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“Low-Level” Algorithms
I Grover’s & Shor’s algorithms
I Provable speedup / error correction required

Quantum Simulation
I Mimic system using simplified model
I Classically likely intractable

Unorthodox Approaches
I Quantum annealing, adiabatic quantum computing
I (Gaussian) Boson sampling, etc.

NISQ Algorithms
I Variational algorithms: Hybrid quantum-classical
I Less resources / potential speedups
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Transmon Ion Traps Neutral Atoms

⇒ Strong coupling to hardware properties

|0〉
|0〉

H ⇔

// prepare Bell state

OPENQASM 2.0;
include "qelib1.inc";

qreg q[2];
creg c[2];
reset q[0];
reset q[1];
h q[0];
cx q[0], q[1];
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Transmons Trapped Ions Neutral Atoms

#Qubits 50-127 23 ~100
Single qubit gate time ns µs µs
Two qubit gate time ns µs ~ns
T1 time > 100 µs 10-100 s ~ms - s
T2 time ~100 µs 0.2-1 s ~ms - s
Single qubit gate error ~0.1 % 0.01-1 % < 0.5 %
Two qubit gate error 0.1-2.5 % < 0.5 % < 3 %
Temperature requirements ~0 K Room temperature1 Room temperature1
Qubit coupling density < 10 % 100 % 10-20 %

1conditions apply

F. Greiwe, T. Krüger, W. Mauerer: Effects of Imperfections on Quantum Algorithms: A Software Engineering Perspective; Proc. IEEE Quantum Software Week (2023)

K. Wintersperger, F. Dommert, T. Ehmer et al.: Neutral Atom Quantum Computing Hardware: Performance and End-User Perspective; to appear (2023)

Franz/Zurita/Diefenthaler/Mauerer Quantum Co-Design in NHEP May 9, 2023 4 / 9

Co-Design Parameters

https://lfdr.de/Publications/2023/GrKrMa23.pdf
https://arxiv.org/abs/2304.14360


Transmons Trapped Ions Neutral Atoms

#Qubits 50-127 23 ~100
Single qubit gate time ns µs µs
Two qubit gate time ns µs ~ns
T1 time > 100 µs 10-100 s ~ms - s
T2 time ~100 µs 0.2-1 s ~ms - s
Single qubit gate error ~0.1 % 0.01-1 % < 0.5 %
Two qubit gate error 0.1-2.5 % < 0.5 % < 3 %
Temperature requirements ~0 K Room temperature1 Room temperature1
Qubit coupling density < 10 % 100 % 10-20 %

Circuit depth

#
Q
ub

its

1conditions apply

F. Greiwe, T. Krüger, W. Mauerer: Effects of Imperfections on Quantum Algorithms: A Software Engineering Perspective; Proc. IEEE Quantum Software Week (2023)

K. Wintersperger, F. Dommert, T. Ehmer et al.: Neutral Atom Quantum Computing Hardware: Performance and End-User Perspective; to appear (2023)

Franz/Zurita/Diefenthaler/Mauerer Quantum Co-Design in NHEP May 9, 2023 4 / 9

Co-Design Parameters

https://lfdr.de/Publications/2023/GrKrMa23.pdf
https://arxiv.org/abs/2304.14360


Transmons Trapped Ions Neutral Atoms

#Qubits 50-127 23 ~100
Single qubit gate time ns µs µs
Two qubit gate time ns µs ~ns
T1 time > 100 µs 10-100 s ~ms - s
T2 time ~100 µs 0.2-1 s ~ms - s
Single qubit gate error ~0.1 % 0.01-1 % < 0.5 %
Two qubit gate error 0.1-2.5 % < 0.5 % < 3 %
Temperature requirements ~0 K Room temperature1 Room temperature1
Qubit coupling density < 10 % 100 % 10-20 %

1conditions apply

F. Greiwe, T. Krüger, W. Mauerer: Effects of Imperfections on Quantum Algorithms: A Software Engineering Perspective; Proc. IEEE Quantum Software Week (2023)

K. Wintersperger, F. Dommert, T. Ehmer et al.: Neutral Atom Quantum Computing Hardware: Performance and End-User Perspective; to appear (2023)

Franz/Zurita/Diefenthaler/Mauerer Quantum Co-Design in NHEP May 9, 2023 4 / 9

Co-Design Parameters

https://lfdr.de/Publications/2023/GrKrMa23.pdf
https://arxiv.org/abs/2304.14360


Transmons Trapped Ions Neutral Atoms

#Qubits 50-127 23 ~100
Single qubit gate time ns µs µs
Two qubit gate time ns µs ~ns
T1 time > 100 µs 10-100 s ~ms - s
T2 time ~100 µs 0.2-1 s ~ms - s
Single qubit gate error ~0.1 % 0.01-1 % < 0.5 %
Two qubit gate error 0.1-2.5 % < 0.5 % < 3 %
Temperature requirements ~0 K Room temperature1 Room temperature1
Qubit coupling density < 10 % 100 % 10-20 %

1conditions apply

F. Greiwe, T. Krüger, W. Mauerer: Effects of Imperfections on Quantum Algorithms: A Software Engineering Perspective; Proc. IEEE Quantum Software Week (2023)

K. Wintersperger, F. Dommert, T. Ehmer et al.: Neutral Atom Quantum Computing Hardware: Performance and End-User Perspective; to appear (2023)

Franz/Zurita/Diefenthaler/Mauerer Quantum Co-Design in NHEP May 9, 2023 4 / 9

Co-Design Parameters

https://lfdr.de/Publications/2023/GrKrMa23.pdf
https://arxiv.org/abs/2304.14360


Transmons Trapped Ions Neutral Atoms

#Qubits 50-127 23 ~100
Single qubit gate time ns µs µs
Two qubit gate time ns µs ~ns
T1 time > 100 µs 10-100 s ~ms - s
T2 time ~100 µs 0.2-1 s ~ms - s
Single qubit gate error ~0.1 % 0.01-1 % < 0.5 %
Two qubit gate error 0.1-2.5 % < 0.5 % < 3 %
Temperature requirements ~0 K Room temperature1 Room temperature1
Qubit coupling density < 10 % 100 % 10-20 %

1conditions apply

F. Greiwe, T. Krüger, W. Mauerer: Effects of Imperfections on Quantum Algorithms: A Software Engineering Perspective; Proc. IEEE Quantum Software Week (2023)

K. Wintersperger, F. Dommert, T. Ehmer et al.: Neutral Atom Quantum Computing Hardware: Performance and End-User Perspective; to appear (2023)

Franz/Zurita/Diefenthaler/Mauerer Quantum Co-Design in NHEP May 9, 2023 4 / 9

Co-Design Parameters

https://lfdr.de/Publications/2023/GrKrMa23.pdf
https://arxiv.org/abs/2304.14360


Transmons Trapped Ions Neutral Atoms

#Qubits 50-127 23 ~100
Single qubit gate time ns µs µs
Two qubit gate time ns µs ~ns
T1 time > 100 µs 10-100 s ~ms - s
T2 time ~100 µs 0.2-1 s ~ms - s
Single qubit gate error ~0.1 % 0.01-1 % < 0.5 %
Two qubit gate error 0.1-2.5 % < 0.5 % < 3 %
Temperature requirements ~0 K Room temperature1 Room temperature1
Qubit coupling density < 10 % 100 % 10-20 %

1conditions apply

F. Greiwe, T. Krüger, W. Mauerer: Effects of Imperfections on Quantum Algorithms: A Software Engineering Perspective; Proc. IEEE Quantum Software Week (2023)

K. Wintersperger, F. Dommert, T. Ehmer et al.: Neutral Atom Quantum Computing Hardware: Performance and End-User Perspective; to appear (2023)

Franz/Zurita/Diefenthaler/Mauerer Quantum Co-Design in NHEP May 9, 2023 4 / 9

Co-Design Parameters

https://lfdr.de/Publications/2023/GrKrMa23.pdf
https://arxiv.org/abs/2304.14360


Transmons Trapped Ions Neutral Atoms

#Qubits 50-127 23 ~100
Single qubit gate time ns µs µs
Two qubit gate time ns µs ~ns
T1 time > 100 µs 10-100 s ~ms - s
T2 time ~100 µs 0.2-1 s ~ms - s
Single qubit gate error ~0.1 % 0.01-1 % < 0.5 %
Two qubit gate error 0.1-2.5 % < 0.5 % < 3 %
Temperature requirements ~0 K Room temperature1 Room temperature1
Qubit coupling density < 10 % 100 % 10-20 %

1conditions apply

F. Greiwe, T. Krüger, W. Mauerer: Effects of Imperfections on Quantum Algorithms: A Software Engineering Perspective; Proc. IEEE Quantum Software Week (2023)

K. Wintersperger, F. Dommert, T. Ehmer et al.: Neutral Atom Quantum Computing Hardware: Performance and End-User Perspective; to appear (2023)

Franz/Zurita/Diefenthaler/Mauerer Quantum Co-Design in NHEP May 9, 2023 4 / 9

Co-Design Parameters

https://lfdr.de/Publications/2023/GrKrMa23.pdf
https://arxiv.org/abs/2304.14360


Transmons Trapped Ions Neutral Atoms

#Qubits 50-127 23 ~100
Single qubit gate time ns µs µs
Two qubit gate time ns µs ~ns
T1 time > 100 µs 10-100 s ~ms - s
T2 time ~100 µs 0.2-1 s ~ms - s
Single qubit gate error ~0.1 % 0.01-1 % < 0.5 %
Two qubit gate error 0.1-2.5 % < 0.5 % < 3 %
Temperature requirements ~0 K Room temperature1 Room temperature1
Qubit coupling density < 10 % 100 % 10-20 %

1conditions apply

F. Greiwe, T. Krüger, W. Mauerer: Effects of Imperfections on Quantum Algorithms: A Software Engineering Perspective; Proc. IEEE Quantum Software Week (2023)

K. Wintersperger, F. Dommert, T. Ehmer et al.: Neutral Atom Quantum Computing Hardware: Performance and End-User Perspective; to appear (2023)

Franz/Zurita/Diefenthaler/Mauerer Quantum Co-Design in NHEP May 9, 2023 4 / 9

Co-Design Parameters

https://lfdr.de/Publications/2023/GrKrMa23.pdf
https://arxiv.org/abs/2304.14360


Transmons Trapped Ions Neutral Atoms

#Qubits 50-127 23 ~100
Single qubit gate time ns µs µs
Two qubit gate time ns µs ~ns
T1 time > 100 µs 10-100 s ~ms - s
T2 time ~100 µs 0.2-1 s ~ms - s
Single qubit gate error ~0.1 % 0.01-1 % < 0.5 %
Two qubit gate error 0.1-2.5 % < 0.5 % < 3 %
Temperature requirements ~0 K Room temperature1 Room temperature1
Qubit coupling density < 10 % 100 % 10-20 %

Im
plem

entation
Technology

Vendor
System

T
1

T
2

F
1

F
2

T
G

1
T
G

2
n

C

Superconducting
Q

ubits
IB

M
-Q

K
olkata

1
0
9
.9
0
µ
s

9
6
.8
0
µ
s

9
9
.9
6
8%

9
8
.9
0
9%

3
5
.5
6
n
s

4
1
5
.3
7
n
s

2
7

7.98%
Trapped

Ions
IonQ

A
ria

1
0
s
�

1
0
0
s

1
s

9
9
.9
5%

9
9
.6%

1
3
5
µ
s

6
0
0
µ
s

2
1

100%
Superconducting

Q
ubits

R
igetti

A
spen

M
3

2
4
.9
8
µ
s

2
8
.0
4
µ
s

9
9
.6
1
4%

9
0
.5
8
8%

4
0
n
s

2
4
0
n
s

80
3.35%

TA
B

LE
I:Low

levelhardw
are

m
etrics

for
three

com
m

ercially
available

Q
C

platform
s

(see
the

textfor
details).

1-Q
ubitG

ates
X

p
X

R
x

R
z

G
Pi1

G
Pi2

IB
M

-Q
K

olkata
3

3
7

3
7

7
IonQ

A
ria

7
7

7
3

3
3

R
igettiA

spenM
3

(3
)

(3
)

(3
)

3
7

7

2-Q
ubitG

ates
C

–X
C

–Z
C

–p
X

Y
M

S

IB
M

-Q
K

olkata
3

7
7

7
7

IonQ
A

ria
7

7
7

7
(3

)
R

igettiA
spenM

3
7

3
3

3
7

TA
B

LE
II:

N
ative

gate
sets

for
the

investigated
hardw

are
architectures.C

heck
m

arks
(3

)
denote

supported;crosses
(7)

denote
unsupported

gates.The
parenthesised

gates
em

phasise
differences

in
the

m
atrix

form
ulation

to
m

ore
com

m
only

used
definitions.

W
hile

it
is

beyond
the

scope
of

this
paper

to
discuss

peculiarities
ofgates

specific
to

differentarchitectures,
the

reproduction
package

supports
com

parative
experim

ents
based

on
allgate

sets.

fected
by

noise,w
hich

lim
its

the
achievable

depth
ofquantum

circuits,
and

thus
the

com
putational

pow
er.

Yet,
there

is
no

com
m

on
noise

pattern
across

system
s,

w
hich

m
akes

m
ost

statem
ents

aboutperform
ance

and
behaviourofquantum

algo-
rithm

sim
possible

w
ithouttaking

very
specific

hardw
are

details
into

consideration,in
stark

contrastto
classicalm

achines.A
s

m
entioned

in
section

I,for
quantum

error
correction

to
w

ork
the

requirem
entfor

thousands
of

qubits
[42]

arises
w

hich
w

ill
m

ostlikely
notbe

possible
on

a
largerscale

in
the

nearfuture.
2)

C
onnectivity:

Logical
quantum

algorithm
s

usually
can

m
ake

arbitrary
(pairs

of)
qubits

interactw
ith

each
other

w
hen

m
ulti-qubit

operations
are

applied.
M

ost
physical

im
plem

en-
tations

of
quantum

system
s

place
restrictions

on
the

possible
interactions

betw
een

pair
of

qubits.
O

ne
im

portant
step

in
translating

a
logical

into
a

physical
quantum

circuit
is

to
(a)

m
ap

interacting
logical

qubits
to

interconnected
physical

qubits,
and

(b)
ensure

that
operations

perform
ed

on
uncon-

nected
qubits

(if
placem

ent
alone

cannot
guarantee

this)
are

enabled
by

“m
oving”

to
qubits

into
proxim

ity
prior

to
gate

execution.W
hile

qubits
cannot(form

ostim
plem

entation
tech-

nologies)be
m

oved
physically,applying

S
W

A
P

gates
allow

s
us

to
change

to
logicalstate

betw
een

tw
o

connected
qubits.This

allow
s,atthe

expense
ofincreasing

circuitdepths,to
bring

tw
o

unconnected
qubits

into
connected

positions,and
then

apply
a

jointgate
operation.Forarchitectures

thatdo
also

notnatively
supportlogicalsw

ap
gates,a

replacem
entcan

be
provided

by
three

C
–X

gates,atthe
expense

of
an

even
larger

increase
in

circuitdepth.
Figure

1
com

pares
topologies

for
som

e
of

the
m

ajor
avail-

able
quantum

architectures.
W

e
illustrate

their
influence

on
algorithm

s
in

Section
V-C

.

(a)
R

igettiA
spen

M
3

(b)
IB

M
-Q

K
olkata

(c)
IonQ

A
ria

Fig.1:H
ardw

are
connectivity

graphs
from

various
com

m
ercial

vendors
considered

in
the

num
erical

sim
ulations.

The
im

ple-
m

entations
ofvendors

R
igettiand

IB
M

-Q
both

have
a

grid
like

structure,and
differslightly

in
theirconnectivity

structure.The
IonQ

architecture
(and

othertrapped
ion

system
s)features

full
connectivity

betw
een

qubits.

3)
G

ate
Sets:

The
set

of
elem

entary
quantum

gates
varies

considerably
w

ith
im

plem
entation

technology.U
niversalquan-

tum
com

putation
can

be
achieved

w
ith

m
any

differentchoices.
W

hile
the

theoretical
capabilities

of
each

set
are

identical,
the

practical
behaviour

of
gates

under
the

influence
of

noise
m

ay
vary

distinctly.Executing
identicalalgorithm

son
different

hardw
are

does
therefore

notonly
influence

com
putation

tim
es

(as
is

fam
iliar

from
classical

com
puting),but

is
also

affected
by

differentinfluence
of

noise.Table
II

illustrates
elem

entary
gate

sets
for

the
subjectarchitectures.

C
.

SubjectAlgorithm
s

W
e

have
chosen

three
canonical,yetsubstantially

different
algorithm

s
to

study
the

im
pact

of
noise

and
im

perfections:
G

rover
search,

quantum
Fourier

transform
,

and
variational

quantum
circuits.

It
is

possible
to

prove
speedups

over
their

classicalcounterparts
for

the
firsttw

o
algorithm

s,albeitthese
only

m
aterialise

for
perfect,error-corrected

quantum
system

s.
Theirscalability

in
term

s
ofcircuitdepth

grow
th

w
ith

increas-
ing

inputsize
is

distinctly
different.

The
third

class,
variational

quantum
circuits,

is
speculated

to
exhibit

speedups
over

classical
approaches

under
som

e
credible

assum
ptions,and

are
particularly

w
ellsuited

forN
ISQ

hardw
are

and
em

pirical
experim

ents,
as

they
allow

for
very

Implementation Technology Vendor System T1 T2 F1 F2 TG1 TG2 n C

Superconducting Qubits IBM-Q Kolkata 109.90µs 96.80µs 99.968% 98.909% 35.56ns 415.37ns 27 7.98%
Trapped Ions IonQ Aria 10s� 100s 1s 99.95% 99.6% 135µs 600µs 21 100%
Superconducting Qubits Rigetti Aspen M3 24.98µs 28.04µs 99.614% 90.588% 40ns 240ns 80 3.35%

TABLE I: Low level hardware metrics for three commercially available QC platforms (see the text for details).

1-Qubit Gates X
p
X Rx Rz GPi1 GPi2

IBM-Q Kolkata 3 3 7 3 7 7
IonQ Aria 7 7 7 3 3 3
Rigetti AspenM3 (3) (3) (3) 3 7 7

2-Qubit Gates C–X C–Z C–p XY MS

IBM-Q Kolkata 3 7 7 7 7
IonQ Aria 7 7 7 7 (3)
Rigetti AspenM3 7 3 3 3 7

TABLE II: Native gate sets for the investigated hardware
architectures. Check marks (3) denote supported; crosses (7)
denote unsupported gates. The parenthesised gates emphasise
differences in the matrix formulation to more commonly used
definitions. While it is beyond the scope of this paper to
discuss peculiarities of gates specific to different architectures,
the reproduction package supports comparative experiments
based on all gate sets.

fected by noise, which limits the achievable depth of quantum
circuits, and thus the computational power. Yet, there is no
common noise pattern across systems, which makes most
statements about performance and behaviour of quantum algo-
rithms impossible without taking very specific hardware details
into consideration, in stark contrast to classical machines. As
mentioned in section I, for quantum error correction to work
the requirement for thousands of qubits [42] arises which will
most likely not be possible on a larger scale in the near future.

2) Connectivity: Logical quantum algorithms usually can
make arbitrary (pairs of) qubits interact with each other when
multi-qubit operations are applied. Most physical implemen-
tations of quantum systems place restrictions on the possible
interactions between pair of qubits. One important step in
translating a logical into a physical quantum circuit is to
(a) map interacting logical qubits to interconnected physical
qubits, and (b) ensure that operations performed on uncon-
nected qubits (if placement alone cannot guarantee this) are
enabled by “moving” to qubits into proximity prior to gate
execution. While qubits cannot (for most implementation tech-
nologies) be moved physically, applying SWAP gates allows us
to change to logical state between two connected qubits. This
allows, at the expense of increasing circuit depths, to bring two
unconnected qubits into connected positions, and then apply a
joint gate operation. For architectures that do also not natively
support logical swap gates, a replacement can be provided by
three C–X gates, at the expense of an even larger increase in
circuit depth.

Figure 1 compares topologies for some of the major avail-
able quantum architectures. We illustrate their influence on
algorithms in Section V-C.

(a) Rigetti Aspen M3

(b) IBM-Q Kolkata

(c) IonQ Aria

Fig. 1: Hardware connectivity graphs from various commercial
vendors considered in the numerical simulations. The imple-
mentations of vendors Rigetti and IBM-Q both have a grid like
structure, and differ slightly in their connectivity structure. The
IonQ architecture (and other trapped ion systems) features full
connectivity between qubits.

3) Gate Sets: The set of elementary quantum gates varies
considerably with implementation technology. Universal quan-
tum computation can be achieved with many different choices.
While the theoretical capabilities of each set are identical,
the practical behaviour of gates under the influence of noise
may vary distinctly. Executing identical algorithms on different
hardware does therefore not only influence computation times
(as is familiar from classical computing), but is also affected
by different influence of noise. Table II illustrates elementary
gate sets for the subject architectures.

C. Subject Algorithms
We have chosen three canonical, yet substantially different

algorithms to study the impact of noise and imperfections:
Grover search, quantum Fourier transform, and variational
quantum circuits. It is possible to prove speedups over their
classical counterparts for the first two algorithms, albeit these
only materialise for perfect, error-corrected quantum systems.
Their scalability in terms of circuit depth growth with increas-
ing input size is distinctly different.

The third class, variational quantum circuits, is speculated
to exhibit speedups over classical approaches under some
credible assumptions, and are particularly well suited for NISQ
hardware and empirical experiments, as they allow for very

1conditions apply

F. Greiwe, T. Krüger, W. Mauerer: Effects of Imperfections on Quantum Algorithms: A Software Engineering Perspective; Proc. IEEE Quantum Software Week (2023)

K. Wintersperger, F. Dommert, T. Ehmer et al.: Neutral Atom Quantum Computing Hardware: Performance and End-User Perspective; to appear (2023)
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Implementation Technology Vendor System T1 T2 F1 F2 TG1 TG2 n C

Superconducting Qubits IBM-Q Kolkata 109.90µs 96.80µs 99.968% 98.909% 35.56ns 415.37ns 27 7.98%
Trapped Ions IonQ Aria 10s� 100s 1s 99.95% 99.6% 135µs 600µs 21 100%
Superconducting Qubits Rigetti Aspen M3 24.98µs 28.04µs 99.614% 90.588% 40ns 240ns 80 3.35%

TABLE I: Low level hardware metrics for three commercially available QC platforms (see the text for details).

1-Qubit Gates X
p
X Rx Rz GPi1 GPi2

IBM-Q Kolkata 3 3 7 3 7 7
IonQ Aria 7 7 7 3 3 3
Rigetti AspenM3 (3) (3) (3) 3 7 7

2-Qubit Gates C–X C–Z C–p XY MS

IBM-Q Kolkata 3 7 7 7 7
IonQ Aria 7 7 7 7 (3)
Rigetti AspenM3 7 3 3 3 7

TABLE II: Native gate sets for the investigated hardware
architectures. Check marks (3) denote supported; crosses (7)
denote unsupported gates. The parenthesised gates emphasise
differences in the matrix formulation to more commonly used
definitions. While it is beyond the scope of this paper to
discuss peculiarities of gates specific to different architectures,
the reproduction package supports comparative experiments
based on all gate sets.

fected by noise, which limits the achievable depth of quantum
circuits, and thus the computational power. Yet, there is no
common noise pattern across systems, which makes most
statements about performance and behaviour of quantum algo-
rithms impossible without taking very specific hardware details
into consideration, in stark contrast to classical machines. As
mentioned in section I, for quantum error correction to work
the requirement for thousands of qubits [42] arises which will
most likely not be possible on a larger scale in the near future.

2) Connectivity: Logical quantum algorithms usually can
make arbitrary (pairs of) qubits interact with each other when
multi-qubit operations are applied. Most physical implemen-
tations of quantum systems place restrictions on the possible
interactions between pair of qubits. One important step in
translating a logical into a physical quantum circuit is to
(a) map interacting logical qubits to interconnected physical
qubits, and (b) ensure that operations performed on uncon-
nected qubits (if placement alone cannot guarantee this) are
enabled by “moving” to qubits into proximity prior to gate
execution. While qubits cannot (for most implementation tech-
nologies) be moved physically, applying SWAP gates allows us
to change to logical state between two connected qubits. This
allows, at the expense of increasing circuit depths, to bring two
unconnected qubits into connected positions, and then apply a
joint gate operation. For architectures that do also not natively
support logical swap gates, a replacement can be provided by
three C–X gates, at the expense of an even larger increase in
circuit depth.

Figure 1 compares topologies for some of the major avail-
able quantum architectures. We illustrate their influence on
algorithms in Section V-C.

(a) Rigetti Aspen M3

(b) IBM-Q Kolkata

(c) IonQ Aria

Fig. 1: Hardware connectivity graphs from various commercial
vendors considered in the numerical simulations. The imple-
mentations of vendors Rigetti and IBM-Q both have a grid like
structure, and differ slightly in their connectivity structure. The
IonQ architecture (and other trapped ion systems) features full
connectivity between qubits.

3) Gate Sets: The set of elementary quantum gates varies
considerably with implementation technology. Universal quan-
tum computation can be achieved with many different choices.
While the theoretical capabilities of each set are identical,
the practical behaviour of gates under the influence of noise
may vary distinctly. Executing identical algorithms on different
hardware does therefore not only influence computation times
(as is familiar from classical computing), but is also affected
by different influence of noise. Table II illustrates elementary
gate sets for the subject architectures.

C. Subject Algorithms
We have chosen three canonical, yet substantially different

algorithms to study the impact of noise and imperfections:
Grover search, quantum Fourier transform, and variational
quantum circuits. It is possible to prove speedups over their
classical counterparts for the first two algorithms, albeit these
only materialise for perfect, error-corrected quantum systems.
Their scalability in terms of circuit depth growth with increas-
ing input size is distinctly different.

The third class, variational quantum circuits, is speculated
to exhibit speedups over classical approaches under some
credible assumptions, and are particularly well suited for NISQ
hardware and empirical experiments, as they allow for very

Circuit depth

#
Q
ub

its

1conditions apply

F. Greiwe, T. Krüger, W. Mauerer: Effects of Imperfections on Quantum Algorithms: A Software Engineering Perspective; Proc. IEEE Quantum Software Week (2023)

K. Wintersperger, F. Dommert, T. Ehmer et al.: Neutral Atom Quantum Computing Hardware: Performance and End-User Perspective; to appear (2023)
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Quantum Approximate Optimisation
Algorithm (QAOA)
I Approximation of Adiabatic Evolution
I Goal: Find groundstate of hamiltonian Hp

I Instead of a continuous time evolution:
Discretise in p timesteps

I p ↑ ⇔ approximation quality ↑

K. Wintersperger, H. Safi, W. Mauerer: QPU-System Co-Design for Quantum HPC Accelerators; Proc. 35th GI/ITG International Conference on the Architecture of
Computing Systems; Gesellschaft für Informatik (2022)
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https://lfdr.de/Publications/2023/SaWiMa23.pdf


Summary
I HW-SW: Non-trivial, crucial interaction

→ Co-Design promising
I Interdisciplinary exchange QC/NHEP
I Promising directions:

I Physical Simulation
I Optimisation: Large-Scale Systems, Real-Time

Control
I Model Sampling
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Conclusion



“Low-Level” Algorithms
I Grover’s & Shor’s algorithms
I Provable speedup / error correction required

Quantum Simulation
I Mimic system using simplified model
I Classically likely intractable

Unorthodox Approaches
I Quantum annealing, adiabatic quantum computing
I (Gaussian) Boson sampling, etc.

NISQ Algorithms
I Variational algorithms: Hybrid quantum-classical
I Less resources / potential speedups

3141
91 =

?×?

Franz/Zurita/Diefenthaler/Mauerer Quantum Co-Design in NHEP May 9, 2023 2 / 11

Overview of Quantum Algorithms for NHEP

Transmon Ion Traps Neutral Atoms

⇒ Strong coupling to hardware properties

|0〉
|0〉

H ⇔

// prepare Bell state

OPENQASM 2.0;
include "qelib1.inc";

qreg q[2];
creg c[2];
reset q[0];
reset q[1];
h q[0];
cx q[0], q[1];
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Overview of Quantum HW (high level)
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Influence of Noise on Optimisation (QAOA)

Influence Factors
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K. Wintersperger, H. Safi, W. Mauerer: QPU-System Co-Design for Quantum HPC Accelerators; Proc. 35th GI/ITG International Conference on the Architecture of
Computing Systems; Gesellschaft für Informatik (2022)

H. Safi, K. Wintersperger, W. Mauerer: Influence of HW-SW-Co-Design on Quantum Computing Scalability; Proc. IEEE Quantum Software Week (2023)
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Thank you!
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Backup
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Latency and Execution Time
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