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know the ecosystem to support the successful industrial application of this
technology. Regularly identifying potential areas of improvement and then defining
appropriate actions is necessary to ensure a leading position. Therefore, the Quantum
Technology and Application Consortium (QUTAC) has developed a Key Performance
Indicator (KPI) framework consisting of 24 KPIs that represent a country’s performance
in applying QC. Detailed measurement guidelines and clear data sources ensure
transparency of measurement, reproducibility of KPI values and comparability over
time. An aggregation method allows summarizing the results of all KPIs. Thus, it is
possible to assess the performance of each stakeholder involved and to calculate a
single composite indicator that represents the country’s performance. The KPI
framework can be adapted to any country and enables the comparison of the
performance of different countries. It is a proposal for standardizing the evaluation of
QC and its ecosystem on a national level. Thus, strengths and weaknesses can be
identified and measurements for improvement derived. The paper highlights the
development of the framewaork, its main features and the application of the
framework to Germany. Based on the results, we will discuss the current state of QC
application in Germany and make possible suggestions for improvement.

Keywords: Quantum computing; QUTAC; Key performance indicator; Ecosystem;
National comparability

1 Introduction

Quantum computing (QC) is a key technology that has the potential to drive a range of dis-
ruptive innovations [1]. Potential is seen in multiple use cases across different industries:
From automotive and finance to pharma [2], solving challenges in the fields of engineering
and design, material science and production and logistics [3]. In the future, QC can help
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solve currently seemingly insolvable problems in a wide range of industries [4]. Among
other things, QC can contribute significantly to decarbonization and therefore help to
reach the goal of a net-zero economy [4]. Broadness of applications results in estimated
cost savings and revenue opportunities of more than 450 billion dollars annually [5]. Soft-
ware and services are expected to account for the majority of value added [6]. By 2030,
global value added in the field of QC software will be twice as high as in QC hardware [6],
emphasizing the need for an application focus.

Global QC activities are increasing, especially since quantum supremacy has been
first postulated by Google in 2019 [7]. Although the problem solved in that case was
purely academic and still without practical benefits, and the question of whether quan-
tum supremacy actually exists is still a scientific dispute, ongoing scientific progress is
increasing the QC engagement in many countries. In 2021, the volume of global private in-
vestments in quantum technology (QT) surpassed 1.4 billion dollars. In the second half of
2021 1.9 billion dollars of public funding was announced [8]. The United States of Amer-
ica (USA), Canada (CA), and the United Kingdom (UK) lead in private investments. In
contrast, China has reported the highest government investment for QC, amounting to
10 billion dollars since 2013 [9]. Germany has increased its activities with the goal to be-
come a world leader in quantum systems and to ensure technological sovereignty [10]. In
2021, the federal ministry of education and research published a strategic roadmap [11]
and leading German companies founded the Quantum Technology and Application Con-
sortium (QUTAC), a national industry consortium dedicated to the application of QC
[3]. In the same year, the German government invested in QC with 2 billion euros, re-
sulting in multiple funded projects [12, 13]. All these initiatives show that many countries
are investing in building a QC ecosystem by publishing strategies, increasing funding and
starting collaborations. To benefit from the great economic potential of QC and to secure
the future of Germany and Europe as a business location, these activities must be pursued
consistently. Only then it will be possible to further strengthen Europe’s position in this
important technology of the future and catch up to the USA and China [9].

QUTAC has set itself the goal of playing a decisive role in shaping the development of
a sovereign QC ecosystem in Germany in order to remain competitive in the future and
to strengthen the business landscape in both Germany and Europe. In order to achieve
this, it is crucial to accelerate the advancements in the practical implementation of QC. It
is therefore recommended to regularly monitor the QC ecosystem and to identify poten-
tial areas of improvement [14, 15]. Despite multiple ongoing activities in the field of QC,
there is not yet a standardized approach to capture the impact of these activities. Already
published key performance indicators (KPIs) [10, 16] focus mainly on QC hardware and
related long-term targets. However, as QC is still a new technology when it comes to in-
dustrialization, it is crucial to monitor the entire ecosystem’s evolution, rather than solely
focusing on hardware advancements and application outcomes.

QUTAC developed a KPI framework including all relevant stakeholders of the QC
ecosystem. These stakeholders are government, industry, academia, investors and society.
To ensure transparency and comparability with other countries, QUTAC proposes the de-
veloped KPI framework as standard to measure a country’s performance in applying QC.
Through an aggregation methodology, we can summarize a country’s performance in one
score. This enables an easy and transparent comparison of the progress of different coun-
tries in applying QC. By comparing the current performance with a target or with other
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countries, it is possible to identify strength and weaknesses and derive appropriate need
for action. The developed KPIs can be used for any country, however detailed measure-
ment guidelines, data sources, target values and thus resulting values are currently only
defined for Germany.

We have structured the paper as follows: In Sect. 2, we present the methodology on
which the development of the KPI framework is based. Then, in Sect. 3, we explain the re-
sulting KPI framework. In Sect. 4, we apply the KPI framework to Germany (Sect. 4.1), de-
rive potential areas for improvement (Sect. 4.2), indicate the limitations of the KPI frame-
work (Sect. 4.3) and discuss the potential application to other countries (Sect. 4.3). Sec-
tion 5 concludes the paper.

2 Methodology

The goal of our work is to develop a set of meaningful KPIs that quantify a country’s per-
formance in applying QC. The KPIs need to support all relevant stakeholders in assessing
their contribution to building a QC ecosystem and deriving the need for action.

We followed a three-step process to develop the KPI framework (see Fig. 1). At first, we
created multiple ideas for potential KPIs through brainstorming. The leading questions
were: “What are the key characteristics of an ecosystem accelerating the application of QC?
What is needed to get there? What challenges will be faced?’ Brainstorming was supported
by expert interviews and literature research, including QC reports and articles on existing
composite indicators in related areas. The result of this first phase of the three-step pro-
cess was a list of all relevant stakeholders and drivers of a successful QC ecosystem (see
Sect. 3.1) and more than 60 KPI ideas. Secondly, we selected the final KPIs. The selection
of the final KPIs was based on the criteria simplicity, measurability, relevance, relatability,
actionability and uniqueness (see Sect. 3.2). The selected 24 KPIs are included in the final
framework. In the third and final phase, we examined all remaining 24 KPIs in detail (see
Sect. 3.3). We identified corresponding stakeholders and drivers for each KPI. In addition,
we have set a target value for each KPI and defined a clear data source and measurement
guideline. For the final aggregation of all 24 KPIs into one score, we evaluated the impact
and data quality of each KPI. Experts accompanied all steps of this phase.

All experts involved in phase 1 and 3 have knowledge in QC, similar high-tech innova-
tions or performance measurement. They come from either the public sector, the private
sector, academia or industry (see Acknowledgements).
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Figure 1 Development process of the KPI framework
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3 Resulting KPI framework

In this section we describe the KPI framework, developed according to the three phases
explained in Sect. 2. Section 3.1 outlines the generation of KPI ideas and the general struc-
ture of the framework, which is based on the two dimensions stakeholders and drivers.
We then defined and applied criteria to the KPI ideas to determine the final KPIs of the
framework (Sect. 3.2). To evaluate and act upon these KPIs, we defined data sources, target

values, weights, and an aggregation methodology (Sect. 3.3).

3.1 General structure of the framework: stakeholder and driver
Based on the interviews conducted, the following aspects are necessary to build a holistic
QC ecosystem:

e Startups to accelerate innovation

e Financial support by investors and government

e Collaboration within academia, within industry and between industry and academia

e Development of QC workforce and prevention of brain-drain

e Exploration of use cases across industries

e Clear communication and expectation management

Several QC reports similarly emphasize the development of startups, public and pri-
vate investments and application potentials across different industries [2, 15, 17]. Fur-
thermore, the national strategy papers of the USA [18] and Canada [19] highlight the
importance of (a) education and training to increase the potential future workforce, (b)
large investments to build a strong ecosystem, (c) domestic and international coopera-
tion and collaboration, (d) focusing on application and (e) ensuring security. Other in-
dices assessing the performance of new technologies at a national level, such as the
Global AI Index [20], consist of KPIs measuring similar aspects: Talent, infrastructure,
startup activity, investments, governmental commitment, and research and develop-
ment.

To structure these insights, we defined two dimensions to build the framework: Stake-
holders and drivers. Stakeholders are those who primarily influence progress in applying
QC. Drivers explain how the respective stakeholders can contribute. Based on our ex-
pert interviews and literature research we identified five stakeholders and eight drivers
of importance for the application of QC (see Table 1). We allocated all 60 KPI ideas that
resulted from the interviews and further research to these two categories, whereby one

KPI can belong to multiple stakeholders and multiple drivers.

3.2 The 24 KPIs of the framework
We defined several criteria to select the right KPIs for the framework out of the long list
of generated KPI ideas. A KPI of high quality has to fulfill several criteria [20-24], which
are summarized in Fig. 2 and explained in the following:
o Simple: All KPIs are easy understandable and applicable through their naming,
description, and measurement instructions.
o Measurable: All KPIs have a precisely defined measurement guideline. The precise
definition supports the interpretability of the KPI and keeps the manipulability of the
KPI low. Accessibility to the required data is a prerequisite and is guaranteed to an

audience as broad as possible in order to achieve high transparency.
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Table 1 Stakeholder and driver to structure the KPI framework

Industry Corporates, small and mid-size enterprises (SME), startups

and industry consortia

c +. | Academia Institutions concerned with the pursuit of research and

S « ﬁ' education (e.g., universities, research and technology

S| 2| 8 organizations)

7& < 2 | Government Governmental bodies and institutions (e.g., ministry of

© (% science, ministry of economics, ...)

g Investors Venture Capital and individuals who offer financial support

g’ Society People living in the country

2 Strategy Structure, guidance and security through strategic planning

g Funding Financial support

g Collaboration Knowledge exchange or shared assets

‘g N _ | Innovation New methods, products, applications etc.

& H .“;’ Workforce QC skills and experience and their availability

jo))

-% T e Education Raise of potential talents

g Hardware Development or application of QC hardware and enabling
technologies

Software Development or application of QC software and enabling

technologies

@ High quality KPI

[ I I I I 1
@, Simple Measurable Relevant @ Relatable e Actionable Unique
[22,23,24] [21,22,23,24] [20,21,22,24) [20,23,24) F-URN (23 24] [21,23]

Figure 2 Criteria for high quality KPIs

e Relevant: All KPIs serve the objective of the QC KPI framework, to contribute to
representing a country’s performance in applying QC. We conducted expert
interviews to assess the relevance of the respective KPIs.

e Relatable: All KPIs are relatable through their allocation to stakeholders (see Table 1
and Table 2). If targets are not met, it is clear who is the responsible party to approach
for improvement.

e Actionable: All KPIs are actionable through their relatability to stakeholders.

e Unique: All KPIs are unique, as they capture different aspects of the QC ecosystem.
We discussed correlation and similarity between KPIs with experts when choosing the
final KPIs.

We identified 24 KPIs that meet all of the above criteria. The final KPIs are summarized
in Table 2, including a short description, the corresponding stakeholder and driver and
the intention of the KPI, explaining why it is relevant.

We decided to normalize the KPIs by gross domestic product (GDP) or working age
population (WAP), in case the KPI depends on the country’s economic strength or pop-
ulation. We thus focus our assessment on what a country should be able to achieve. For
example, if a country is assessing its availability of people with QC skills, the values nor-
malized by WAP provide a better measure for comparison with other countries than the
non-normalized values. However, if the KPI-framework is used to identify the absolute
best performing country or to rank countries by their absolute performance, KPI values
should not be normalized by GDP or WAP. For some KPIs we assume no correlation to
GDP or WAP. Those are not normalized and include ratios (KPIs: Industry representation;
National participation; Workforce attrition; QC excellence clusters; Collaboration fund-

ing; High-school curriculum), durations (KPIs: Hiring duration; Political support horizon)
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Figure 3 Coverage of stakeholders and drivers by the 24 KPIs of the QC KPI framework. Please note that some
KPIs have been assigned to more than one stakeholder and driver

qualitative KPIs (KPI: Society’s sentiment) and the KPIs ‘Reach of associations’ and ‘Na-
tional strategy’

In Fig. 3, we illustrated the allocation of all KPIs to their stakeholders and drivers. Some
KPIs have been assigned to more than one stakeholder and driver. It can be seen that
the KPIs cover all identified stakeholders and drivers (see Sect. 3.1) that are important in
the QC ecosystem. Furthermore, Fig. 3 highlights the main drivers for each stakeholder.
For example, government contributes to the progress of applying QC primarily by pro-
viding strategy, funding, education and enabling collaboration. The application focus of
the framework becomes clear when looking at the driver “hardware” that is only cov-
ered by industry. This indicates that we did not develop specific KPIs related to hardware
development, as otherwise industry, but especially academia, would be increasingly in-
volved in the KPI framework. We did not leave out the driver hardware completely, as
some KPIs (QC companies; QC startups) cover hardware and software equally. Further-
more, this leaves open the possibility of adding additional hardware focused KPIs in fu-
ture.

3.3 Definition of data sources

To meet the criterion measurability (see Sect. 3.2), it is necessary to define explicit data
sources for each KPI. Explicit data sources ensure transparency and reproducibility of the
KPIs. For the determination of the data sources we have defined the following criteria:
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e Relevancy: The data source needs to fit the intention of the KPIL.

e High accessibility: Publicly accessible data sources are preferred. If there is no publicly
accessible data source, software commonly used by companies in Germany is selected
as the data source.

e Durability: Only those data sources are considered that experts estimate will be
available in at least the next three years.

Data sources should not be changed over time to ensure comparability of KPI values,

which were collected at different points in time, and to enable measurement of progress.

3.4 Aggregation methodology
In order to condense the information, we have used an aggregation method to combine
all KPIs into a single composite indicator. This simplifies the interpretation of the KPIs
and helps to assess a country’s progress over time [26]. This is the key for further discus-
sions and the derivation of needs for action. In the following, we introduce the aggregation
method used, which consists of three steps: Normalization with defined targets values,
weighting according to impact and data quality and calculation of the composite indica-
tors (see Fig. 4).

Step 1: Normalization with defined target values

Normalization is required because the KPIs have different measurement units [26]. As
we normalize the KPIs by using target values as reference, we explain how to set targets for
each KPI before introducing the normalization formulas. Targets ensure that KPIs can be
acted upon: Deviations from the target value can be analyzed in order to derive the need
for action. If the framework is used to compare the performance of different countries,
all target values should be set at the value of the best performing country. In this way,
it is possible to determine which stakeholders or drivers have potential for improvement
compared to other countries. If data for other countries is either not available, resource-
intensive to gather or a country wants to set itself individual targets, target values can be
set independently from the performance of other countries.

We identified the target values for Germany in three different ways, based on:

e Recommendations from experts (REX)

e Comparison with achievements in the field of artificial intelligence (CAI)

e Comparison with achievements in the field of QC with other countries (CC)

Countries that are considered as benchmark are USA, CA, Japan (JP) and UK, as they
are currently leading in the field of QC [17]. Therefore, their performance is taken into

v Step 2: Weighting Step 3: Calculation of composite indicators
ep 1: - 5
KPIs }> Normaﬁzation >> Impact Data quality }> Stakeholder (SH) Driver (D) National
w; Wy score score score
o o : : |‘ ¥ Weighted KPIs per SH(or D)
Target value < "3 Weights per SH(or D)
@ @ x(® + @)
@ @ . ® ® industry Strategy
() ) ® o © Academia Funding Y Weighted KPIs
: H H : Government () Coliabaration — X Weights
o [ 4 Investors O Education
o ® @ society Q Softwaro Country
£ ® ) ® (O Hardware
24 KPIs 24 normalized KPIs 24 weights 24 weights Q Inncyation
5 stakeholders 5 stakeholders for impact for data quality \) Workforce
8 drivers 8 drivers
Numerical values Numerical values 5 values 8 values 1 value
in range [0,1] in range [0,1] in range [0,1] in range [0,1]
Figure 4 Aggregation method
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Table 3 Normalization formulas (CV = Current KPl value; TV = Target KPI value)

Target type Condition Normalization formula
Exact: cv
Achieve target value exactly VTV KPlyorm = v
TV
cV>TV KPlyorm = o
Minimum: cv
Achieve at least the target value VTV KPlyorm = v
cvV>TV KPlyorm = 1
Maximum: v
Achieve a KP!I value lower than the V=TV KPlorm = =;
target value
cV<TV KPlypym = 1

consideration when determining target values based on CC. China, as one of the leading
countries in QC, is not included as comparison country because China’s activities and
progress in the field of QC is not disclosed transparently.

To normalize the KPIs we have chosen the ‘distance from the group leader’ [21] nor-
malization method, since the KPI framework should clearly describe the deviation of the
actual state from the defined target state. For the QC KPI framework, the ‘group leader’ is
the defined target value. If the defined target is achieved, the normalized KPI has a value
of 1. Depending on the target type, we applied different formulas, as shown in Table 3, to
calculate the normalized KPI value.

Step 2: Weighting

We have weighted all KPIs according to two aspects: Their ‘impact’ w; on the progress
of applying QC and the ‘data quality’ w, of their underlying data source. We have chosen
those two weighting factors to reflect the contribution of each KPI to an overall com-
posite indicator and the quality of the underlying data source. KPI weights are also used
for aggregation to the Global AI Index [20] and proposed by M. Freudenberg [21]. Both
weighting values, ‘impact’ and ‘data quality, are set to values between 1 and 3, whereby
1 indicates low and 3 high impact or data quality. We have set clear criteria for the defi-
nition of the weighting factors, to ensure transparency, comparability and to reduce bias
(see Table 4). The criteria for ‘impact’ resulted from discussions with experts. To assess
‘data quality, we used the 16 dimensions of data quality by L. L. Pipino et al. [27] as a basis.
The dimensions relevancy, accessibility, understandability and interpretability are already
a prerequisite for the choice of the data source (see Sect. 3.3: Definition of data sources).
We condensed the remaining 12 dimensions to four: Believability (including the aspects
of ease of manipulation, free-of-error, objectivity, reputation and security), completeness,
timeliness, and value-added (including the aspects of concise and consistent representa-
tion because a lack in conciseness and consistency reduces the added value of the KPI).
Amount of data was not considered, as for our use it is relevant only that the data source
is complete.

After normalizing and defining weighting factors, the KPIs are multiplied by the sum
of their weights, as shown in formula (1). This is how we take into account the respective
‘impact’ and ‘data quality’ values of each KPI.

KPInorm,weighted = KPInorm * (Wi + Wd) (1)
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Table 4 Criteria to define the values of the weighting factors

Score

Impact w;

Data quality wy

1

o Indirect impact on bringing QC into
application

Lack in detail of the KPI by neglecting
different aspects that influence the KPI

The data source lacks in 2 or more of the

following criteria:

* Believability: Data source is credible, not
easy to manipulate, having low number of
errors, objective, has reputation and is
secure.

e Completeness: In the data set the needed
data points are given

o Timeliness: Data source is kept up to date

¢ Value-Added: Data has sufficient granularity
to provide insights

Contribution to the progress of bringing QC
into application

Low influence on other stakeholders and
activities in the field of QC

Restrictions in the level of detail of the KPI

The data source meets at least 3 out of 4 of the
following criteria:

o Believability

o Completeness

e Timeliness

¢ Value-Added

Direct impact on bringing QC into application
High influence on other stakeholders and
activities and their contribution to bringing QC
into application

Prerequisite to enable progress in the field of

The data source meets all of the 4 criteria:
* Believability

e Completeness

e Timeliness

¢ Value-Added

QC

Step 3: Calculation of composite indicators

We determine three different types of composite indicators: Stakeholder scores (SHgcore),
driver scores (Dscore) and the national score. The stakeholder score represents a stake-
holder’s performance in applying QC. The driver score shows the strength of a country in
certain activities contributing to the application of QC. The national score is the overall
composite indicator that reflects the country’s performance in applying QC. A stakeholder
score is calculated by adding all weighted KPIs assigned to one stakeholder, divided by the
sum of the weights of these KPIs (see formula (2)).

Number of KPIs per SH SH
Zn:l KPInorm,weighted,n (2)

SHiscore = Number of KPIs per SH

5 (Wi, + wa,)
In the same way, the driver score is calculated for each driver:

Number of KPIs per D D
Zn:l KPInorm,weighted,n (3)

Dscore = ZNumber of KPIs per D

n=1 (Wi, +wa,)
For the calculation of the national score, we consider all 24 KPIs of the framework (see
formula (4)). If KPIs are allocated to multiple stakeholder or driver, they are only consid-
ered once in the calculation of the national score to avoid a higher weighting of individual
KPIs.
Number of KPIs=24

National score = =/=1 KPlnormweightedyn

ZnNzulmber of I(PIs=24(Win ¥ de)

4 Application to Germany: results and discussion

In Sect. 4, we apply the developed KPI framework to Germany. Based on the defined data
sources, target values and weighting factors (see Table 5), we determined the KPIs for Ger-
many in October 2022 and calculated the composite indicators (see Sect. 4.1). In Sect. 4.2,

Page 17 of 28
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Table 5 Definitions for Germany and evaluation of KPIs for Germany

(2024) 11:38

Page 18 of 28

# Name Data source Target value Impact (1-3)  Data quality (1-3)  Value of KPI for
(Additional (Type of target 1 =low 1 =low Germany
information for KPI determination) 2 =medium 2=medium (October 2022)
measurement, if 3 =high 3 =high
necessary)
1 QCcompanies CapitallQ (licence 6.90%10712 2 2 142%10712
needed) [28] (CC with UK)
2 QC startups Tracxn (licence 15.57*10712 3 2 3.55%10712
needed) [29] (CC with CA)
3 Industry Members listed on 100% 2 2 87.5%
representation  QUTAC's website [30]  (REX)
and members’
websites
(We consider
represented industries
in the national
consortium QUTAC))
4 International Companies in the DAX  100% 2 3 30.8%
participation 40; members list of (REX)
QUTAC [30] and the
European Quantum
Industry Consortium
(QulC) [31]
(We consider all
companies listed in
the DAX 40 and
participating in the
following consortia:
e QUTAC
o QuIC)
5  Workforce TOP universities 100% 3 2 69.2%
attrition evaluation by QS (REX)
Quacquarelli Symonds
[32]; experience based
on Linkedin [33]
6  Experts Linkedin [33] 91.93*10°° 3 2 34.87%107°
availability (CC with CA)
7 Hiring TalentNeuron (licence 43 days 3 2 57 days
duration needed) [34] (CC with UK)
8  Secured IP7 Technologies 13.25%107° 3 2 1.97%107°
innovations GmbH [35]; (CC with CA)
Patentsight [36]
(licenses needed)
9 Reach of Linkedin [33] 15% increase 1 3 20504
associations (We consider the per year(target
following for October
organizations: 2022:16 629)
e QUTAC (REX)
o QuIC
e Quantum Valley
Lower Saxony
e Munich Quantum
Valley
e Quantum Business
Network
e Munich Center for
Quantum Science and
Technology)
10 Scientists Research.com [37] 38.93%10 2 2 34.60%107°
availability (CC with UK)
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Table 5 (Continued)

(2024) 11:38 Page 19 of 28

# Name Data source Target value Impact (1-3)  Data quality (1-3)  Value of KPI for
(Additional (Type of target 1 =low 1 =low Germany
information for KPI determination) 2 =medium 2 =medium (October 2022)
measurement, if 3 =high 3 =high
necessary)
11 QCexcellence German Research 10% 2 2 10.19%
clusters Foundation [38] (REX)
(We consider
excellence clusters
and Collaborative
Research Centers
(German: ‘Sonder-
forschungsbereiche’)
of the German
Research Foundation.)
12 Degree ‘Hochschulkompass' ~ 2.1%¥107° 2 2 047*107°
programs by German Rectors (CAI)
Conference [39]
13 Applied ‘Hochschulkompass’ ~ 1.4¥107° 2 2 0.01%107°
degree by German Rectors (CAD
programs Conference [39]
(Universities of
applied sciences are
‘Hochschulen fur
Angewandte
Wissenschaften’)
14 National German Budgetary 90%1070 3 2 91.34*107°
funding Plan [40] (REX)
15 Collaboration  German Federal 90% 3 2 53%
funding Ministry for Education  (REX)
and Research [41]
16 Political Publications of 3 years 3 3 9 years
support German government  (REX)
horizon [42]: latest QC report
by BMBF [10]
17 National Publications of 1 3 3 0.5
strategy German government  (REX)
[42]: German strategy
report by BMBF [10]
18 High-school German high school 100% 1 1 59%
curriculum curriculum [43]; (REX)
German database to
extract number of
graduating pupils [44]
(In Germany, we
consider the
curriculum of
‘Gymnasien’)
19 Startup Tracxn [29] (licence 11.36%107° 2 2 137%107°
funding needed) (CC with CA)
20 Venture capital Crunchbase [45] 569%107° 2 2 1.96%107°
and private (CC with CA)
equity
investments
21 Business Crunchbase [45] 0.36*10°° 2 2 0.13*10°°
angels’ (CC with CA)
investments
22 Meetup Meetup [46] 374.77.86*107° 1 2 61.18¥107°

groups

(CCwith CA)




Quantum Technology and Application Consortium — QUTAC et al. EP/ Quantum Technology (2024) 11:38 Page 20 of 28

Table 5 (Continued)

# Name Data source Target value Impact (1-3)  Data quality (1-3)  Value of KPI for
(Additional (Type of target 1 =low 1 =low Germany
information for KPI determination) 2 =medium 2 =medium (October 2022)
measurement, if 3 =high 3 =high
necessary)

23 Society's For Germany, we 3.00 2 1 3.07
sentiment consider the following  (REX)
TOP 5 newspapers
[471:
e 'Stiddeutsche
Zeitung'
o 'Frankfurter
Allgemeine’
o 'Handelsblatt’
e 'Die Welt'
e 'taz'
24 GitHub GitHub [48] 107.97*10° 2 2 40.88*107°°
commits (CCwith CA)

Additional information:

Annual GDP is taken from Countryecomomy [49] and WAP from OECD [50] Three types of target determination:

« Recommendation from experts (REX); « Comparison with achievements of Germany in the field of artificial intelligence
(CAI); « Comparison with achievements in the field of QC in other countries (CC); Value of best performing country, either
USA, CA, JP or UK.

we discuss the resulting values and give recommendations for potential improvements. In
addition, we indicate the limitations of the framework and provide an outlook on a pos-
sible improvement of the framework by extending it with additional KPIs (Sect. 4.3). We
conclude Sect. 4 by pointing out what to consider when applying the framework to other

countries (Sect. 4.4).

4.1 Resulting KPI values and composite indicators for Germany

For the KPI evaluation, data sources, target values, and weighting factors need to be de-
fined. For Germany, we provide these values for each KPI in Table 5. Since the weights
have to be set qualitatively, we discussed their definitions and set their final values in col-
laboration with experts. For other countries, ‘data quality’ weighting factors would need
to be reassessed if other data sources were used. For Germany, we measured all 24 KPIs
in October 2022 and summarized the values in Table 5. Figure 5 gives an overview about
the normalized KPIs.

The aggregation of all KPI values of Germany, based on a measurement performed in
October 2022 (see Table 5), results in a national score of 0.54 (range from 0 (worst) to 1
(best)). This value represents the performance of Germany in bringing QC into applica-
tion. The aggregation of the KPIs to stakeholder scores (see Fig. 6) provides additional in-
formation about the performance of the individual stakeholders. The leading stakeholder
is government with a score of 0.60. Investors have greatest potential for improvement, with
the lowest score of 0.28. In between there are academia with a score of 0.54, and society
and industry, both with a score of 0.49. We discuss the values in the Sect. 4.2.

The driver scores shown in Fig. 7 indicate which activities need more attention in Ger-
many to build a balanced QC ecosystem and accelerate bringing QC into application. In-
novation with the lowest score of 0.15 needs special attention. Hardware yield in the sec-
ond lowest score at 0.22, but interpretation must take into account the limitations of the
framework presented (see Sect. 4.3). Further improvement potential is identified for soft-
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Normalized KPI value

Figure 5 Normalized KPI values for Germany based on a KPl measurement in October 2022

Industry
1.0
0.8
0.6
Society Academia
Investors Government

B Stakeholder score

Figure 6 Stakeholder scores for Germany based on a KPI measurement in October 2022

ware with a score of 0.27 and education with a score of 0.35. For funding the driver score
results in 0.51. The best performance in Germany is seen in the field of collaboration,
workforce and strategy. For collaboration and workforce the driver score results in 0.67.
With 0.75 the highest driver score in Germany is achieved for strategic activities. Driver

scores will also be discussed in Sect. 4.2.

4.2 Discussion of improvement potentials for Germany

By analyzing the results of the KPI framework applied to Germany in October 2022 (see
individual KPI values in Table 5; normalized KPI values in Fig. 5; aggregated results of
stakeholders in Fig. 6 and drivers in Fig. 7), we are able to identify the strengths of the
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Figure 7 Driver scores for Germany based on a KPI measurement in October 2022

Table 6 Positive contributions to the German QC ecosystem and potential for improvement by
stakeholder based on calculated KPI values

Stakeholder

Positive contributions to QC ecosystem
(normalized KPI value above 0.75)

Potential for improvement
(normalized KPI value equal or below 0.75)

Government

e Providing a long-term strategy by BMBF
¢ Providing high amount of funding

¢ Increasement of funding for collaborative
research

¢ Providing a coordinated strategy by all

ministries involved in QT topics

Integration of QC topics in school

curriculum

Academia /
Government

Establishment of quantum technology
degree programs at universities and
universities of applied sciences

Academia

o Well educated and high ranked scientists
Research on QC topics in excellence
clusters

Industry /
Academia

Reach of collaborating QT associations in
social media

Increase in innovations secured by patents
Increasing the attractiveness of vacancies
Educating people to match vacancies

Industry

Broad industry representation in the
national consortium QUTAC

Participation in collaborations

Increasing the attractiveness of the QC job
market

Providing further education to existing
employees in the field of QC

Increasing number of QC startups
Application of QC in existing companies

Academia /
Industry /
Society

Collaboration and code sharing via GitHub
in the field of QC

Investors

e Support of startups through funding and
knowledge

Encouraging more business angels,
venture capital funds and private equity
firms within the investors' community to
invest in QC

Society

e Realistic communication of the potential of
QC

¢ Increasing the commitment and interest in
the field of QC

German QC ecosystem and potential for improvement. The results are summarized in

Table 6 and explained in the following.

Government is making a positive contribution to the German QC ecosystem. Publi-
cations about the strategic direction [10], as well as the financial support for QC with 2

billion euros [12] are important measures to bring QC into application. We see potential
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for improvement in the strategic alignment of the different ministries, as so far, no strate-
gic document on QT topics was published by the national government or in collaboration
between different ministries. Moreover, it could be beneficial if the share of funding for
collaborative projects involving industry were increased to ensure that the funded projects
are application-oriented. Based on information provided by the German federal ministry
for education and research (BMBF) on ongoing projects [41], 52% of BMBF funding is
currently awarded to QT projects involving at least one partner from industry.

For academia and government an aspect to focus on is the education of future employ-
ees. Both, universities and universities of applied sciences should establish QC degree pro-
grams to focus on the fundamentals and the application of this new technology. We as-
sume that this measure would increase the number of people with QC skills available for
the job market and thus lead to shorter times to fill vacancies. Additionally, fundamentals
of quantum physics and quantum mechanics should be integrated into the high school
curriculum, to provide a basic understanding of statistics, probabilities and the physics
behind QC. We see the responsibility for adapting the education system with academia
and government.

In all areas of the QC ecosystem where academia is the only stakeholder, academia is
performing well: There are already more than 1800 scientists with an H-index above 40
in Mathematics, Computer Science, Chemistry, Electronics and Electrical Engineering,
Engineering and Technology and Material Science in Germany available [37]. This number
of scientists in not dedicated to quantum related research as the used data source does not
provide the necessary details for a quantum specific evaluation. However, high-quality
and successful research in STEM field potentially attracts quantum researchers, which is
why we consider this KPI as relevant for the framework. Still, normalized by WAP, there
are less scientists with an H-index above 40 in Germany than in CA and UK. Academia
plays a crucial role in the development of hardware. When evaluating the stakeholder
academia, it should be noted that the progress of hardware development is not reflected
in the presented KPI framework (see Sect. 4.3).

High quality education in QC will lead to a larger QC community. This combined with
more attractive job opportunities will prevent people with QC experience to move abroad.
To offer attractive job opportunities for QC talents, industry needs to be involved. A
screening of the QC market shows that in Germany there are less QC companies than
in USA, CA and UK. This applies both to the absolute number of companies and to the
number of companies per GDP according to Capital IQ data. In terms of the number of
startups per GDP as reported by Crunchbase, CA and UK perform better than Germany.

One influencing factor is that, according to Crunchbase, fewer business angels, venture
capital funds and private equity firms invest in German companies than in American or
Canadian companies. Germany should focus on supporting companies in developing QC
products and services as well as using QC to improve products and services. As QC is a
new and disruptive technology, the commitment of larger companies is just as important
as the support of startups. We see the responsibility for the commitment and the support
with industry, investors and government.

Society already shows interest and engagement in QC topics, as, for example, activity in
Meetup groups and contributions via GitHub are increasing. However, compared to CA,

not even a third of the activity is seen in Germany.



Quantum Technology and Application Consortium — QUTAC et al. EP/ Quantum Technology (2024) 11:38 Page 24 of 28

The collaboration of German companies in QC topics is expandable, as only 31% of the
companies in the German stock market index DAX are represented in QUTAC or QulC,
the two most important industry consortia for QT topics in Germany and Europe. The
influence of existing QC associations is clearly visible, as the number of LinkedIn followers
of associations such as Munich Quantum Valley, Munich Center for Quantum Science and
Technology and Quantum Business Network has increased by more than 15% in the last
year.

The lack of innovation activity that can be derived from the analysis of the driver value
for innovation, reflect the fact that Germany has only 15 % of the number of patents per
WAP of CA. To achieve a leading position in QC, more attention should be paid to secur-

ing innovations.

4.3 Limitations of the framework

Various limitations of the QC KPI framework were identified both in discussions with
experts and in the application of the framework to Germany. These include limitations in
the field of hardware and missing KPIs due to lack of accessible and reliable data sources.
In addition, we discuss limitations in the interpretation of the KPIs.

No focus on hardware We developed the QC KPI framework with a focus on bringing
QC into application. Therefore, we did not focus on quantifying the progress and perfor-
mance of the QC hardware. The driver hardware is included in the framework, because
screening of QC companies is part of the framework and some of the companies are active
in QC software and hardware. When interpreting the results of the driver hardware, it has
to be taken into account that important aspects such as the performance and accessibility
of QC hardware are not represented in the KPIs. It is possible to extend the KPI framework
in the future with additional KPIs such that the progress in QC hardware development is
also covered.

Missing KPIs due to lack of accessible and reliable data sources One of the greatest chal-
lenges in developing the KPIs was defining accessible and reliable data sources to ensure
transparency and comparability of the measurements. For some relevant topics, it was not
possible to define accessible and reliable data sources and thus measurable KPIs. We have
summarized those KPIs in Table 7. As soon as it is possible to access reliable data source
for the listed KPIs, they will be included in the KPI framework.

Interpretation of KPIs  We developed the QC KPI framework with the intention of show-
ing potential improvements for the QC ecosystem of a specific country. The structure of
the framework by stakeholders and drivers clearly shows who can make a positive contri-
bution to the QC ecosystem through which activities. Since many stakeholders and activ-
ities influence each other, the results achieved must always be interpreted in the overall
context of the specific country. Additionally, it is crucial to consider the limitations of the
framework as well as the ‘data quality’ and ‘impact’ of the individual KPIs when deriving
need for action.

The defined targets of the individual KPIs should not be seen as absolute. They set the
direction and relate the current to an optimal state. However, optimizing individual KPIs
has only limited success — the entire ecosystem has to make progress. This is stated by
Goodhart’s Law: “When a measure becomes a target, it ceases to be a good measure. [51]
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Table 7 Missing KPIs in the QC KPI framework due to lack of accessible and reliable data sources

Stakeholder Driver KPI not included Intention why to include the KPl'in
future
Industry Software Number of use cases worked onand  Indicator of progress in addressing
ratio to total identified use cases QC use cases.
Economic value generated in terms Indicator of benefits generated by
of additional business value by using  the use of QC.
QC per GDP

Funding Ratio of R&D spending of large Indicator for the importance of QC to
enterprises in the area of QC to total large enterprises and the potential for
R&D spending of large enterprises progress.
per GDP

Collaboration  Ratio of SMEs participating in a Indicator of SME interest in QC and
consortium knowledge sharing.

Strategy Number of large enterprises Indicator for the active contribution
participating in the development of to the broad application if QC.
global standards per GDP
Ratio of large enterprises that havea  Indicator for the commitment of
strategy for QC large enterprises to bring QC into

application.

Workforce Ratio of QC workforce that graduated  Indicator of the attractiveness of the
in foreign country per WAP QC job market to foreigners.

Education Number of tech challenges Indicator for the raise of interest in QC

and building awareness for QC use
cases.
Industry/ Hardware/ Utilization rate of quantum Indicator for the demand for QC and
Academia Software computers the availability of hardware.
Innovation Number of publications per WAP Indicator for the progress in research
and innovation in the field of QC.
Academia Education Number of apprenticeship Indicator for the readiness of
occupations or number of application of QC and the potential
participants in these occupations per  future workforce.
WAP
Number of further education Indicator for potential future
programs provided by academia workforce in the field of QC.
Government Funding Bureaucratic burden when applying Indicator for hurdles in obtaining

for governmental funding

financial support and speed

limitations.

4.4 Application to other countries

It is possible to apply the QC KPI framework to countries other than Germany. So far,
we have only evaluated 11 of the 24 KPIs (see Table 5). For other countries as for those,
the data sources used provided the necessary data not only for Germany but also for the
analysis of the comparison countries. For the evaluation of the remaining KPIs and the
subsequent calculation of the composite indicators, for countries other than Germany,
explicit data sources would still need to be defined, as was done for Germany. The data
sources should meet the criteria mentioned in Sect. 3.3: Relevancy, high accessibility, and
durability. Furthermore, it is necessary to provide a detailed measurement guide to ensure
transparency and comparability over time. If the data sources chosen differ from those
chosen in Germany, the weighting factor for ‘data quality’ has to be reassessed.

The target values of the KPIs set for Germany can also be used for other countries as they
are normalized by GDP and WAP. By setting all target values to the KPI value of the best
performing country, it would be possible to analyze the differences between the various
countries. The strengths of each country could be identified and give insights into which

country’s activities could be applied to improve the overall QC ecosystem. The QC KPI
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framework presented in this paper would add additional value if shared among several

countries.

5 Conclusion

KPIs are an important tool for quantifying progress and deriving the need for action. Sev-
eral individual KPIs have been published for QC and its ecosystem by different organi-
zations in recent years. Many of them contain only very limited information on how to
measure the KPIs and cover only parts of the whole QC ecosystem. This leads to limita-
tions in the comparability of the measurements and actionability of the KPIs.

Therefore, we developed the presented QC KPI framework. It provides 24 clearly de-
fined KPIs to quantify QC and its ecosystem on a national level. It allows to capture the
current state of QC and its ecosystem and helps to derive need for action to bring QC into
application. Since data sources are defined for each KP], it ensures comparable measure-
ment over time and high transparency. If the KPIs are used as a standard for evaluating
country performance, there is also comparability between different countries. This would
allow direct comparison between multiple countries to identify strengths and weaknesses.
Thus, countries could use the QC KPI framework to analyze how they can improve their
QC ecosystem and accelerate bringing QC into application.

Through the application of the framework for Germany, we identified improvement po-
tential for all stakeholders. Special attention should be paid on the encouragement of in-
vestors to fund QC startups in Germany, the building of quantum workforce through ed-
ucation, the provision of a coordinated strategy by all ministries involved in QT topics
and the participation in QC collaborations to strengthen knowledge exchange. For Ger-
many, we will apply the framework on a regular basis, to track progress, reflect on ongoing

activities, react to changes and build on identified improvement potential.
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