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Closing the supremacy gap

Fall 2019: Today:

Google claims Even larger machines..
quantum “supremacy”

But no useful quantum

+ others! advantage (yet).
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What do we (really) need to beat to reach advantage?
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The Google ‘supremacy’ game

Execute circuit (53 qubits, 230 two-qubit gates)

Return bitstrings x = 00101, ..
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The Google ‘supremacy’ game

% X
X X
X

Execute circuit (53 qubits, 230 two-qubit gates)

b

Return bitstrings x = 00101, ..

Expectations

Histogram of

bitstrings Completely random
probabilities computer: py(x) = Zin,Vx
(averaged

over random

circuits)

1/2" Probability p . At‘gs
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The Google ‘supremacy’ game
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Execute circuit (53 qubits, 230 two-qubit gates)

b

X X X

Return bitstrings x = 00101, ..

Expectations

Histogram of

bitstrings Completely random
probabilities computer: py(x) = Zin,Vx
(averaged

over random

circuits) Perfect computer

Porter Thomas P(p) = 2"e~2"?
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The Google ‘supremacy’ game

Execute circuit (53 qubits, 230 two-qubit gates)

Return bitstrings x = 00101, ..

Expectations

Histogram of

bitstrings Completely random
probabilities computer: py(x) = zin,Vx
(averaged

over random

circuits) Perfect computer

Porter Thomas P(p) = 2"e~2"?

1/2n

Probability p
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i

Quantum task: Compute “Cross Entropy Benchmarking”
2"-1

XEB ={ " Qu®) (Py() — 1)
x=0

U
(~ ‘distance’ to perfect distribution)

averaged over

random circuits
Y4

In practice: sample bitstrings x;

N samples

Perfect (Q = P)
/ XEB =1
XEB ~ Py(x) — 1

i=1 \ Random: XEB = 0

U

Nsamples

(need lots of samples when XEB « 1)

~

J

Classical task: Draw Ngymples With same XEB
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What to expect?
The product law for the fidelity

In random circuits,

1116 430 53
F= 1_[ fx ~(1—€e)™M(1—¢€)" (1—€egp)™0 =0.15%!
Zhou et al 20 keoperations 016% 0.62% 3.8%

Exponential decay!
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What to expect?
The product law for the fidelity

In random circuits,

1116 430 53
. 1_[ fo | =~ —e)m—e)m (1= eyy)™0 = 0.15% !
Zhou et al ‘20 k€operations 0.16% 0.62% 3.8%
Exponential decay!
+ with depolarizing noise: XEB = F
Experimentally, Google ‘'measured’ XEB = 0.2% Quite a low fidelity! Arute et al 19
« How did Google measure XEB? XEB =~ ! Z?’:imples Py(x;)—1

samples
7?7 U
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1. Previous classical
simulation strategies
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Classical simulation of quantum circuits

From a tensor-network perspective

Goal: compute P, (x) = |[(x|¥)|? = |[{(x|U|0)|?

(I'ensor network primer:

Matrix: -a— Vector: o— Tensor: -ﬂ:
Matrix-matrix M—k = Ai;Bjk

~0—
\ Contraction: i == =Cy

~

J

10
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Classical simulation of quantum circuits
From a tensor-network perspective

Goal: compute P, (x) = |[(x|¥)|? = |[{(x|U|0)|?

(I'ensor network primer: \

Matrix: -a— Vector: o— Tensor: -ﬂ:
Matrix-matrix: M—k = Ai;Bjk
\ Contraction: i == =Cy /

N,

Order matters: RS
(S J
. . ~ =7
* Naive contraction: l Jj
s=Y.. A:B;;CpDp, O(NY EF— & (gl
= Lijkl Pk kD ( ) \ \\
l \J
» Clever contraction: prad 13"

s = LilZi{Z(Zi AuBiy) Cii} Dial. O(N?) " AtoS



Classical simulation of quantum circuits

From a tensor-network perspective

Goal: compute P, (x) = |[(x|¥)|? = |[{(x|U|0)|?

~

(I'ensor network primer:

Matrix: -a— Vector: o— Tensor: -ﬂ:
-0, =45

Matrix-matrix;

*
\ Contraction: ‘ _e_ k = Ci /
Order matters: ,:’ i \,
* Naive contraction: ] a %)
= Y AuBiiCi D, ONY) B8 (g
s = Xijit A1iBijCir Dy O(N™) 1 Y
l \ j
» Clever contraction: Se

s = DiZiZ(Xi AuBij) Cie} Dial. O(N?)

1

12

k

|0) |'V)

Computing (x|U|0) ‘(5

» Corresponding tensor network

X = (xl; X2, X3)

« Find (x|U|0): contract the tensor network.
Note: storage cost

* 3 qubits: 2x2x2= 8
* n qubits: 2™!

AtOeS



Three main classical simulation methods
.. as three contraction strategies!

1. Schrédinger

—_——

(x[U]0) =

» CPU cost: Ny, iesexp(n)
 Storage cost: exp(n)

All amplitudes at once: “strong” AtOS
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Three main classical simulation methods
.. as three contraction strategies! Markov & Shi ‘08

1. Schrédinger 2. “Tensor network”

—_——

1. Find (close to) optimal
contraction strategy (NP
- = hard problem!)

(x|U|0) = E 2. Contract (GPUs, TPUs..)
o>

« CPU cost: Ny, ..exp(n) * CPU: exp(Treewidth)

- Storage cost: exp(n) + Storage: exp(Treewidth)

All amplitudes at once: “strong” || One amplitude: “closed” AtOS

14



Three main classical simulation methods

.. as three contraction strategies!
2. “Tensor network”

1. Schrédinger
=\

am

Markov & Shi ‘08

1. Find (close to) optimal

contraction strategy (NP
hard problem!)

2. Contract (GPUs, TPUs..)

min(depth, width)

(x|U10) = E
@

« CPU cost: Nyyesexp(n)
« Storage cost: exp(n)

All amplitudes at once: “strong”

* CPU : exp(Treewidth)
+ Storage: exp(Treewidth)

3. Feynman (sum over paths)

(x|U]0)
[¢o]a1b1c1 [ul]a1a2

= Z [uZ]azbl,a?,bz [u3]b2C1,b3C2

a,as,...c1,Cy 6a3x16b3x2662x3

paths

One amplitude: “closed”

* CPU: < Np,ths ~
« Storage: const.

exp(N gates)

One amplitude: “closed”

15




Cross-entropy benchmarking fidelity, 7.,

How did Google ‘prove’ supremacy? Arute et al ‘19

STEP 1: Compute experimental XEB

Need P (x)! .+ ‘.b_@

Trick: .S|mpl|f|ed C.IrCUIt 0 l'..:
* easier contraction Cq )

e .. but same XEB!

Test: full-simplified for smaller depths For the true depth: simplified
10°
*o0 00 0000
0000 i 00600
0000 0000
26000 00600
®0%0% £ F GHE F GH ©0%0% A s cDCDAGSB
Sycamore sampling (N, = 10%: 200 s
10
1 { -
102 m = 14 cycles l l
— Prediction from gate and measurement errors
QO Full circuit X Elided circuit 4 Patch circuit
n = 53 qubits
\ = Prediction
X eided (250 error bars)
+ Patch
‘°J|o i 20 25 30 35 m 5 50 85 12 14 16 18 20
Number of qubits, n Number of cycles m

e AtOeS



How did Google ‘prove’ supremacy?

STEP 1: Compute experimental XEB

Cross-entropy benchmarking fidelity, .,

Need P (x)!

* .. but same XEB!

Test: full=simplified for smaller depths

.—.-n "—@bz

Trick: .S|mpl|f|ed cllrcwt ._L..
* easier contraction Cq )

For the true depth: simplified

*o0 00
0000
* 0000
0000
e o000 f E FGH

EFAGN

m = 14 cycles
— Prediction from gate and measurement errors
Q Full circuit XEl circuit +Pa!ch circuit

Sycamore sampling (N, =

10%:200s

n = 53 qubits
= Prediction
X Elided (+50 error bars)

-+ Patch

0000
o000 0
0000
o000 0

®000® A B CDCD A E

10 15 20 25 30 35 40 45 50 55
Number of qubits, n

12 14 16

Number of cycles m

18

20

Arute et al ‘19

STEP 2:; Estimate classical time to get 0.2%
XEB

» Essentially: Feynman approach.

Claim:
sum only fraction F of all paths => fidelity F

tone path X Npaths X F =10'000 years

.. compare to: 200 secs to sample bitstrings

Goal: can we close this gap?

AtOeS



Previous attempts to catch up with Google

Pednault et al '19: Schrédinger, 2.5 days (est.)

. A0S



Previous attempts to catch up with Google
Pednault et al '19: Schrédinger, 2.5 days (est.)

Gray & Kourtis 20, Huang et al '20: Index slicing: tensor network+ Feynman:

Q1 g2 as
b bor b — . .
——W'g (e|U10) = " T, (4s by)Ty (x5, %35 by)
C1 C b,

.. 19.3 days (massively parallel)!

" AtOS



Previous attempts to catch up with Google
Pednault et al '19: Schrédinger, 2.5 days (est.)

Gray & Kourtis 20, Huang et al '20: Index slicing: tensor network+ Feynman:

Q1 g2 as
b
——W'g (e|U10) = " T, (4s by)Ty (x5, %35 by)
C1 C b,

.. 19.3 days (massively parallel)!

See also Pan & Zhang '21 (5 days [GPUs]), Pan et al '21.
« ..down to 304 seconds (Liu et al '21).. on a very large HPC system (42 million cores)!

Main issue: exponential scaling! Very expensive to add a few qubits / gates..

20
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2. Leveraging
(low) entanglement

AtOeS



Beating the exponential with a finite fidelity Seeeg
Matrix Product States (MPS) Schollwéck ‘11

* Previous attempts:

Surrender fidelity by summing
fewer Feynman paths.

* New idea: use key quantum
property: entanglement

Trivial case: Product states

[lpo]alblcl = [lp(l)]al [¢(2>]b1 [lPS]cl

b - 00O

" AtOS



Beating the exponential with a finite fidelity
Matrix Product States (MPS)

« Example: an entangled state:

Seeeg
Schollwock ‘11

* Previous attempts: [Wolaybye, = FHlWola, [W8ls, [Wile, * 7 [X0lay X616, X6,

Surrender fidelity by summing

fewer Feynman paths. H — ‘_“

_ = "Matrix product state”.
* New idea: use key quantum

property: entanglement

Trivial case: Product states

[lpo]alblcl = [lp(l)]al [¢(2>]b1 [wg]cl

b - 00O

23
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Beating the exponential with a finite fidelity

Matrix Product States (MPS)

* Previous attempts:

Surrender fidelity by summing
fewer Feynman paths.

* New idea: use key quantum
property: entanglement

Trivial case: Product states

[lpo]alblcl = [lp(l)]al [¢(2>]b1 [wg]cl

b - 00O

Seeeg
Schollwock ‘11

« Example: an entangled state:

[Wola,bie, = FlWola, [W6ls, Wile, * 5 Wola, [xo ], [X5]e,

tmh - B00

= “Matrix product state”.

-
Compressing any state? Singular value decomposition (SVD)

— +
Aij = UigSaVyj

Key result:
f= |(1/)|1/)compressed)|2 = Z Sc%

a<y

Truncation of
singular values

Can estimate fidelity!
a

x. bond dimension

y AtOS



A first step towards reproducing the experiment  znou stoudenmire, Waintal PRX 20
with “grouped” Matrix Product States

Algorithm to compute (x|U|0):  vidal ‘04

1

" AtOeS



A first step towards reproducing the experiment  znhou stoudenmire, Waintal PRX 20
with “grouped” Matrix Product States

Algorithm to compute (x|U|0):  vidal ‘04

1

SVD compression

£
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A first step towards reproducing the experiment  znhou stoudenmire, Waintal PRX 20
with “grouped” Matrix Product States

Algorithm to compute (x|U|0):  vidal ‘04

1

SVD compression

- AtOeS



A first step towards reproducing the experiment  znhou stoudenmire, Waintal PRX 20
with “grouped” Matrix Product States

Algorithm to compute (x|U|0):  vidal ‘04

1

SVD compression

SVD compression

f2
i—@

28 AtOeS




A first step towards reproducing the experiment
with “grouped” Matrix Product States

Algorithm to compute (x|U|0):  vidal ‘04

1

SVD compression

SVD compression
f2
i—@
« Final fidelity: F = f;f,

* Works.. but not enough to reproduce Google

29

Zhou, Stoudenmire, Waintal PRX 20
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A first step towards reproducing the experiment  znou stoudenmire, Waintal PRX 20
with “grouped” Matrix Product States

Algorithm to compute (x|U|0):  vidal ‘04 Improvement: Schrodinger + MPS
: » “Group tensors together”

e8a-000 5 dmmb

SVD compression

Useful for 2D qubit grids:
+ Vertical gates: "exact”
SVD compression » Horizontal gates: “compressed”

f2
!—@

* Final fidelity: F = f,f, Improves fidelity.. but still not enough!
* Works.. but not enough to reproduce Google
» AtoS




TA, Louvet, Zhou, Lambert, Stoudenmire, Waintal, 2207.05612

This work: a triply hybrid strategy

MPS + Schrodinger + tensor networks via a Density Matrix Renormalization Group method

Previous approach: apply 1 gate and compress

Here: apply several layers of gates,
. and find “optimal” MPS:

zR'?

K layers of
gateys l’ 31 At@S

Initial
(grouped)
MPS




TA, Louvet, Zhou, Lambert, Stoudenmire, Waintal, 2207.05612

This work: a triply hybrid strategy

MPS + Schrodinger + tensor networks via a Density Matrix Renormalization Group method

Previous approach: apply 1 gate and compress How to find optimal MPS?
* DMRG: find MPS with maximal overlap
Here: apply several layers of gates, * Tensor-by-tensor optimization: ng “sweeps”
. and find “optimal” MPS: - ~
Overlap: Best M(® tensor:

Initial
(grouped)
MPS

It

. A tensor network!

K layers of /
gates 32 At@S




Contracting the tensor network

Mix of automatic contraction with “manual” guidance;

5 A0S



3. Results
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A different relation between F and XEB

Reminder: in noisy random circuits:
F ~ XEB

In our method:

XEB ~ VF

« Strange?

2 A0S



A different relation between F and XEB

Reminder: in noisy random circuits:
F ~ XEB

In our method:
XEB ~ F
« Strange?

In the chaotic limit (infinite depth):

1
F=2_n
XEB =~
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A different relation between F and XEB

Reminder: in noisy random circuits:
F ~ XEB

In our method:
XEB ~ F

« Strange?

In the chaotic limit (infinite depth):

1
F=2_n

XEB =

2

Atos QLM 1

1o
i
=
. . _ "
Numerical evidence for finite depths: !
ne=6 ne==8 n.=10 ne=12
M=3n.=6 15 qubits ny=3n:=8 20 qubits nb=3n:=10 25 qubits me=3nc=12 30 qubits
10°
1072
z
T 10
b=l
=
g 107%
10-#
1071 \v’
\
Np=3 A
Me=4n.=6 21 qubits Ap=4n.=8 28 qubits ne=4nc=10 35 qubits 4 20 40 60
Depth D
Nnp=4 | N, | \ s L | T ¥on e e -
27 qubits ne=5n.=8 36 qubits 4 0 40 60 | | Google Sycamore (54 qubits)
Depth D Ne=5.nc=12
= 5.0n.=

Depth D

5 AtOS



Closing the supremacy gap

Error per gate: e = 1 — F1/Nag
9
) \
;] 54 qubits
_ K=1,ns=4
X
X 6 Sequence |, D1/D;
W
Q
= 54
1]
]
o ~
T 4- =
o
S - | =im closed D, =1 O
= 3 2 D
w - - C|OSEdDz=3 --h__’(
2 | =@= open simulation

I 7 supremacy

Fpsupremacy S

Better XEB error rate than
Google Sycamore

102

38
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Closing the supremacy gap

Error per gate: e = 1 — F1/Nzg

8 1 \

7 54 qubits
K=1,n.=4
Sequence |, D1/D;

v
1

~ -

o~

B
1

T
= cClosed D> =1
=x = closed D, =3

2 | =@= open simulation

1 Fpsupremacy S

-—

Error per gate £ [%]
w

I 7 supremacy

Better XEB error rate than
Google Sycamore

102

39

Closed (one amplitude) vs open (all):
* Open: most powerful. Strong simulation.

* Closed: can contract from “both sides”.
Lower compression losses!

—
D, layers

(0|U1+"'U§_D_2 U§+D_2---U5|x)
22 2772

“Closed” easily usable for “weak” simulation:
Bravyi et al '21.

Here (near-chaotic distribution): Could use
Metropolis-Hastings: 70% acceptance rate.

AtOS



Error per gate £ [%]

The influence of the type of circuit

The supremacy sequency An easier sequence

9 9
~ 54 qubits =@= closed simulation
81 g % K=2,ns=1 imulati
'\\ » s == open simulation
- 54 qubits 7 ~ Sequence I, V1/; =q= TEBD
K=1,n,=4 —_ hnd ~ Fp supremacy
= e
6 Sequence |, D1/D; 2 6 A ~a I 7 supremacy
a ~a
51 ‘f-ﬂl 54 -
fo -3 ~, -
i = i |~
4 ~— g4 =
3 | == closed D;=1 "9<-._~x__- §3-
=x= closed D;=3 M 5
21 =@= open simulation 21
1 Fpsupremacy [N 1
I 7 supremacy

0 0

109 10! 10° 10° 10! 10? 10°

Bond dimension y Bond dimension x A S
w0 to



Error per gate £ [%]

The influence of the type of circuit

The supremacy sequency

columns

71 54 qubits
K=1,n,=4

6 Sequence |, D1/D;
>l
4 .
b . -
3 | == closed D;=1 .
e — —
=x= closed D; =3 My

2 == open simulation

I 7 supremacy
U 4
100 10t 10?
Bond dimension y

Error per gate € [%]

An easier sequence

columns

9

54 qubits =@= closed simulation
84 K=2,n=1 =@= open simulation
; ~ ~ Sequence I, V1/V; | —q= TEBD

~ ~ Fj supremacy

~
61 ~a I 7 supremacy
NG
5 1 o~
'l\‘_.. ~
4 e e
3 4
2
1
0
10° 10! 102 10
Bond dimension x
41

Error per gate £ [%]

A “useful” sequence

1 —e— Sequencel, vi/v;

qllblT,S
[0) {x}
|0) {x}
|0) {x}
|0) [} X[ 1]
[0) x|r 1] *~—eo
|0) I B S
|0) {x} B ES -
|0) {x}
|0) {x}
|0) {x}
54 qubits
K=20,n;=1

Fy supremacy
N F supremacy
Sequence lll (all to all connectivity), 1
—#— Sequence Il (restricted to Sycamore topology), V1

10!
Bond dimension y



A scalable method: what happens when increasing the qubit count?

Fixed depth D:
» Error per gate increases.. then stagnates:

3.5

3.0

_ 251
bl

w
g 2.0

=

o

Sequence I, V1/V2
K=2,ns=1, =64

L == closed sim., D =20
\ Fj supremacy
I 7 supremacy
closed sim., ND = 1080

2
g 151
o

=
w
1.0

0.5

0.0

50 100 150 200 250 300
Number of qubits N

But more gates, XEB decreases... must increase
Ngamples to reduce variance.

Keep nD fixed (fixed XEB: fixed experimental time!);

42
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A scalable method: what happens when increasing the qubit count?

Fixed depth D:
» Error per gate increases.. then stagnates:

3.5

3.0

2.5 1

%]

2.04 Sequence I, 1/V;

K=2,ns=1, =64

L == closed sim., D =20
\ Fj supremacy
I 7 supremacy
closed sim., ND = 1080

154

Error per gate € [¥

1.0

0.5

0.0

50 100 150 200 250 300
Number of qubits N

But more gates, XEB decreases..: must increase
Nsamples t0 reduce variance.

Keep nD fixed (fixed XEB: fixed experimental time)):

43

How to understand the stagnation?
Can compute “optimal” error rate after SVD

compression:

1 log 4
(1 , _log4x

opt = 2N
VR
\' _— cls':otlc optimum
1 \ actual
] \ E error rate
5 \ Opt
\-
\

N

w

Error £ per gate [%]
-~

Z e _ESVD
"h"-h...__‘__

28 qubits, Sequence Il

x =64, K=2,n,=1, V2/V,

0 5 10 15 20 25
Depth D

)

when egyp reaches ¢, [~chaotic limitl], actual

error rate deviates from egyp

AtOS



Conclusions Avallable on i g EEH

P
»

Atos QLM L? m
(‘QPEG")  jo =

oogle’'s game can be won by a classical simulator

» Key: leverage 3 different simulations methods:
Schrédinger, tensor-network, Matrix Product State

» Very basic implementation (no sophisticated contraction)

eware of “large Hilbert space fallacy”: Structure matters!
* MPS: capture true difficult quantity: entanglement
» This is the target for quantum advantage!

ubit quality is crucial! Recent progress in QEC @ETH, Google, Quantinuum..

EB flaws: not scalable, not ‘useful’ task
» Q-score (Martiel, TA, Allouche ‘20): use QAOA MaxCut as benchmark

“ AtOeS




