..... irhF HENNZSERZR

2 COLLEGE OF COMPUTER SCIENCE AND TECHNOLOGY
ZHEJIANG UNIVERSITY

AD_)LREJM: Dynamically Mitigating Quantum
Readout Error with Embedded Accelerator

~ Kaiwen Zhou', Ligiang Lu'’, Hanyu Zhang', Debin Xiang’,

Chenning Tao', Xinkui Zhao', Size Zheng?, Jianwei Yin'
)

1Zhejiang university, “ByteDance Ltd

TO SYSTEMS :
SPONSORED BY GFE[B)A g} 3



‘Kaiwen Zhou

3 | ~ | * First-year Ph.D. student in CS, Zhejiang University

Research interests:

* Quantum Computer Architecture

e Quantum Error Correction

Advisor: Prof. Ligiang Lu
Homepage: htips:/ligianglu-zju.github.io/

()



Outline of Presentation »

 Background J

¢

TO SYSTEMS I
SPONSOREDBY CGEMA %}8&1



Quantum Readout

B Quantum readout reads the information from quantum bits to classical bits.
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Quantum Readout

B Quantum readout reads the information from quantum bits to classical bits.

q1 |
qz __|

q3 ]

qa __|
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0.1 = 01
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Readout o o . L
- Measured bitstrings in different samples Probability distribution

However, the quantum readout process suffers from readout error.
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Readout Error

Error sources

Long readout Crosstalk .Im[.)er.fect
latency discriminator

Readout error is significant on current quantum hardware.
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Noise on 127-qubit IBM Sherbrooke quantum device Noise on 10-qubit Tianmu quantum device



Readout Error

B Error sources

Long readout Crosstalk .Im[.)er.fect
latency discriminator

B Readout error is significant on current quantum hardware.
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[ It is essential to mitigate readout errors to obtain reliable results. ]
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Matrix-Based Readout Mitigation

Perform Matrix-Vector Multiplication

Readout with Noise

;z 60% \ [ 0.5 ] 0.5 0.6
| —) | 0 . | = o2
0.4 = 20%_10% 10% Readout 0.09 0.09 0.1
0.2 = 1 0.31 1 0.31_ | 0.1 _
" Imdee;(l) ! Noisy Mitigation Noise Mitigated
distribution P;4.q; distribution Pyy;sy matrix M distribution Py, distribution Py
Pnoisy = N Pigear Ppiti = M - Pnoisy
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Matrix-Based Readout Mitigation

3 Steps to Obtain Mitigation Matrix M

@ Prepares qubits to different basis states and

apply measurement.

414 prepare —2 » 0.50
g2 4 to00 /A 0.00
41 prepare ™ » 0.50
g2 - to 01 HpeY 0.00

0.6

00

00
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@ Fill the noisy matrix
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0.2
0.6

0.1

3 Inverse the noisy matrix

Mitigation matrix



Matrix-Based Readout Mitigation

3 Steps to Obtain Mitigation Matrix M

@ Prepares qubits to different basis states and

apply measurement.

0.50

» 0.00
0.50

d1 - prepare [
g2 - to 00 =

3| 9

d1 - prepare [
g2 4 to 01 -

3| 9

0.6

00

00

0.1

01
0.7

01

@ Fill the noisy matrix

0.1

0.7
0.2

0.1

3 Inverse the noisy matrix

0.2 0.1

02 0.1 M=N-1=

06 O

0.1 08 Mitigation matrix

5-qubit mitigation matrix: 2° x 25
10-qubit mitigation matrix: 210 x 210

®

*+] The size exponentially increases!
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Tensor-Product-Based Readout Mitigation

Key ldea: Tensor-Product Approximation

Ppiti = M - Pnoisy

\ ¢

Ppiti = (Ml QM, ® & Mk) : Pnoisy

- -’
~"

sub-mitigation matrices

Each submatrix shows @
exponential reduction in size.

¢
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Tensor-Product-Based Readout Mitigation

Key ldea: Tensor-Product Approximation Qubit Group and Sub-Mitigation Matrix

Priti = M - Ppyisy IBM Mthree [1] and Google IBU [2].

Priti = (My @ My ® @ My) * Proisy ~ E(X)E ® ®E®

= S _ ~ Each physical qubit corresponds
sub-mitigation matrices to a 2x2 meta matrix.
Each submatrix shows @ Good scalability, low fidelity @

exponential reduction in size. (crosstalk-unaware).

A ation, Paul D., et al. "Scalable mitigation of measurement errors on quantum computers. uantum 2. : .
o [1] Nation, Paul D., et al. "Scalable mitigati f t t ters." PRX Quantum 2.4 (2021): 040326
[2] Pokharel, Bibek, et al. "Scalable measurement error mitigation via iterative bayesian unfolding." Physical Review Research 6.1 (2024): 013187.
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Our Prior Work on Readout Mitigation

B QuFEM (ASPLOS 2024)

Classical Finite Element Method Quantum Finite Element Method

Before Simulate the dynamic of Noisy SiT“'?te Ejhe dynjmitc of qubit
pressing sponge under compression. distribution ouiput unaer readout noise.
v il M iter. 1 iter. 2
: "
iter. 1 iter 1 Eg% ) M 4 -1
so TTTT | Bl ]\ e pee
- ‘?”@ C--Of 0 = T
iter. 2 \ ) \ _}T I_f—_l I:lj‘ |:f| I M Qubit iter. 3
Il B Lattlceﬂ;Lgr 7oL T
s () SN T 1| group
group {100 ~
' Analyzed Lattices in v Formulated Groups in
After independently sponge Mitigated independently each iteration
pressing distribution

A divide-and-conquer strategy to mitigate the noisy distribution.



Our Prior Work on Readout Mitigation

m SpREM (DAC 2024)

Pruning based on Hamming Distance

Hardware Architecture

8ggc1) ggg? | 0.02 m 002 042 0.03 7]| 001 001 readout possibility column index row index
il e I T | readout possilbilitir 0T 002 ({
0100 0100 '
0101 0101 Comparator ; ‘ I
Hamming @ 1y 1 1 i a MR
0111 0111 : :
o o OO ®© BH ey
H ]
o o L1 1 D | 5y g !
H .5x10%-0.03 5.8x10-0.02 11 6. = I
Lo WP distance i |’ Frat
1110 1110 1 l 1 1 value 1 1
1111 1111 Comparator
VoS omen oS Hon [1m02| [ 0 |[12nod [sax0]  [330107 E] _2x10%
SESSEEEEINRIRRTS multiplication results
Original matrix Pruned matrix
I
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HD : qubit num : GB\,
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EEEEEEEEEER
- . . . - . . . - - . mitigation result

accumulate
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Challenge 1: Long Latency

Breakdown of End-to-End Latency

m 16-qubit QAOA 1% (1.12s) 11% (0.34s x 30 iter.)
0 . .

W Compilation

B [teration: 30 times

B 3 stages:
Execution

M Mitigation (QUFEM)

« Compilation, Execution, Mitigation

88% (81.3s)

B Platforms:
* Quantum: 156-qubit IBM_fez processor
» Classical: AMD EPYC 9554 64-core CPU

. _—
62
.".J_

Classical-side mitigation dominates the runtime!



Challenge 1: Long Latency

Breakdown of End-to-End Latency

m 16-qubit QAOA 1% (1.12s) 11% (0.34s x 30 iter.)
0 . .

W Compilation

B [teration: 30 times

B 3 stages:
Execution

M Mitigation (QUFEM)

« Compilation, Execution, Mitigation

88% (81.3s)

B Platforms:

* Quantum: 156-qubit IBM_fez processor

. [ Goal: Reduce the mitigation time with a dedicated accelerator.




Challenge 2: Static Qubit Group

Qubit Groups of Prior Works

qubit partition qubit groups sub-mitigation matrices .
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Challenge 2: Static Qubit Group

Qubit Groups of Prior Works

qubit partition qubit groups sub-mitigation matrices .
; ; 2 2
D | & &) @) ; H
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Challenge 2: Static Qubit Group

Qubit Groups of Prior Works Dynamically Changing Measured Qubits

qubit partition qubit groups sub-mitigation matrices . measured qubits
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Challenge 2: Static Qubit Group

Qubit Groups of Prior Works Dynamically Changing Measured Qubits

qubit partition qubit groups sub-mitigation matrices . measured qubits
O | 6@ (@) (@) | 2 X‘ZH o0 B
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Apply the grouping scheme of QUFEM
6 (state-of-the-art)
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Challenge 2: Static Qubit Group

Qubit Groups of Prior Works Dynamically Changing Measured Qubits

qubit partition qubit groups sub-mitigation matrices . measured qubits  qubit groups
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2 B &Baa@e@ HH® -9FH-000 ) o 20 92@ @ %@
@IEf6) | ¢(® LMy M, My [T1:0 @(5-© |
s @) | O-D-®@ |
T @j N OJORAGIO) @ & 9@0@:@0
5 @oe O @ D-B-©® |
Static Dynamic
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Challenge 2: Static Qubit Group

Qubit Groups of Prior Works

qubit partition

b %

qubit groups sub-mitigation matrices
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Dynamically Changing Measured Qubits
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Challenge 2: Static Qubit Group

Qubit Groups of Prior Works Dynamically Changing Measured Qubits

qubit partition qubit groups sub-mitigation matrices o7 o7 measured qubits qubit groups sub-mitigation matrices 94 o o
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Goal: Enable the dynamic readout error mitigation.
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DyREM Dataflow Overview

Input: measured qubits and noisy distribution

(a) Downsampled groups generation

original groups measured qubits downsamphled groups
(b) Matrix downsampling v
downsample
9 = {0, 0} => M 7 mo

g={0} => my = {1} (scalar)

select required
elements

g =1{®,8} I:> M, cony » ™3

&

(c) Nonzero state-oriented computation
@ calculate

] q a7 oo~ ==
obtain output sparsity §53z &S ¢
Jfrom noisy distribution 5
- {0001 : : @ S82Z88
W ideal i 10010; SSSS ==
. ocate 0011 cOompress_ 0000
Onoisy | ————— 4§ " i~~~ # 0001
H H 0010
£1000: : : 0011
S RS e e eenemeneeneneepd 1001 : : 1000
S Hi 1001
noisy distribution full-dimensional matrix mitigation matrix
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Downsampled Groups Generation

Input: measured qubits and noisy distribution

(a) Downsampled groups generation

G[) . @g@ =

90

gzk q
(@O %@

original groups measured qubits downsamphled groups
T

(b) Matrix downsampling

elements

elect required

S

v
: e
%= {20} => M, downsample ol
g={0} = my = {1} (scalar)
g ={@,3} |::> M; cony » M3 ®
|

(c) Nonzero state-oriented computation
- : - @ calculate
obtain output sparsity SSS

Jrom noisy distribution
0
0001

M ideal ] a
I noisy U(—{m, o
001(
ﬂ,_‘mﬂ 110003 . : uu\;’
11001 - ‘ 000
) 001

compress
e e

noisy distribution

full-dimensional matrix mitigation matrix

¢

B We define the concept of downsampled group g;,

determined by the original groups G; and measured qubits.

B Unmeasured physical qubits are denoted by @

N
GE@D) —O-O-@
original group @

@D

quantum device
topology

90D

downsampled group

-
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Matrix Downsampling

Input: measured qubits and noisy distribution

(a) Downsampled groups generation

@@
&OOE

original groups

measured qubits

D@ DD
%, = 92 %
@60 5@

downsampl?d groups

(b) Matrix downsampling

9 ={0,0} => M

downsample
e

Lfp; : {o}

=

select required
elements

v
my = {1} (scalar) %
gg _ {@’©} :> M3 copy > M3 ®
|

(c) Nonzero state-oriented computation

obtain output sparsity SSZ: g
Jrom noisy distribution T T

M ideal
H I noisy

noisy distribution

locate ool

100003
Py 10014
I 10010}

11000:

full-dimensional matrix

compress 0000
—_—

@ calculate

0001
0010
0011
1000
1001

mitigation matrix

¢

*:fx

r i

We categorize downsampled groups into three types:

Unmeasured (e.g., g,)

Fully measured (e.g., g)

Partially measured (e.g., go and g4)

Unmeasured

m, = {1} (scalar)

Fully Measured

M;

copy

ms3

[]1 does not involve the subsequent
calculation of the mitigation matrix



Matrix Downsampling

Input: measured qubits and noisy distribution

(a) Downsampled groups generation Pa rtia I Iy MeaS u rEd

00 01 10 11

original groups measured qubits downsamphlad groups O O

(b) Matrix downsampling v ?
downsample
9 =1{2,0} => M Pl mofH 01

10
11

g={0} => my = {1} (scalar)

gg _ {@’©} :> M3 copy > M3

select required
elements

(c) Nonzero state-oriented computation |
: - @) calculate
obtain output sparsity

Jrom noisy distribution

10000} (T 1]
10014

0000

I noisy

0001

M ideal @ 10010: : o @
H locate 10011 compress 0000
e e

! i 0010
11000 . . 0011
11001 t ¥ 1000

1001

full-dimensional matrix mitigation matrix




Matrix Downsampling

Input: measured qubits and noisy distribution

(a) Downsampled groups generation

original groups measured qubits downsamphlad groups
(b) Matrix downsampling v
downsample
9 =1{2,0} =D M, = mifH

g={0} => my = {1} (scalar)

select required
elements

gg _ {@’©} :> M3 copy > M3

(c) Nonzero state-oriented computation |
: - @) calculate
obtain output sparsity

Jrom noisy distribution

10000} (T 1]
10014

0000

I noisy

0001

! i 0010
11000 . . 0011
11001 t ¥ 1000

M ideal @ 10010: : o @
H locate 10011 compress 0000
e e

1001

full-dimensional matrix mitigation matrix

Partially Measured

00
01
10
11

00 01 10 11

my

Mo Indices = {1}
Gy =1{0,0} e ,={0,0}

30



Matrix Downsampling

Input: measured qubits and noisy distribution

(a) Downsampled groups generation

G2 :i: O-@
G2G1 &) :(>
G3[(@A-5H©) @&~

original groups measured qubits

9291
9%(@-GD

downsampl?d groups

(b) Matrix downsampling

downsample
e

select required
elements

v
g0 = {@,@} |:> M, >
@={0} > ' my={1} (scala‘r) %
g = {@,®)} :> M copy > M3
B
|

(c) Nonzero state-oriented computation

- - _ _ @ calculate
obtain output sparsity SS=: S

Jrom noisy distribution T T ¢
. 10001} . : = SS==cS2
W ideal I @ 10010} i ; @ =888=2
: ocate 10011} compress 0000
O noisy —_ : 'I—b 0001
: N 0010
11000: g . 0011
S 11001} : e 1000
S 1001

noisy distribution full-dimensional matrix mitigation matrix

¢

*:fx

r i

Partially Measured

00 01 10 11 summation

00
01
10
11

My

(00, 00)
(00, 10)
(10, 00)
(10, 10)

(0, 0)




Matrix Downsampling

Input: measured qubits and noisy distribution

(a) Downsampled groups generation

@@
&OOE

original groups measured qubits

O-D-@
%) —=>
@G-

9291
9%(@-GD

downsampl?d groups

(b) Matrix downsampling

9 ={0,0} => M

downsample
e

=>

Lfp; : {o}

copy

my = {1} (scalar)

select required
elements

g ={®,0} > M

» T3

(c) Nonzero state-oriented computation
obtain output sparsity SSZ: g
Jrom noisy distribution = =

10000 1] [ 11
10014

M ideal @ 10010}
H locate ool
—— E H

I noisy

11000:

noisy distribution

compress 0000
—_—

full-dimensional matrix

%z;

@ calculate

0001

0010
0011
1000
1001

mitigation matrix

¢

*:fx

r i

Partially Measured

00 01 10 11 summation
00 0 1

01 0

10 1

11

My

(00, 01)
(00, 11)
(10, 01)
(10, 11)

0, 1)



Matrix Downsampling

Input: measured qubits and noisy distribution

(a) Downsampled groups generation

@@
&OOE

original groups measured qubits

D@ DD
%, = 92 %
@60 5@

downsampl?d groups

(b) Matrix downsampling

9 ={0,0} => M

downsample
e

92;{®} ':J\>

select required
elements

(c) Nonzero state-oriented computation

obtain output sparsity SSZ: g
Jrom noisy distribution T T
10014

M ideal @ 10010}
H locate ool
—— E H

I noisy

11000:

noisy distribution

v
my = {1} (scalar) %
gg _ {@’©} :> M3 copy > M3 ®
|

compress 0000
—_—

full-dimensional matrix

@ calculate

0001

0010
0011
1000
1001

mitigation matrix

¢

*:fx

r i

Partially Measured

00 01 10 11

10
11

My

(01, 00)
(01, 10)
(11, 00)
(11, 10)

00 . 0 1
summation
01 / \o\
1

my

(1,0)




Matrix Downsampling

Input: measured qubits and noisy distribution

(a) Downsampled groups generation

G2 :i: O-@
G2G1 &) :(>
G3[(@A-5H©) @&~

original groups measured qubits

9291
9%(@-GD

downsampl?d groups

(b) Matrix downsampling

downsample
e

9 ={0,0} => M

g = {0} my = {1} (scalar)

%z;

3
S~
—=> s 8
S8
o=
~ =
copy g %
g ={®,0} > M > Mg 3
(c) Nonzero state-oriented computation
. ; B @ calculate
obtain output sparsity SSS= S8
Jrom noisy distribution T T ¢
. 10001} . . . So==So
| ideal I @ 10010: : g @) SS88=2
: ocate 10011 compress 0000
O noisy —_ 'I—b 0001
5 8 0010
11000 . : 0011
..................... 11001} . . 1000
\\\E 777777 1001

noisy distribution full-dimensional matrix mitigation matrix

¢

*:fx

r i

Partially Measured

00 01 10 11

00
01
10
11

summation

My

(01, 01)
(01, 11)
(11, 01)
(11, 11)

0
1

(1, 1)




Matrix Downsampling

Input: measured qubits and noisy distribution

(a) Downsampled groups generation Pa rtia I Iy Meas u red

00 01 10 11
original groups measured qubits downsamphlad groups OO

(b) Matrix downsampling v O 1
w=1{0,0} => M, downsample_, 1., 01 0 — normalization

10 1 — normalization

g={0} => my = {1} (scalar)

11 my

select required
elements

gg _ {@’©} :> M3 copy > M3 ®

(c) Nonzero state-oriented computation |
@) calculate

!

obtain output sparsity
Jrom noisy distribution

AN

0000

000

M ideal D 10010; : P&
O noisy locate ool compress 0000
Sy — | H —_— (0001
. H 0010
N0=n0 001
........................ 000

noisy distribution full-dimensional matrix mitigation matrix
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Matrix Downsampling

Input: measured qubits and noisy distribution

(a) Downsampled groups generation Pa rtia I Iy Meas u red
G2 -2 9[- Df@
GzGl : E: > ol 00 01 10 11
G3{@<H® @60 %@

original groups measured qubits downsamphlad groups OO O 1
(b) Matrix downsampling ¢
@ ={0,0} => M downsample R moHE' 01 downsample O

10 1
11 my
& M,

(c) Nonzero state-oriented computation |

3 (-u!c‘It’u!c' GO — {@’ @} gO - {®7 ®}

g={0} => my = {1} (scalar)

select required
elements

93 _ {@’©} :> M3 copy > M3

obtain output sparsity
Jrom noisy distribution

Dljf'j-\‘} —_— > —_— 0001
E 8 0010

Downsampling is essentially a convolution process.

1000
1001

mitigation matrix We can compute the kernel size and values based on g;.

B ideal @ :0010; g 5 @ SS88=S
H locate  ivoit; compress 0000




Nonzero State-Oriented Computation

Input: measured qubits and noisy distribution

original groups

(a) Downsampled groups generation

measured qubits

downsamphlad groups

(b) Matrix downsampling

9 ={0,0} => M

downsample
- mf

v

N Y N TR
PR R N
TS Se

noisy distribution

full-dimensional matrix

H : =
: : S
R,
@={0} > my = {1} (scalar) S
g ¥
~ =
copy 3 3
P - ~
g ={®,6} => M > My 2 3
1
(c) Nonzero state-oriented computation |
; ; calculate
obtain output sparsity gz2z 88 ®
* . . . 0 =2 =K=K=] ——
Jfrom noisy distribution 5 ¢
100011 SSS=83
W ideal P 10010} @ SE88:S¢S
. 0011 0000
O noisy ocate —’COmpr(?SS 0001

0010
0011
1000
1001

mitigation matrix

¢

Mitigation Matrix Compression
M ideal O noisy

Zero states
O = =1n

Q O N N Q O N
NN . "L ... N
NENENNN S >

Noisy distribution

output sparsity

M ideal O noisy
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Nonzero State-Oriented Computation

Input: measured qubits and noisy distribution

(a) Downsampled groups generation

@G-

measured qubits

original groups

downsamphled groups

(b) Matrix downsampling

v

100011

Wideal | @ 10010}
. f0011}
Onoisy | _foc4te | :
f1000}

R I
I O N
FTELE I,

noisy distribution full-dimensional matrix

compress 0000
EE——

downsample
9 ={0,0} => M » mo[HH
: : =
: ; B
@p={0} = mg = {1} (scalar) 5%
2=
copy 3
9 = {®,6} :>M3 > M ®:~g
(c) Nonzero state-oriented computation |
obtain output sparsity gzsz  E3 ® calculate
from noisy distribution i T (T v
©) 288558

0001
0010
0011
1000
1001

mitigation matrix

¢

Mitigation Matrix Compression
M ideal O noisy

Zero states

nil= =il
NINRONRN NN N
LR e TR e N
NENENNN S >

Noisy distribution

O— O — O —
OO — S O
oo S O
SOoOOoO O —

0000

0001

0010

0011

1000

1001

Full-dimensional
mitigation matrix

output sparsity

locate

compression

)

M ideal O noisy

N=n0
NN RN
NN NN

LR

OS— O — O —

SO == OO

SO OO

SOOO — —
0000
0001
0010
0011
1000
1001
Compressed

mitigation matrix



Nonzero State-Oriented Computation

Input: measured qubits and noisy distribution

G2
Gz G
NGRS 9‘

original groups

(a) Downsampled groups generation

96%

measured qubits

9" - Pfe
92 q
9%(@-GD

downsamphlad groups

(b) Matrix downsampling

¥

N N
NENEN $
QQQQQ“Q\‘QQQ:

noisy distribution

]
mideal | ®I
O noisy ﬂ,
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Nonzero State-Oriented Computation
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Nonzero State Detector
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Nonzero State Detector
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Mitigation Core
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Mitigation Core
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Evaluation Setup

B Benchmarks:
 VQE, QAOA, FALCON, DJ algorithms

B Baselines:

IBM Mthree [1], Google IBU [2], QUFEM [3], SpREM [4]

B Experimental platforms:

NVIDIA A100 GPU (Mthree, IBU)

- AMD EPYC 9554 64-core CPU (QUFEM)
. Xilinx Alveo U50 FPGA (SpREM, DyREM)

¢

[1] Nation, Paul D., et al. "Scalable mitigation of measurement errors on quantum computers." PRX Quantum 2.4 (2021): 040326.

[2] Pokharel, Bibek, et al. "Scalable measurement error mitigation via iterative bayesian unfolding." Physical Review Research 6.1 (2024): 013187.
[3] Tan, Siwei, et al. "QuUFEM: Fast and Accurate Quantum Readout Calibration Using the Finite Element Method." ASPLOS. 2024.

[4] Zhang, Hanyu, et al. "SpREM: Exploiting Hamming Sparsity for Fast Quantum Readout Error Mitigation.” DAC. 2024.
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Hardware Performance

B Benchmarks:

 VQE, QAOA, DJ algorithms (16, 20, 24, 28 qubits)

B Metrics:

« Latency (s), Q-throughput (states/s)

Baseline Technical feature VQE [12] QAOA [13] DJ [14]
Latency Q-throughput Latency Q-throughput Latency Q-throughput
(s) (states/s) (s) (states/s) (s) (states/s)
Mthree [5] Hamming pruning 2.52 (384x)  7.27 x 10% (583x) | 4.22 (461x)  4.63 x 10° (758%) | 0.66 (206x)  2.77 x 10* (192x)
SpREM [10] HDSR format 0.48 (73.8x) 1.76 x 10° (2.4x) | 0.56 (61.5x)  1.49 x 10° (2.3x) | 0.031 (9.6x)  3.43 x 10° (1.5%)
IBU [6] Bayesian unfolding 13.0 (2000%) 3.58 x 10° (11.8x) | 17.1 (1879x) 2.72 x 10° (12.9%) | 4.59 (1437x) 1.01 x 10° (5.2x)
QuFEM (7] | Finite element analysis | 11.7 (1800x) 1.56 x 10% (2726x) | 13.5 (1483x) 1.45 x 10? (2420x) | 5.42 (1687x) 2.65 x 10% (2002x)
ﬁyREM Redundancy detection | 6.52 x 10~3 4.24 x 10° 9.12 X 1073 3.51 x 10° 3.25 x 1073 5.31 x 108

(1) Average speedup: 9.6X ~ 2000X; (2) Q-throughput improvement: 1.5X ~ 2726X

G :

b %

Our dataflow leverages the output sparsity and avoids redundant operations.
Po » We design a dedicated accelerator to support this dataflow.
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Mitigation Fidelity

B Benchmarks:
 VQE, QAOA, FALCON, DJ algorithms (8, 10, 12, 14 qubits)

B Metric:
* Fidelity
[0 Mthree [5] B SpREM [10] [ IBU[6] [ QuFEM [7]
1.3

—
o
1

Fidelity
Improvement

I I i [l Hlﬂﬂ Hh k. i |k Hlﬂn | Il Hlﬂn b, .

VQE QAOA FALQON DJ VQE QAOA FALQON DJ VQE QAOA FALQON DJ VQE QAOA FALQON DJ |Geomean
8-qubit 10-qubit 12-qubit 14-qubit

Average fidelity improvement: 1.15X, 1.13X, 1.09X, and 1.03X

p—

» We eliminate the quantum states that do not contribute to fidelity.
* We use the grouping matrix to consider the crosstalk.

O\
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Comparison with SpREM

Data Transfer

Latency and Memory

SpREM [10] DyREM
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(a) Latency and memory usage of (b) Data transfer volume of
mitigating the DJ algorithm. mitigating the DJ algorithm.
« Our accelerator calculates the mitigation matrix on-chip,
( avoiding the limitation of finite bandwidth.
@
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