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ANALYZING MULTIPLEXED
SUPERCONDUCTING QUBIT
READOUTS

Using clustening, decision trees, and NNs
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Raw data

Experiment and labels

Clustering 1

Clustering 2

Single Qubit Classifiers

4 Qubit Classifiers

Given infinite time
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Initial state Features Label

Shots d1 d2 ds | G- Q + 1 (150 segments) of Q- Qs o
1, 0 0 0 0 [0.02 + 0.01i,....] 1, 0, 1, 0,
2, 0, 0, 1, 1,
0, 1, 1, 0,

1000
, e e e o1 |o |+
2 0, 1, 1, 0,
1, 1, 0, 0,

1000

1 1

0 2 0, 1, 0, 1,
1, 0, 0, 1,
o, O, 1, 1,

Data

Two experiments and their
stuctures

01 Classification:
Contains 1000 shots
(experiments), initial
states either O or 1,
and labels, their
outcomes.

02 ADC trace:
Contains 1000 shots
with 150 segments
(time axis) and initial
states either O or 1.
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The expenment: control of a quantum

Is the particle in the state we think itisin?

Wim't> e | T>




The expenment: control of a quantum

state

Expectation Reality

Distinct outcomes for different states Overlapping outcomes for different states

. .. . - o X Nhear center e X hnearcenter
‘ T> . Positive x | l,> 5 INEEREEDS | T> o (little shift up) ‘ ¢> * (little shift down)
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The expenment: control of a quantum

state

Expectation Reality...?

Probablity Weight
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Distinct outcomes for different states Several noisy measurements for better destinction

‘ T> - Positive x | \L> . Negative x ‘ T> : SRS S 2 ‘ \l/> . negativsum x
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The expenment: control of a quantum

ENVIROMENT
f‘ Realltyoooo o0 INTRUDES!
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state

Expectation

QUBITS!
Probablity Weight
o o S R N
Half of the
sighal
measure
momentum
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Distinct outcomes for different states Several noisy measurements for better destinction
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The expenment: control of a quantum
state

Its

Actual experiment: Superconducting qub

Aimofthisproject: O O O O O ©
e Improve multi-qubit readout in the
dispersive regime
Our approach

e Using quantum physics for assumptions for
model building and interpretations.

e Using a lot of different clustering and
classification from the course

Initial state

Features

SQUID

Label

o
+ | (150 segments)
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P
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nitialize Qubit e Me.aSL!re qu o@ Predict qubit
state (indirecly) 9 state
Predicting whether you have a cat or a dog based

its owners - that’s a problem, we have no reliable
labels :(




Overview of ML

Goal 1: Find good labels

After readout, what is the best estimate of the
qubit state?

Assumption Method

Use initial state at
control state (Not
ML)

The qubitis not changing in
time (a dog stays a dog)

Cummulated measurement
2 record is clearly distinct for
state |0> and [1>

Clustering using
Kmeans, GMM

Use stochastic
master equation for
dispersive readout

Each measurement depends
on its current state

models

Goal 2: Predit qubit state

How to predict state for new experiments?

Model Method Label used
HINEe LightGBM 2
classifier

Singl bi 1

e e.o!u I LSTM

classifiers

2

4 bi 1

Shisl: iDConv + FF

classifiers

2

R QURL LightGBM 3
regression




Clustering 1

Clustering using K-means
e Firstjust an initial clustering with K-means and

splitting into two clusters
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Q1 | State; 1001 | Silhouette: 0.59

Clustering 1

Clustering using K-means Tl iy

e Firstjust an initial clustering with K-means and -.q%%
splitting into two clusters ] 8 WAl

=004 -

Special cases for both qubit1and 3

=006

e Seemed like 3 clusters instead of the expected 2
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Clustering 1

Clustering using K-means

e Firstjust an initial clustering with K-means and
splitting into two clusters

Special cases for both qubit1and 3
e Seemed like 3 clusters instead of the expected 2

Special Case for qubit 2 initial state O

e More like a single cluster with some outliers to
the right
e Eliptic envelope used for outlier detection.
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Clustering

e Attempted spectral, Kmeans, and

GMM

e GMM winner

o Force centersin 2D space

o Consistent clusters

Clustering 2

Clustering (the bad ones):

e Extra label for gubits in unwanted 2nd

excited state!

Energy [/1wo)]

Transmon

h“.].

1
:»

Comp.

- -T2 /2 W

Superco nductlng phase, qb

Kmeans Spectral
Qubit 3; State 0100 Qubit 1; State 0010
0.00 - . & Stated
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ﬂ_nz _DDE B
Oy =003 1
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—0.05 -
0.06 - B 3
~0.06 - i K::
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\ |
Clustering (the good and slightly worse):
GMM
Qubit 1; State 1101 Qubit 2; State 1101
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e
b de State 2 0.00 +
~0.02 -
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-0.04 o 8 ?J' -0.02 1
iF
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14




Classifier confusion matrix

[ | [ |
CIaSSIIﬁcatIOn Qubit 1 (Accuracy: 0.9922) Qubit 2 (Accuracy: 0.9853)

i@ 1500 000
1 Qubit o oo e }
= 1000 - 2e
o 1 8 - 750 o L 1000
LightGBM on clustering labels - - 500 N oos
24 3 10 499 L 250 200
e Not scientific (!!!) | | | 1, | , U
0 1 > 0 1
~ ACCU raCy Of C aSSi_ﬁer ||m|ted by Predicted label Predicted label
Qubit 3 (Accuracy: 0.9944) Qubit 4 (Accuracy: 0.9962)
accuracy of clusters
b o4 572 0 2 1506 2000
0 6
e Done mostly because our data 3 3 1500
P - 756 4 L 2
expert asked for it = = 1000
. r 500 1 6 823 -
24 3 4 1854
T T —L 0 T T —
0 1 2 0 1
Predicted label Predicted label
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Organising data to show most important features.

Amplitude (a.u.)
1

Preparing for ML classification

Data processing

e Individual measurement output show very
little information about the state of the qubit

e The change of Q matters - more visible if we
sum cumulatively.

Experimental data

0.0013

0.0000

Amplitude (a.u.)
1 |

———————

=0.04 1

00 120 140

60 a0 &0 a0
Segments Segments

Raw data plot Processed data

Simulating Q measure

True post measure state

1.0 -
ﬁ(ﬁwﬁﬁ
g_\ 0.5 ‘e v‘“/
N ZA\Z
/b
0.0 ’ S

Each color represents a
measurement, from initial
state

Raw measurement output:
Now obvious difference

The cumulative sum
distinguishes states!

Example, blue is high 16
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—Overview of single
bit classifiers

Important Hyper parameters

e Memory in the network
e How quickly does it learn

Bayesian Optimization

General Architecture

foriin range(num_layers):
LSTM(n_units)
Dropout(0.15)

Dense(relu)
Dense(sigmoid)

Y
XIEXYEXS
A

o ‘\ l‘\
TR

LSTM Memory units

Compression to binary output
(FFNN)

Output




1st Tensorflow classifier
Initial state labels

Assumption: We assume the initial state and
the final state is the same.

1.0 -
0.8
0.6 -
o
[a
I_
0.4
0.2
," — AUC (Q1) = 0.788
AUC (Q2) =0.771
— AUC (Q3) = 0.627
0.0 1 — AUC (Q4) = 0.627
0.0 0.2 0.4 0.6 0.8 1.0
FPR

Predictions - Qubit 1

Accuracy: 0.74 m State O

200 BN State 1
150
100
50
ol

0.9

0.4 5 6
Pred|c~s£
Predictions - Qubit 3

3001  |Accuracy: 0.59 Bm State O
250 ; ;
200 1 l

150 '

100 ‘

50 1 \

0.30 0.35 0.40 0.45 0.50 0.55 0.60 0.65 0.70
Prediction score

Predictions - Qubit 2

'Accuracy: 0.72

B State O
B State 1

0.5 0.6 0.7
Prediction score

Predictions - Qubit 4

700 4

600 1

‘Accuracy: 0.62 B State 0
B State 1
0.45 0.50 0.55 0.60 0.65 0.70

Prediction score

0.75

0.80

Possible 2nd excited state?



2nd Tensorflow classifier

Binary Clustering labels |0) or |1

Qubit 2; State 1101

TPR

1.0

0.8 A

0.6 -

0.4 -

0.2 4

0.0 -

—— AUC (Qubit 1) = 0.9998

AUC (Qubit 2) = 0.9996
—— AUC (Qubit 3) = 0.9999
—— AUC (Qubit 4) = 0.9999
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[ ]
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Predictions - Qubit 3 Predictions - Qubit 4
Accuracy: 0.9931| Accuracy: 0.9941|
2000 2000 1
w» 1500 - 1500 -
e
2
O 1000 - 1000 -
500 - B State 0 500 - B State O
Il State 1 Il State 1
0! : , , . 0- : , , .
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
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3rd Tensorflow classifier

3 State labels |0), |1) or (2)

Final Activation function change:
sigmoid() = softmax()

e Only qubit1and 3 have 3 states
e High accuracy and changing
majorities between states

Qubit 1; State 1101

OO0 - @ Stated
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~0.02 - y
'- L f'l
e —0.03 e
—0.04 s

=003 1
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0.07 4
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Labels obtained from
clustering

True States
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i

Predictions - Qubit 1
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0
16

2 505

1 2

Predicted States

True States

()
i

Predictions - Qubit 3

Accuracy: D.9916|]

566 3 6

3 762 0

0 1
Predicted States




4 Qubit model with

Confusion Matrix

| | |
initial state as N R
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4 Qubit model with
initial state as
labels

1D Convolutional
combined with
ft layers

True Label

~18% Accuracy...
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4 Qubit model with
clustering labels

(2 clusters)

1D Convold

combined
ff laye

tional
with

S

~2500000 parameters

~91% Accuracy

True

14 13 12 11 10

15

Confusion Matrix
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1 0 0O O 2 0 O
o 0o 0O ©0O O0 2 0
1 0 0O O O 0 4
1 0 0O O O 0 ©
32 0 0 0 0 0 0
0 13 6 0 1 0O
o 4 150 0 0 O 2
0 9 0 122 0 0 0
o o 1 1 5 O0 0
o 19 0 0 o0 181 1
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| T | . T
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4 Qubit model with
clustering labels
(2 clusters)

1D Convolutional
combined with
ff layers

~2500000 parameters

~91% Accuracy

Distribution of Predicted Labels

=
=
R
b

D.GS ] I L
0.00 m
] 1 2 3 4 5 ¥ 7 10 11 12 13 14 15

8 9
Predicted Labels
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Number of counts for each state

Qubit: State O State 1 State 2
Qubit 1: 7705 5793 2502
Qubit 2: 10740 9260 O
Qubit 3: 3008 3873 o119
Qubit 4: 11810 4190 O

25



4 Qubit model with e
clustering labels T

~- 4 45 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0
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: BO O O > 1 6 -4 1 0 3 3 4 0 1 1 4 6 1 4 0 6 1 m
[ [ | [ | [ ! | ! ! ! ! [ ! [ -0
o 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
Predicted
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4 Qubit model with e
clustering labels T

~- 4 45 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0

1750
3 I t r ~-4 0 153 2 ©0o o 7 ©0 1 © 3 0 ©0 0 O0 0 10
c us e s m-0 O 2 5 o0 0 0 1 0 0 o 1 0 0 0 0 4
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. W
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| -
I_
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4 Qubit model with
clustering labels

(3 c I u Ste rS) Distribution of Predicted Labels

1D Convolutional
combined with
ff layers

~300000 parameters

o e o = =
o = % [FF} = Ln h
L 1 | | 1 1 |
]
—
P
Lad
s
[ |
[m)]
—
o
'_'l
H
—
P
'_'l
(Y]
—
N
'_'l
[ ]
_

~95% Accuracy

7 8 9
Predicted Labels
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Initial state vs
GIUSte rs Comparing the initial state and

the clustered readout

: Initial: Cluster:
Why do we see such a high
improvement when using clustering? 0000) 2020)
e When looking at the 2 cluster result: 1010) 1020)
© 2961/16000 (18.51%) are the same
e For 3 clusters: 0101> 1120>
> 1324/16000 (8.28%) are the same 1111) 2110)
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Given infinite ti




40 -

20 7

40

20 1

Measurement Q

0 10 20 30 40 50 60

Simulations

1.Entangle: |4)|a) — e~™xa'a0st

V) |a)
2. Measure: p; = Q;pQ /P(i,p),i = Q, T

3. Update state: o™ = (p}, + p})/2

1.0

0.8 1

0.6 A

0.4 ~

0.2 -

0.0 -

Single qubit classifier with
simulated data

Predicted Values from

LGBMRegressor

Given infinite time..
Predict full guantum
trajectory given all
measurements!

Predicted vs. Actual Values
for 50 measurements

1.0 T .1
8
[ ]
°
081 ®
[ ]
[ )
0.6 1
0.4 1
[ ]
021 8
o
0.0 1 ‘
0.0 0.2 0.4 0.6 0.8 1.0

Actual P(O state) from
simulations
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20 7

40

20 1

Measurement Q

0 10 20 30 40 50 60

Simulations

1.Entangle: |4)|a) — e~™xa'a0st

V) |a)
2. Measure: p; = Q;pQ /P(i,p),i = Q, T

3. Update state: o™ = (p}, + p})/2

1.0

0.8 1

0.6 A

0.4 ~

0.2 -

0.0 -

Single qubit classifier with
simulated data

Given infinite time..

Predict full guantum
trajectory given all
measurements!

Predicted Values from

Predicted vs. Actual Values
for 20 measurements
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®
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° ° %%
0.8 1 ()
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0.6 1 ®
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(V)]
wn 0.4 1
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e
(@)
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=
m
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0.0 0.2 0.4 0.6 0.8 1.0
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simulations



Single qubit classifier with
simulated data

Input

Given infinite time..

q easurementQ M\\' = Predict full quantum
_ 0.8 | \','C ’\ A\Vx o .

N - — Z:j:\/ <,\ Y ‘v/v\/v trajectory given all
e — Y measurements!

. Measurement | o | e Predicted vs. Actual Values
3 /% 4 for 50 measurements
= e ' N
-~ ‘%{"/,ti?:;_’,:i‘,—’;;;t = e t N\ sUE ° ee °"1
== \,\__\_A:’\;& ° ° ':
(I) 1IO 2I0 310 4I0 510 6IO (IJ IIO 2I0 310 4IO 510 6I0 ¢=_= =‘“}: K .'
ﬁ U e
Simulations wm Salla :
Eg g [ J ¢ ‘
] T il h ‘!ﬁkjf § B
. —ixa'ao,t —1 o, SR04
1. Entangle: |y)|a)|g) — e xe'eote=i®bo:t 45 |0 | B) 41ﬂumuﬁ N ° o
T O
/ & o
2. Measure: p; = Qz‘PQZ/P(iaP)ai = Q1,11,Q2, I, 3 % .
. g+1 _ (g J Actual P(0 state) from
3. Update state: o™ = (pp, +p7)/2 gl




Single qubit classifier with
simulated data

Input

Given infinite time..

PR M\\' = Predict full quantum
_ 0.8 | \','C ’\ A\Vx o .
e Z:j:\/ <,\ Y W\V/w trajectory given all
A o \L M measurements!

o] Measurggent| o | e Predicted vs. Actual Values
3 /% 4 for 20 measurements
= e ' N
-~ ‘%{"it#:_’ii—;;t = t N\ sUE ° ee °"1
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Eg g [ J ¢ ‘
] T il h R‘EJF § B
. —ixa'ao,t  —i0b'bo =041
1. Entangle: |y)|a)|g) — e xe'eote=i®bo:t 45 |0 | B) 41ﬂumuﬁ N ° o
T O
/ & o
2. Measure: p; = Qz‘PQZ/P(iaP)ai = Q1,11,Q2, I, 3 % .
. g+1 _ (g J Actual P(0 state) from
3. Update state: o™ = (pp, +p7)/2 gl




Combined custom model with
internal communication

Okay! State 8
and 9 are the
most likely

We’'re
uncertain
about qubit 4




What did we learn?

e Limited by accuracy of labels: our models will never be better than our
labels

e The qubits are bad .c

e But we have many ideas for new models
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Special thanks to

Helping us with experimental
da%! <93 P
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Clustering per Qubit over All Initial States
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Clustering 2
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Clustering

Example of the same
clustering as before but
now returning binary
labels:
e |s the qubitin state 1
or not?
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Distinguishing datasets with

classifiers

In the very first classifiers we built, we noticed inconsistencies and didn’t know if this was

due to a wrong model or wrong data. A classifier were therefore build to check if ML
models were capable of ditinguishing the different dataseries
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Conclusion

We indeed had some separation,
meaning that the models could
learn and the error was that we
parsed the raw data and forgot to
take the cumulative sum, which
was a huge breakthrough, but not
important enough to go into the
main slides A5
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due to a wrong model or wrong data. A classifier were therefore build to check if ML

models were capable of ditinguishing the different dataseries

QlvsQ2 QlvsQ3 QlvsQ4
0.45 4 0.58 | 0.52 1
—— Training Loss : —— Training Loss —— Training Loss
Validation Loss Validation Loss 1 Validation Loss
0.40 0.57 - 0.50
% 0.30 g 0-2° 2 0401
S S S
0.54 1 0.44 -
0.25
0.53 1 0.42 -
0.20 - \ -
—— 0.521 ‘\ 0.40 -
D.l5 T T T T T T T T T
4 6 8 0 4 6 8 2 4 6 8
Epochs Epochs Epochs
Q2vsQ3 Q2vsQ4 Q3vsQ4
—— Training Loss _— —— Training Loss il —— Training Loss
0.275 1 Validation Loss ' Validation Loss 0.46 - Validation Loss
0.250 1 0.301
0.44
0.225 1 0.28
v 0.200 1 v 0.26 v 0421
o
3 0.175 — 0.24 3 040
0.150 4 0.22 0.38 1
0.1251 3 ) \-a\/\ 0.36 1
_____,—_-\ P ¢ T e— N
0.100 1 0.181 0.34 -
4 6 8 0 4 6 8 ' 2 4 6 8
Epochs Epochs Epochs

1.0 4

0.8 1

0.6 1

TPR

0.4 -

0.2 1

0.0 1

—— AUC (Q1lvsQ2) = 0.982
AUC (Q1vsQ3) = 0.830
—— AUC (Q1vsQ4) = 0.903

— AUC (Q2vsQ3) = 0.994
AUC (Q2vsQ4) = 0.978
—— AUC (Q3vsQ4) = 0.920

0.2 0.4 0.6 0.8 1.0
FPR

Conclusion

We indeed had some separation,
meaning that the models could
learn and the error was that we
parsed the raw data and forgot to
take the cumulative sum, which
was a huge breakthrough, but not
important enough to go into the
main slides 46




1st Tensorflow Classifier
Initial state labels

HP - optimization (10 trials)

Optimization time: 48m
Learning rate: 6.1E-3
n_layers: 2

Nn_units: 64, 64

Optimization time: 33m
Learning rate: 8.6E-3
n_layers: 2

Nn_units: 32, 96

Optimization time: 37m
Learning rate: 8.6E-3
n_layers: 2

Nn_units: 32, 96

Optimization time: 43m
Learning rate: 8.6E-3

n_layers: 2
Nn_units: 32, 96

0.5575 1

0.5550+

0.55251

Los

0.54751{
0.54501
0.54251

———

0.5400 1

0.6651 |

0.664

Loss

0.663

0.6621

0.661 1

Training and validation loss

Q1

|
| — Training Loss
—— Validation Loss

— N

w 0.55001

8

—— Training Loss
—— Validation Loss

~

0.5750

0.5725

0.57001
0056751

0.5650 i

—

0.5625

0.5600

0.5575

06585{
0.6580 1
0.6575 1

2 0.6570

go.
065651

0.6560 i

0.6555

Q2

\_—/—-"’/\ —— Training Loss

—— Validation Loss |

Epochs

—— Training Loss
_— Valldatlon Loss




2nd Tensorflow Classifier
Binary Cluster labels

HP - optimization (10 trials)

Optimization time: 48m
Learning rate: 6.1E-3

n_layers: 2
Nn_units: 64, 64

Optimization time: 33m
Learning rate: 8.6E-3

n_layers: 2
n_units: 32, 96

Optimization time: 37m
Learning rate: 8.6E-3
n_layers: 2

n_units: 32, 96

Optimization time: 43m
Learning rate: 8.6E-3
n_layers: 2

Nn_units: 32, 96
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3rd Tensorflow Classifier

3 State Cluster labels

HP - optimization (10 trials)

e Only qubit1and 3 since these
were the only qubits with 3 states

Optimization time:1h 26m
Learning rate: 8.6E-3
n_layers: 2

Nn_units: 32, 96

Optimization time: 1h 33m
Learning rate: 8.6E-3
n_layers: 2

Nn_units: 32, 96
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4 Qubit classifier
3 Clusters

max_poolingld ( )

Total params: (1.15 MB)

Trainable params: (1.15 MB)

Non-trainable params: (0.00 B)



4 Qubit classifier

2 Clusters

Layer (type)
convld ( )
max_poolingld (
convld_1 ( )
max_poolingld_1 (
convld 2 ( )
max_poolingld_2 (
flatten (

dense (

dense_1 (

e
o 5
e e

Total params: (2.06 MB)

Trainable params: (2.06 MB)

Non-trainable params: 7 (0.00 B)

Param #
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1D Convolution

Input signal
1D

Convolution

Taken from medium.com

1D
Convolution
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1 qubit classifier using simulations
with correlations with another resonator

A big issue we encountered using Machine learning for classifying the qubit state after
readout is that we do not have any faithful labels. This makes it hard to train the model. It
is however possible to simulate the system such that the state is known. This is an
example of how to use simulations rather than experimental data.

Simulations
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