CE))

repeated links
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Laplacian of action

E‘S(U) — Zw,,u,a agnuagn“g(U)
- Zz G Zw,u,a Zy,u 6%7,1, agaﬂReTr(UV (y)zl/ (y))

For loops w/o

repeated links - Zz Ci Zm,,u,a ReTr (Ta A U,u ($)2’u, (CE))

Using the N2_1

( N2_1 =
con:é)llaetti(e):ess — SN Zz C; Zm7u RCTI'(UM(CU)E“ (.’L')) :L N 1S(U)]

LZ& T2sT% = —5 (0as08y — 770as0ys) = >, T9, T = —u%}
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Our work: from Trivializing Maps to CNF

1. Time-dependence in the coefficients
S(U) =¥, ci()Wi(U)

Training of the coefficients via minimization of the KL divergence
Calculation of the gradients via back-propagation

Generic implementation for any Wilson loop

o~ W N

Mapping from uniform distribution:

Lyt = Starget (Ur) + [y L5(U;)dt
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Software

Lyncs-API @'},'ﬁ@'
e Developed using Python and Lyncs-API 3‘4%

A Python API for Lattice QCD applications

e Numpy implementation for S(N) in M-dimensions & httpsilllynes-apigithub.iol  (7s.bacchio@gmail.com @iﬁ"_:ﬁd.”;
e On GPU via Quda for SU(3) in 2/3/4-dimensions
e Logic for dealing with any-size closed loop Python ecosystem for Lattice QCD
r
Python applications for lattice QCD
Simulations, contractions, machine learning, ...
€.9. all unique geometries of length & in 3D \
Lyncs-API Python toolkits
L . vy s lyncs_{io | hmc | mpi | utils | ...}
T i T 4 ) N\
Python APIs Lyncs-API interfaces
Pl TR “i e Numpy, cupy, mpi4py, h5py, cppyy, ... lyncs_{quda | DDalphaAMG | ...}
A /] | 7 \ y /
ct—o . oo - 7 ~N \‘
d T 4 T £ T_ T . . HPC Libraries LQCD Libraries
with repeated links BLAS, cuBLAS, MPI, HDFS5, livm, ... QUDA, DDalphaAMG, tmLQCD, ...
ey . o ' \_ / 4
7 . A | Ao
@4' /:7 /<_ l = i ‘ J / I:I C/C++ libraries I:I Python modules D Developed / contributed

S. Bacchio - 16/08/22 - Numerical Challenges 16/32



0.00

1.75 1
ee——s -0.05- Coeff. tuning oo Meagvred av. plaquette
—0.10 A
. 1.251
—0.15 1 B
020 P oo © 1.001 e
0 100 200 300 400 500 o
Epoch £5 0.75 A
o
0.50 1
(Wilson flow param.
. 0.25 4
(0) 1 — 3 0.00
Rt 0
/ \ —~5000 - Cogf Z{L(/’l“l? lframmg
e Pure-gauge SU(3)
S| o Lattice size 16* ~100001
0 . 0
QQ/.)) e Coupling B=6 § ~15000 1
e No time depend.
\ ~20000
~ ~25000 ” I S
S(U) =X, e (W (U) | | | |
? 0 100 200 300 400 500
Epoch
S. Bacchio - 16/08/22 - Numerical Challenges 17/32




0.00

e<——o —0.05-

T —0.10 A

Plaquette
o

Loss

~0.15 -
-0.20 +
oC——o
l T 0.00
M s —0.01-
l —0.02 -
[ ]
‘//"//1' 0.001
[} L[]
-0.01 A
. -0.02 -
0.00
oC——o

A=

0

S. Bacchio - 16/08/22 - Numerical Challenges




0 100
Epoch
S. Bacchio - 16/08/22 - Numerical Challenges

Loss

200 300 400 500

1.25 A

1.00 A

Plaquette
o

0.50 A

0.25 A

0.00

—5000 4

—10000 A

—15000 A

—20000 A

—25000 A

100
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© oo ~100007 e What else can we do?
' ' ' ' g 15000 o Time dependence?
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Degeneracy of integral

Intercect

1
-
-
-

ado) S

t=1

“All equal integrals over the
coefficients gives the same result”

Single-geometry integral is trivially degenerate
Multiple-geometries integral is also degenerate:

o Numerically tested for length 6...  Any proof?
Large coefficient introduce numerical instabilities
Is constant enough? Aot really!
How to solve the problem? We covld improve it but not colve it

S. Bacchio - 16/08/22 - Numerical Challenges

22/32



Let’s be less ambitious: 42
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Let’s be less ambitious: 82

eE——o—o
o—>eo

-
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Let’s be less ambitious: 162
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What’s more? Loops with repeated links!

arXiv:0907.5491
e Issues: / \

o  Much more difficult lagrangian Trivializing maps, the Wilson flow and
o  Product of traces and shifts the HMC algorithm

. Martin Lischer
e Questions:

CERN, Physics Department, 1211 Geneva 23, Switzerland

o  How to generalize them? \_ J
o  Will they help?
CoWa = EWo + Wy,  LoWs = %W) + AW, I |
[ _— - -—

LoWs = 11W3 — Wy, LoWe = 2—38W() + 4Ws,

LoWy = g—;lVV4 +Ws,  £oW- = 12W- + constant. - "
(2) 3) @) (5) (6) (7)
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https://arxiv.org/abs/0907.5491

Giving a closer loop

Er + 13 Re Tr(W?)

t i+t i Re(Tr(W))? — Im(Tr(W))? A

Re(Tr(W))?

. Im(Tr(W))>2

b+l | Re(Tr(W))? + Im(Tr(W))? Y,
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Our work: from Trivializing Maps to CNF

1. Time-dependence in the coefficients
S(U) =¥, ci()Wi(U)

Training of the coefficients via minimization of the KL divergence

Calculation of the gradients via back-propagation Mapping from uniform distribution:

Generic implementation for any Wilson loop Lip =S (U )+f1 £8(U,)dt
L — Ptarget T 0 t

o~ W N

Implementation of improved model:

S = St Citman (VR(Wig)"Im(Wi)*" win Wiy = Tr(W;(U)')
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Latest results: NMCMC, 162, =6
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Latest results: NMCMC, 162, =6
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Latest results: NMCMC, 162, =6
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Conclusion

e Results for 162 at 3=6:
B Goal
A
g 002% > 0.1% > 0.5% >48%
o
2 params 8 params 16 params O(10k) params?
(plag. + rect.) (plag. + rect.) x (plag. + rect.) x [MIT, 2008.05456]
(re,re?im2w?) (re,re?im2w?) x
2 time (spline)
e Achievements: e Openissues:
> Physical interpretation of parameters > Sub-performing compared to normalizing flows
> Parameter transferring over volume > Manual implementation of models, not via ML libraries
> GPU and distributed implementation via QUDA > Unstable tuning of time dependence due to degeneracy
> Generalization of Luesher approach > Fermions not implemented yet, but doable
> Parameter tuning via back propagation > Integrator scaling when combining Lie groups and scalar

e Much more work to do and many idea... Working on first publication. Stay tuned!
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Runge-Kutta Integrators for scalar quantities

d QL c1|ain a2 ... Q1
_y — f(t ) S C2 | G21 Q22 ... Q2
dt Y 3 .
~< .
s Q% Cs | As1 Qg2 ... Qgg
— . ke b b ... b
Yn+1 = Yn + h Zi:l bz kz b
ki = f(tn, yn
1 f( Y ), 01750,2/3,1
k2 — f(tn + CZh7 Yn + h(a’21k1))7
ks = f(tn + csh,y, + h(a31k1 + agzkz)), (\2 0 0 0 0
: 3 0 0
. © l1-a l-a
i—1 § 111+ a(3a—2) - a(3a—2)
wop(ranm i an). & 1w &
=1
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Crouch-Grossman methods for Lie Groups

Q@ C1 ail a9 .o Qig
S
U — g(U)U S Cy | Q21 Q22 ... Q3
N
bS] .
~ :
. <
S
k@ — g(U(Z)) o Cs al')sl al;s2 C;)ss
1 2 ]
1) — Lha;;1ki_ ha; 1k
U()_e z,zlzl...e z,llUn . .
L
Upi1 = ehbsks  ghbik: U, S -l/24 | —1/24
S 17/24 | 161/24 —6
3
order 1: >ty =il g 1 -2/3 2/3
S 0
order 2 : > it =1/2 ; 3/4 3/4
order 3 : Y. byt =1/3 Zij bsdiese; = 116 g 17/24 | 119/216 17/108
Y bies +2Y ., bicih; =1/3 O 13/51  —2/3  24/17
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How to combine scalars’ and Lie groups’ integration?

Uni1 = (Hle ehbiki) Un Yntl = Yn + Ele b; k;
k;, = g(U(i)) k, = f(U(i),y(i))
i 1—1 a;ik: 1 ) —1
Ul = (szl el ) Un y(z) = Yn T hZ§:1 aijk;
e Different coefficient from standard RK e Needed for: Laplacian, gradients, etc..

? e Currently we use O(3) for Lie groups, how does scalar integration scale?

o e Can we have a scheme that has O(3) for both? Maybe with 4 steps?
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