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Abstract—We introduce the concept of quantum time/utility
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circuits. We implement the Haar TUF for a delegated quantum w

computing application, where we showcase both its ability to

capture meaningful behaviour and its limitations in describing Fig. 1. System overview [5]. A quantum application is run on multiple

application-specific instances.
Index Terms—quantum networks, decoherence, node schedul-
ing

INTRODUCTION

Quantum network applications, such as blind quantum com-
puting (BQC) [1] and quantum key distribution [2], use unique
quantum properties, like entanglement, to achieve capabilities
that are classically impossible. A quantum network (QN)
capable of supporting the concurrent execution of multiple
quantum applications between any node of the network is
currently being developed [3], [4]. When executing multi-
node applications in this system, a node needs to frequently
stop while waiting for responses from other nodes before
resuming execution. The outcome is idling periods in which
resources are wasted. One significant avenue to address this
issue and improve the utilisation of available resources is to
allow nodes to multitask [5], [6]: the capability of executing
multiple applications concurrently on the same node.

Recently, QNodeOS, an operating system for quantum net-
works with multitasking capabilities [5], was developed. In the
QNodeOS system, applications are divided into node-specific
programs. At runtime each program is represented by a set
of tasks, which are executed according to a node scheduler
that enables multitasking (Fig. 1). Simple scheduling strategies
such as first-in, first-out and earliest deadline first have been
tested [7]. In simulations, it was found that multitasking
enabled a lower makespan [8] (the total execution time for
all programs), at the cost of execution quality. As can be seen
in Fig. 2, multitasking can lead to longer waiting times on
the execution of individual programs. Due to decoherence,
the quality of stored quantum information degrades over time,
leading to output errors.

nodes of a quantum network. The network provides entanglement generation
and classical communication between the nodes. Each node is equipped with
quantum hardware and an operating system that contains a scheduler. The
scheduler is used to control the execution of programs, which are node-specific
parts of a quantum application

In order to develop better scheduling strategies it is in-
strumental to create a tool capable of characterising the
interplay between timing and expected execution quality of
quantum applications. A scheduler equipped with this tool
would have the opportunity to optimise the trade-off between
makespan and execution quality. In this work we address this
challenge. Inspired by time/utility functions (TUFs) used in
classical scheduling (see Related Work below), we introduce
the quantum TUF: a tool for characterising the effects of
noise on the execution of quantum applications and make the
necessary first step towards noise-aware scheduling. With this
objective we provide:

o A quantum TUF definition aimed at supporting schedul-
ing decisions in QN and quantum computing applications.
Our definition makes explicit how one can capture the
complex dependence of execution quality on noise in a
format usable by a scheduler.

o Four design criteria for quantum TUFs. These criteria
formalise the practical considerations that must be met
for effective use of the TUF for quantum application
scheduling.

o The Haar TUF, a candidate TUF for generic circuits that
predicts execution quality with a simplified model of the
application.

o An example of how the Haar TUF can be implemented
with a delegated quantum computing application, while
highlighting challenges and limitations.
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Fig. 2. Quantum application scheduling. Two possible scheduling solutions
for two input programs that have a mandatory idling period (in purple) during
their execution. In schedule 2 the makespan is smaller, but Programs 1 and
2 take longer to fully execute. The extra time required for the execution is a
delay during which the state deteriorates due to decoherence

A. Related work

Given the limited lifetimes of quantum memories, it is
natural to require that tasks be completed within a certain time
window. This directly connects the scheduling of quantum ap-
plications to real-time scheduling [8], in which the requirement
to complete execution by a certain time is specified by a dead-
line. Under strict deadlines, the utility of completing a task
is assumed to be zero once the deadline has passed. A more
general framework has been developed through TUFs [9], [10],
which replace strict deadlines with functions that express the
value of completing a task as a function of its completion time.
Quantum real-time systems fit naturally within this framework,
since the utility of completing tasks decays over time due to
decoherence. TUFs have been proven effective in a variety of
real-time scheduling settings [11]-[13]. However, they have
not yet been applied to the scheduling of quantum applications.

A key step in defining a TUF for quantum applications is
characterising its dependence on the system parameters that
determine execution quality. The effects of noise on quantum
algorithms are well studied: when parameters are accurately
modelled, simulations [14] can predict performance, while
analytical error-propagation methods [15], [16] provide bounds
on execution accuracy. In this work, we focus on how such
estimators can be applied to scheduling in quantum networks,
where the main noise sources arise from long delays and
entanglement generation, and where applications execute con-
currently across multiple nodes.

This work is connected to QNodeOS [5], where multitasking
on a nitrogen-vacancy (NV) centre quantum processor was
demonstrated, and on Qoala [7], a QNodeOS extension in
which simple scheduling strategies were tested. In the latter,
the necessity of a tool to correctly balance the trade-off
between makespan and execution quality was identified. This
work provides a necessary step towards addressing these
concerns. At the same time, our TUF framework is derived
from general principles and is intended to remain applicable
across a range of quantum architectures, requiring only minor
architecture-specific adjustments.

I. MODELS

In order to provide noise information to the scheduler, we
consider two models: a task model necessary for interfacing
with the scheduler, and a noisy circuit layer model for describ-
ing quantum information quantities.
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A. Task model

To represent a QN application at runtime we use an ab-
stracted version of the framework described in [7], [17]. QN
applications are divided into node-specific programs. At run-
time, each program is instantiated (possibly multiple times).
Each program instance is composed of a set of tasks {7;},
which are units of execution. 7asks must be executed in a
specific order, giving rise to dependency relations that can
be described by a graph. Each task can be of four different
types. Classical local tasks are for flow control and calculating
parameters for quantum instructions. Classical communication
tasks are for classical message exchanges. Quantum local tasks
are for qubit instructions such as gates, measurements and ini-
tialisations. Quantum communication tasks are for generating
entanglement with other nodes.

The tasks belonging to different applications form the
input to the node scheduler. The job of the node scheduler
is to dynamically decide which task to run, according to
dependency constraints, resource availability, and performance
optimisation.

B. Noisy circuit layer model

Quantum applications can be described with a quantum
circuit model [18], which specifies the sequence of operations
applied to qubits, including state initialisations, gates, and
measurements. In the case of QN applications, the quantum
circuit model describes the full application across multiple
nodes. The quantum circuit formalism can be extended to
describe noise [19], which includes both static errors and time-
dependent decoherence. Quantum circuits can be formatted in

Fig. 3. a) A noisy quantum circuit. Gates are represented by boxes, noise
by black dots. Initialisation and measurement are shown as triangles pointing
left and right respectively. b) The corresponding noisy circuit layer model
(NCLM), allowing each layer to be easily mapped to its corresponding delay.

a layered structure: alternating unitary operations and quantum
channels describing noise. Any channel £ can be written in
the process matrix formalism [20] as

E(p) =D Xagoabos.
ag

ey

where o5 = ®g:1 O, 1s the generalised Pauli basis, with
Oq, the Pauli 4-vector {1,0,,0,,0.} for o, =0,1,2,3.

In the layer model, initialisation and measurements can be
moved to the start or end of the circuit respectively, while
unitaries and noise can be extended to act on N qubits via a
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tensor product with the identity channel (Fig. 3). We call this
format the noisy circuit layer model (NCLM), whose size is
given by the number of qubits /N and the depth L (number of
layers).

The NCLM structure is used in the literature for analysing
how noise affects quantum computations [14]. We use it to
describe when each operation occurs, by assigning a delay
At; between layers [ and [+ 1. These delays can be used
to compute decoherence effects described by time-dependent
noise channels.

II. A TUF FOR QUANTUM APPLICATIONS

For quantum applications, a TUF should account for noise
effects, which can be modelled using the NCLM. At the same
time, TUFs must be assigned to individual tasks so they can
inform scheduling decisions. This requires integrating the two
models, which can be accomplished by mapping each task
in the task model to a corresponding layer in the NCLM.
A defining characteristic of TUFs is the explicit dependence
on the completion time of a task. With our conventions,
the completion time of the tasks assigned to layer [ in the
corresponding NCLM can be characterised by the delay A¢;_;
between layers [—1 and [.

Another challenge for a TUF aimed at informing execution
quality is that the utility cannot be determined uniquely
by the delay At;_;, since many parameters can influence
performance. Therefore, we introduce a set P of parameters
necessary for the calculation. These parameters can include
for example memory lifetimes, or timing of already executed
tasks. The reason to distinguish between delay At;_; and
parameters P lies in how the scheduler uses them: the value
of the TUF must be quickly obtainable for different values of
At;_1 to inform scheduling decisions. Within this context we
have the following definition.

Definition 1 (TUF for quantum application): Given a task
T;, assigned to layer [ in a NCLM, the TUF is a function u;
assigned to task 7; that takes value

ui(Ati—1; P), 2)

where At;_; is the delay between the layer [ — 1 and layer [,
while P is a set of contextually relevant parameters required
for its calculation. The output of the function represents the
utility of completing the task 7; at time At;_.

Assigning tasks to the same layer is useful for entanglement
generation, in which the corresponding task on each node must
be synchronised. A note must be made about classical tasks,
which cannot be easily assigned to a layer of the NCLM.
Adding sublayers for classical tasks solves this issue, as we
will show in Section V. However, to introduce the following
concepts it is convenient to consider only delays between
layers, as these affect quality of execution.

III. CoMPUTING TUFs

Defining an instance of the TUF encounters multiple chal-
lenges, each of which can be addressed in different ways,
leading to TUFs with different properties. Before introducing a
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candidate TUF, it is useful to establish a set of design criteria.
These criteria highlight the properties of the different formulas
and shed light on the practical challenges of defining a suitable
TUF for the scheduler. The design criteria are as follows:

1) Computability. A single node must be able to evaluate
the TUF using only the information that is locally
available to it when the calculation is required. Although
some parameters of remote nodes can be shared in
advance [21], delay values are only available at runtime.
Some nodes may also need to hide their operations for
security reasons. For example, in BQC the server must
be kept blind to the state prepared by the client.
Interoperability. Since nodes may be required to ex-
ecute a wide range of applications, the TUF must be
easily adaptable to various tasks and hardware configu-
rations.

Accuracy. The previous criteria set limits on the design
of the TUF, in terms of available inputs. Therefore, the
TUF output will not necessarily be able to estimate
exactly the true execution quality. Another important
criterion for the TUF design is therefore the accuracy
with which it approximates the true execution quality of
the system.

2)

3)

Another optional criterion is efficiency: the capability to
quickly retrieve TUF values to avoid overhead in scheduling
decisions. Efficiency can be achieved by either precomputing
and tabulating all relevant values of the TUF, or by designing
a TUF whose computationally expensive components can be
preprocessed in advance, leaving only lightweight operations
for runtime.

A. Fidelity and probability of success TUF

An example of a TUF can be built from the fidelity. The
fidelity for a quantum computation is defined as [18]

F(Cv Aty.g, \¢>) = <"/)o‘pN|wo>v 3)

where py is the density matrix [18] of the real noisy output
state, |¢) is the input state, |1,) is the ideal output state,
Aty.;, are the delays between layers, and C is the circuit in
the NCLM representation of the application, which specifies
all layer noises &£;.;, and unitary operations Uy.p.!

Computing the fidelity directly is problematic because it
depends on all delays. When the TUF is used by the scheduler,
some layers are yet to be executed, and their delay is not
known. In practice, while precise knowledge of future delays is
not known, approximate estimates are in most cases available.
For example, from network analysis [22], or from previous
runs in the case of repeated executions. To represent this
knowledge we use delay distributions p;(At;). With these
we can remove explicit dependence on future delays. For any
function f, we have

(F(Dbrg)) = / F(At (AN, @)

!Using the notation ., to denote the set {z; for | = a,a + 1,...,b}
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where (-) denotes temporal average.

With this tool we can define the fidelity TUF.

Definition 2 (Fidelity TUF): Given a task T; belonging to
layer [ in a QN application, its fidelity TUF is defined as:

UZ(-F) (Atl_1; PF) = <F(C, Atl:Lv |¢>)>NL:L7 ®

where we use the fidelity F' from (3), and the contextual
parameters Pr (2) are the (available) delays Atq.;_o, the delay
distributions 1.1, the NCLM C, and the input state |1)).

One limitation of the fidelity TUF is that we compare the
final state to its ideal counterpart before measurement. In some
applications, a specific pattern of the measurement outcome
can be interpreted as a failure or success result. A metric
such as success probability can define a success probability
TUF that takes into account how the final measurement is
interpreted. While this TUF could provide more information,
it is difficult to define an explicit expression, as it varies for
different applications.

Both the fidelity TUF and the probability of success TUF
require full circuit information to be computed, so they can’t
be used in security-sensitive applications. Moreover, they
require full tabulation for all combinations of delays to be
used, since the dependency on the delays can be complex,
limiting scalability. In the next section, we define the Haar
TUF, to address these shortcomings.

IV. THE HAAR TUF

The Haar TUF aims to capture meaningful noise effects
while remaining computationally efficient and relying on fewer
contextual parameters (2). It is derived from an NCLM in
which each layer unitary is replaced with a random unitary
from the Haar measure [23], while leaving the noise channel
unchanged. For this modified model we calculate expecta-
tion values of the fidelity. The use of the Haar measure
is well established across various domains within quantum
information [19], [24]-[27]. In this work we never sample
directly from the Haar measure, as sampling from the Haar
measure is inefficient [28], but use analytical results [29] to
compute relevant expectation values for meaningful quantities,
such as the fidelity. The Haar TUF, obtained from these
analytical expressions, is simple to calculate, at the cost of
being imprecise for specific circuit instances due to the loss
of detailed state—noise interactions.

The Haar TUF is based on a quantity we call the Haar
expected fidelity. For any application described by an NCLM
and a pure state p = |¢)(¢)| as input, the fidelity of the circuit
can be written as

F = @I (V)W) 6)

where N(p) is the quantum channel which describes the
NCLM, while Z(p) is the quantum channel of the circuit in
an ideal, noiseless case. The two channels can be expanded as
N(p)=EpolUpo...0& olh(p), @)
I(p) =UL o...oUi(p), €]
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where U;(p) = UlpUlT, while U; and &; are the unitaries and
noise channels (Section I-B).

We define F'iy as the fidelity calculated with random uni-
taries instead of application-specific unitaries. The random
variable Fy depends on known noise channels & and ran-
dom unitaries U;. We define the Haar expected fidelity as
the expected value of the random variable F'y, obtained by
independently averaging all N-qubit unitaries over the Haar
measure fig:

ElFu) =Ev,mepnl--Evupopr [FH]-)- ©)]

The Haar expected fidelity E[F] depends only on the noise
channels &, and can be calculated exactly.

Theorem 1 (Haar expected fidelity): Consider a NCLM
with N qubits and L layers, each composed of a unitary U
randomly sampled from the Haar measure and a noise channel
&;. The Haar expected fidelity (9) of the circuit is given by

1 1
E[Fgl=w(1-= = 10
Pl =w(1-3) 4 1 (10)
L 2 (D)
where W = le and w; = %, (1D

=1

where FV) = X((jlﬁ) (1) is the entanglement fidelity of each

layer [18], [30], while the dimension d = 2N is the size of
the Hilbert space describing the system [18].

Proof: This result is a generalisation of Lemma 1 in [26]
for heterogeneous layers. The proof is available in the full
version on arXiv [31]. [ |

Time-dependent noise channels & (At;) correspond to time-
dependent entanglement fidelities Fe(l>(Atl). The Haar ex-
pected fidelity is therefore a quantity that depends on all delays
At; between layers. We can then use temporal averages (4) to
calculate its corresponding TUF.

Definition 3 (Haar TUF): Given a task T} belonging to layer
[ in a NCLM, its Haar TUF is defined as:

L
) [T, (1-

1 +1
d7

-1
H . —
uf (Ati_y; Pg) = [] wm(Atm y
12)

m=1

where the contextual parameters Py include the (available)
delays Aty.;_o, the delay distributions .1, and the parameters
Wy, (At,y, ), which are defined in (11).

A. Properties of the Haar TUF

In this section we evaluate the Haar TUF (12) using the
criteria defined in Section III: computability, interoperability,
accuracy, and efficiency.

The Haar TUF is computable, since the contextual param-
eters are all available when the evaluation of the Haar TUF
is required. The delays Aty.;_o are between layers that have
already been executed, and the dependency on future delays is
removed through temporal averages (4). Additionally, the Haar
TUF is secure, since it does not require information regarding
which specific unitary is used in the application.
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Regarding interoperability, the Haar TUF can be used for
many different applications and hardware configurations. In
particular, the Haar TUF depends only on N and L for
describing an application, since it does not need to know
the specific unitaries executed. Additionally, the dependence
of the Haar TUF on hardware parameters is isolated to a
single parameter for each layer, w;(At;) (11), together with the
delays At,, yielding a simplified interface with the hardware.

In terms of accuracy, the Haar TUF cannot provide pre-
cise application-specific values, since Haar averaging removes
circuit-specific interactions. To gain insight into how far a
specific circuit’s fidelity may deviate from the Haar TUF, we
examine the standard deviation (SD) of the random variable
Fr (9), computed as follows.

Theorem 2: Consider an N-qubit NCLM with Haar random
unitaries U; and noise channels &;. The standard deviation of
the fidelity F'i; can be calculated for Pauli noise [18] as

() 0) o ()

13)
and for general noise as

L

OFy :@é (Z

1

@
=1

L

= |2 Re(y,") y® 1
= = —— -1 — -1 o=
— d(z( W0 )+ 1) o (h
14
where E:Hle x; for any layer-specific variable, and
w =FY +0(d™?), 2= (% a9

a l
0 =)’

[e3

a
u” =3 K0 ae)

O]

«
process matrix formalism (1), and O(d~") are the order terms
in a Taylor expansion for large d.

Proof: The proof is available in the full version on
arXiv [31]. This result is a generalisation of the results in [32],
which gives the single-layer case. |

This result can be used to calculate the right hand side
in Chebyshev’s concentration inequality, used to calculate the
probability that the fidelity of a circuit chosen at random has
a difference from the average fidelity greater than an error e:

where X~ is the representation of the noise channel & in the

2
P(F —E[Fu]| > ¢) < 2. (17)

Since 0%, is O(d™?) (O(d™')) for Pauli (general) noise,
as IV increases the fidelity of any circuit drawn uniformly at
random has an exponentially small probability of lying outside
this region.

With respect to efficiency, the Haar TUF (12) is an exam-
ple of a modular TUF, in which computationally expensive
components can be precomputed, leaving only lightweight

operations at runtime. In particular, the layer parameters
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wi(At;) factor across layers and can therefore be evaluated
independently. Moreover, the temporal averages (w;),,,, which
may be expensive to obtain, can be precomputed and stored,
ensuring that these costs do not affect scheduler performance.
These properties make the Haar TUF lightweight at runtime
and scalable for larger systems.

V. EXAMPLE: DELEGATED QUANTUM COMPUTING

In this section, we demonstrate how the Haar TUF can
be implemented for a delegated quantum computing (DQC)
application. We show a realisation of the mapping between
the NCLM and the task model, and highlight the discrepancy
between the Haar TUF predictions and the actual fidelity of a
specific application. DQC is a two-node application in which
a client delegates a computation (rotation and measurement)
to a server, while keeping the server blind to the computation.
DQC is the fundamental building block of BQC [33].

We choose DQC for this implementation because it has
been executed on an NV-centre platform [5] with an operating
system equipped with scheduling capabilities. The experiment
was used to provide the data used in this section.

A. NCLM and task model mapping

The mapping of the DQC application to the task model
and the NCLM (Section I) is shown in Fig. 4. The quan-
tum instructions can be grouped into three layers: one for
entanglement generation, one for qubit preparation from the
client, and one for the server correction. The first two layers
are associated with delays At; and Aty, which can be used
to parametrise how long the qubits are left in memory and
affected by decoherence.

Additionally, two sublayers can be added between the
second and third layers to be assigned to classical tasks:
calculating the § value on the client side, and receiving §
and preparing the required gate for correction on the server
side. These two sublayers divide the interval Aty into three
subintervals: Aty ; for s =1,2,3.

In this simplified model we use three server tasks (S1 to S3)
and three client tasks (C1 to C3) to run the application. In a
real implementation, additional classical tasks may be present,
which can be treated in the same fashion as the two classical
tasks in our simplified model.

B. Haar TUF evaluation

The Haar TUF requires two types of inputs: the noise
channels for each layer and the delay information.

Regarding the noise channels, we model the first layer as
D50 P22 [18]: a two-qubit depolarizing channel, representing
the imperfect entanglement generation, followed by two de-
phasing channels applied in parallel to the qubits. We model
the second layer as a dephasing channel P, on the only qubit
in memory during the delay [5]. For the third layer we choose
the trivial identity channel as the noise channel, assuming that
the impact of gate and measurement errors is small compared
to the other source of noise.

The delay distribution can be obtained from experimental
data. Using the data provided in [5], we obtain the time interval
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Fig. 4. a) The circuit for a DQC application. Client and server create a shared
entanglement pair in state |®4) = (|00) 4 |11))/+/2. The client performs
gates and a measurement, resulting in outcome bit m.. The client computes
¢ from m. and DQC parameters @ € [0, 2m) (desired computation phase)
and 0 € [0, 27) (masking phase) and sends §. Meanwhile, the server keeps
its qubit in memory. On receiving ¢, the server applies gates depending on 4,
resulting in a single-qubit state, which depends only on a. b) Task model for
the DQC application, divided by node: server on top and client on the bottom.
In blue are the quantum tasks, which can be directly mapped to the layers
of the NCLM and in orange are the classical tasks which can be assigned to
additional sublayers. c) NCLM for the DQC application, with 2 qubits and 3
layers. Each layer has one or more quantum tasks assigned to it.

between the end of tasks S1, C2, C3, S2, and S3. From this
data it is possible to evaluate the TUF. For example for task
C2, belonging to layer (2,1), we have:

)+

is the sample mean over the

1

Ul (Aty; pia, wi3) = w1 (Aty)(wa) (1 -4

1
- 18

where the value of (ws),
measured delays.

2

C. Performance analysis

A simulation using NetSquid [34] is used as a baseline for
comparison with the Haar TUF. The simulation is set up to
run the application from Fig. 4, and to calculate the fidelity of
the server qubit F,,,, conditioned on the measurement outcome
me, and the probability p,,_ that each outcome can occur. The
fidelity of the DQC application Fpgc is defined as:

FDQC = mecFm,n

me

19)

which can be evaluated for all combinations of delays
{Aty, Ato}, and choice of application parameters «,d. A
sample mean over the delay distributions can be used to
calculate the fidelity TUF u’ (At;) used for the comparison.
The results are shown in Fig. 5. The comparison shows that
the Haar TUF predictions differ from the simulation results.
There are two effects that explain this behaviour.

(1) Single-qubit versus two-qubit fidelity. The Fpgc is
computed only on the server qubit, whereas the Haar TUF
estimates the fidelity of the full two-qubit channel involving
both the client and the server. The resulting discrepancy is
captured by

Fyop = Fpgce — Fes, (20)
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Fig. 5. Comparison between Haar TUF and fidelity TUF. The top (bottom)
plot shows the results for task C2 (S2), according to the task model in Fig. 4b.
In both plots solid lines represent the Haar TUF, the shaded area is £1 SD,
and dashed lines represent the fidelity TUF. The main contribution to the
gap between these two TUFs is Fgap, caused by calculating the fidelity with
the server qubit, while the Haar TUF estimates the fidelity of both qubits.
Subtracting Fgap, from the fidelity TUF highlights other contributions to the
mismatch, such as the state-dependent noise sensitivity.

where Fog is the two-qubit fidelity obtained by simulating
the same noise layers and unitaries but omitting the client
measurement. In our simple model, Fgo, = pg/4 due to the
specific structure of the circuit, where p, is the parameter of
the depolarizing noise in the first layer. This value is the same
for all combinations of delays and application parameters.

(2) State-dependent noise sensitivity. Haar averaging re-
moves information about how a noise channel interacts with
specific quantum states. For instance, in layer 1 the dephasing
noise P®? frequently produces a Z ® Z error for large At,
but this error leaves the Bell state [®,) = (|00) + [11))/+/2
invariant. As a result, the actual circuit fidelity is higher
than the Haar-averaged value, an effect visible in task C2
at large At;. Similarly, in the second layer the ideal state
prepared on the server while waiting for the classical message
is |[+4) = (|0) £ e~%?|1))/v/2, which is maximally sensitive
to dephasing. This yields a circuit-specific fidelity lower than
the average case, as seen for task S2. If we remove effect (1)
by shifting the simulation output by Fj,,, we can see that the
effects of state-dependent noise sensitivity are of the order of 1
SD, validating its use in learning about the difference between
Haar-averaged values and specific circuits.

The Haar TUF captures overall application performance
trends but lacks precision for individual circuits, as aver-
aging over unitaries removes state-dependent effects. It also
ignores classically controlled operations, assuming all qubits
contribute equally to the fidelity. Refining the method could
address these issues, but this is beyond our scope. Neverthe-
less, for coarse comparisons between tasks, its estimates may
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be sufficient to serve as a noise-aware scheduling tool.

VI. CONCLUSION

We have defined the first TUF for quantum applications,
providing a framework for capturing the complex dependence
of execution quality on noise in a format usable by the
scheduler. This definition connects quantum noise modelling
with classical scheduling frameworks. Our TUF definition
provides the starting point for multiple ways to compute TUFs,
which can trade off accuracy for faster computation.

In particular, we introduced the Haar TUF as an example of
how one such formula can be defined, and showcased its qual-
ities (lightweight, secure, simple) and drawbacks (accuracy).
Through an implementation of the Haar TUF for a delegated
quantum computing application, we demonstrated its use while
highlighting practical limitations.

The main avenues for future work will be the develop-
ment of new TUFs for accurately providing execution quality
estimates, and the implementation of scheduling algorithms
based on the TUF paradigm, to provide new opportunities for
improving application execution on quantum systems.
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