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Abstract

Technological roadmaps are essential tools for managing and planning complex projects,
especially in the rapidly evolving field of space exploration. Defined as dynamic sched-
ules, they support strategic and long-term planning while coordinating current and future
objectives with particular technology solutions. Currently, the available methodologies
are mostly built on experts” opinions and in just few cases, methodologies and tools have
been developed to support the decision makers with a rational approach. In any case,
all the available approaches are meant to draw “ideal” maturation plans. Therefore, it
is deemed essential to develop an integrate new algorithms able to decision guidelines
on “non-nominal” scenarios. In this context, Politecnico di Torino, in collaboration with
the European Space Agency (ESA) and Thales Alenia Space-Italia, developed the Tech-
nology Roadmapping Strategy (TRIS), a multi-step process designed to create robust and
data-driven roadmaps. However, one of the main concerns with its initial implementation
was that TRIS did not account for time and budget estimates specific to the space explo-
ration environment, nor was it capable of generating alternative development paths under
constrained conditions. This paper discloses two main significant updates to TRIS method-
ology: (1) improved time and budget estimation to better reflect the specific challenges of
space exploration scenarios and (2) the capability of generating alternative roadmaps, i.e.,
alternative technological maturation paths in resource-constrained scenarios, balancing
financial and temporal limitations. The application of the developed routines to available
case studies confirms the tool’s ability to provide consistent planning outputs across multi-
ple scenarios without exceeding 20% deviation from expert-based judgements available as
reference. The results demonstrate the potential of the enhanced methodology in support-
ing strategic decision making in early-phase mission planning, ensuring adaptability to
changing conditions, optimized use of time and financial resources, as well as guaranteeing
an improved flexibility of the tool. By integrating data-driven prioritization, uncertainty
modeling, and resource-constrained planning, TRIS equips mission planners with reliable
tools to navigate the complexities of space exploration projects. This methodology ensures
that roadmaps remain adaptable to changing conditions and optimized for real-world
challenges, supporting the sustainable advancement of space exploration initiatives.
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1. Introduction

Although the average individual rarely interacts directly with space, almost all as-
pects of modern economies connect to it [1]. The space economy, which encompasses all
activities and resources that contribute to human progress through the exploration, re-
search, understanding, management, and utilization of space [2], is forecast to achieve USD
1.8 trillion by 2035 in an increasingly connected and mobile world, impacting and creating
value for nearly all industries on Earth and providing solutions to many of the world’s
greatest challenges [3]. In this context, the space exploration sector has the potential to
boost future economic growth and scientific progress [4], but it comes at a time of increasing
global income and wealth inequality and unprecedented climate-driven disruption [5-8].
Research on mechanisms to encourage innovation and dynamism in space while ensuring
equitable economic benefits can help identify positive pathways for space exploration.

To realize this vision, global exploration initiatives are increasingly bringing together
stakeholders, from space agencies to private enterprises, in collaborative efforts to tackle
the challenges of expanding human presence beyond Earth [9,10]. These efforts demand
cutting-edge systems and mission architectures, capable of supporting diverse exploration
objectives, whether advancing scientific knowledge, establishing orbital infrastructures, or
enabling resource utilization. The complexity of planning such missions requires balancing
time constraints, cost considerations, and varying levels of technological readiness, factors
that can differ greatly depending on the priorities of each stakeholder.

In this context, technological roadmaps, defined as dynamic timetables created to
support near and far future long-term and strategic planning while concurrently matching
short and long-term goals with particular technological solutions, are crucial for overseeing
and planning complex space exploration projects. Despite their crucial role in support-
ing strategic decisions, technology roadmaps are usually drafted on the basis of expert
opinions [11]. However, by introducing subjective biases, political and personal interests
can compromise the efficacy of this process and result in conclusions that may not have
specific technical justification. To address the pressing need of encouraging science- and
technology-based decisions, since 2015 Politecnico di Torino has been developing a method-
ology named TRIS (Technology Roadmapping Strategy) to support the generation and
update of technology roadmap in the space domain. This methodology and tool is meant to
support the identification of enabling technologies along with the activities required to pur-
sue technology development, operational capabilities (i.e., high-level functionalities), and
building blocks (i.e., space systems, subsystems, equipment, and components), on the basis
of a well-defined performance target [11]. While several roadmapping approaches in the
literature are totally or partially based on experts’ opinion [12-17], TRIS integrates expert
knowledge within a rational, objective, and traceable framework. TRIS highlights possible
incremental paths towards the final goal thanks to the exploitation of expert knowledge,
which forms the foundation for the required inputs, in combination with common System
Engineering tools and processes and ad hoc developed tools [18-27]. In fact, even though
the approach is built on rational, objective, and traceable methodology, developed along
years of several research activities, expert knowledge remains central in guiding the tool
process, defining inputs, validating assumptions, and ensuring alignment with real-world
mission needs and constraints. TRIS has been successfully applied to variety of case studies
including space exploration, hypersonic transportation, and (re)-entry supporting experts
during brainstorming session leading to strategic decisions [20,28-32]. However, one of the
major shortcomings of TRIS remains the time and budget allocation. In this ramping-up
space economy era, it is extremely important to provide valuable evidence- and technology-
based support to strategic decisions and policy making. Additionally, assessing the impact
of real-world constraints such as limited budgets and tight timelines has become a critical
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aspect of roadmap planning. These factors can significantly influence project decisions
onto the final planning. Therefore, this paper introduces the following key enhancements
to TRIS methodology and tool:

1.  Improved Cost and Time Distribution: Time and budget resource estimation has been
improved to better suit space exploration with a focus on the evolving scenario of
lunar exploration; see Sections 3.1 and 3.2.

2. Non-Ideal Roadmaps Generation: Development of alternative technology roadmaps
to be followed in cases of constrained situations, taking into account both time and
financial limitations; see Section 3.3.

2. Technology Roadmap Methodology
2.1. Technology Roadmapping Background

According to the methodology implemented in TRIS, a technology roadmap is the
outcome of complex and interconnected activities that aim to identify, prioritize, select,
and integrate elements belonging to the following categories (referred to as technology
roadmap pillars):

1.  Operational Capabilities (OCs): High-level functions responding to a mission statement.

2. Technologies: defined as “the technical know-how that is required for the design,
manufacture and test of a space product, including all related processes” [33]. A set of
technologies within a specific technical area constitutes a Technology Domain (TD),
such as Propulsion, Structures and Mechanisms, or Thermal.

3. Building Blocks (BBs): Physical elements that combine several technologies to achieve
specific functions (OCs), such as a technology flight demonstrator.

4. Mission Concepts (MCs) or Activities (ACs): A series of research, development, and
testing activities, demonstrative missions, intended to increase the readiness level of
each technology, or BB, such as wind tunnel tests (AC) or flight missions carried out
by a demonstrator (MC).

As depicted in Figure 1, the TRIS methodology consists of five sequential steps. The
flowchart presented is the result of several years of study and iterative development, during
which TRIS has demonstrated effectiveness in supporting ESA’s technology initiatives for
hypersonic and re-entry space transportation systems [19], as well as in applications within
space exploration [22,34-36].

Improvement #2

Non ideal Road Defined Stakeholders’
. on ideal Roadmap d ; e
generation GQ rOACMAp analysis —

7

Elements
definition

“ERis

Technology Roadmapplng Strategy

Improvement #1 :
Planning Prioritization

* Refined cost distribution Oe definition Seudes
* Refined time distribution

Figure 1. TRIS flowchart.

The first step involves identifying and categorizing all stakeholders involved in the
process, as well as collecting their needs [37—-40]. The second step, Elements Definition,
focuses on defining and characterizing the key technological elements, or pillars, relevant to
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the roadmap [41]. The third step, Prioritization Study, aims to rank the technologies based
on the needs previously expressed by the stakeholders [42]. The fourth step, Planning
Definition, organizes the prioritized list of technologies and MCs along a timeline [43].
Since integration among technologies is a critical aspect of space systems, reproducing this
integration during the Planning Definition phase is essential for identifying economically
viable development paths. To achieve this, new methods for allocating budget and time
resources are introduced to enhance the accuracy of the planning algorithm. Finally, the
Results Evaluation step serves as a synthesis of the entire roadmapping process supporting
the analysis of out-of-nominal conditions and the generation of non-ideal roadmaps.

2.2. TRIS Limitation and Proposed Modification

Despite the strengths of the original TRIS methodology, several limitations have been
identified that constrain its applicability in complex, dynamic, and resource-limited de-
velopment contexts. First, the estimation of time and budget resources was derived from
limited historical datasets and simplified assumptions, reducing both the accuracy and
the adaptability of the tool across different technological domains. Second, the original
implementation was primarily designed to produce “ideal” roadmaps, assuming uncon-
strained environments, thus overlooking real-world limitations such as fixed budgets, strict
development timelines, or competing technological priorities.

To address these limitations, the present work introduces two major upgrades to the
TRIS methodology. These enhancements focus primarily on the final steps of the process, in
particular on the Planning Definition and Results Evaluation steps, where decision making
depends critically on accurate forecasting and scenario flexibility.

The first major upgrade introduces a robust, data-driven algorithm for estimating
time and budget requirements across TRL transitions. This enhancement builds upon a
significantly expanded and diversified dataset and applies trimmed statistical techniques
to mitigate the impact of outliers. As a result, the tool can now provide more reliable and
domain-sensitive forecasts for technology maturation.

In addition, the tool has been restructured to allow greater planning flexibility. In
its earlier version, as described in [18,19], TRIS required a fixed analysis period with a
common target date for all technologies to reach the same TRL, reflecting a system-wide
readiness approach. The updated version removes this limitation by enabling de-coupled
analysis: each technology can now be assigned independent start and end dates, supporting
multiple TRL transitions over custom timeframes. This allows for both tailored technology
development trajectories and continued support for integrated system-level analyses.

The second major upgrade introduces a new functionality to simulate non-ideal
or resource-constrained roadmaps. This feature enables users to assess how techno-
logical maturity may evolve under strict budgetary or temporal limitations, offering
a practical means to evaluate trade-offs and optimize development paths in realistic
programmatic conditions.

These modifications, thoroughly described in Section 3, significantly enhance the tool’s
usability and decision-support value for strategic planning in space exploration missions.

3. Technology Roadmap Improvements

The subsequent sections outline recent enhancements to the TRIS tool, which is the
primary focus of this paper. Section 3.1 presents the updated distribution of budget and
time across various TRL transits, while Section 3.2 details the comparison between the new
and the old distribution applied to a database of technologies. Section 3.3 describes the
improvement made to the Results Evaluation process.
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3.1. Cost and Time Distribution

The first major update to TRIS methodology and tool consists in an updated and
upgraded estimation algorithm for time and budget resources prediction to more accurately
address the evolving requirements of space exploration missions, as depicted in Figure 2.

Start

1

Data collection
- Literature review
- Creation of the dataset

/\

Case 1 Case 2 Case 3
Correlation development Correlation development Correlation development

1

Data processing:
- Structuring dataset
- Application of trimmed mean
- Generation of histograms

Results:
- Generation of distributions
- Validation of distributions

1

End

Figure 2. Collection and creation of time and cost distribution flowchart.

As explained in Section 2.2, to allow TRIS providing predictions on cost and time
resources needed to complete the maturation of each enabling technology, it is essential
to build robust mathematical correlations between cost and TRL as well as time and TRL.
Looking back to the historical development of TRIS, the first cost and time correlations
were built upon very scarce literature data coupled with predominantly expert sugges-
tions [19]. Then, a second budget distribution curve was defined using a semi-empirical
model, tailored on the Space Shuttle program data. Then, it was possible to complement
this cost-TRL correlation with data from the FESTIP program [44] (a European program
for hypersonic technology development) and from the Sanger project [43]. However, to
increase the robustness of the methodology and especially to understand the data vari-
ability depending on the considered technological domain, an extensive data collection
phase, including a review of various literature sources [45-51], has been conducted. This
resulted in a comprehensive dataset that includes detailed information on space exploration
technologies, their associated costs, and timelines for different TRL transits, spanning from
TRL 1 to TRL 9, and for different technological domains. Please notice that the dataset
includes not only unitary TRL transits, but also data about non-unitary transits (e.g., a
direct jump from TRL 1 to TRL 3). In these cases, non-unitary TRL transitions have been
split into unitary transits based on the budget and time distribution presented in [18,52].

Once the collection of data was completed, based on the collected information, time,
and budget allocated for the different TRL transits have been derived. To ensure robustness
and reduce the influence of outliers, trimmed values were utilized in this calculation. The
use of trimmed values involves excluding a certain percentage of the smallest and largest
data points, focusing the analysis on the central portion of the dataset. This approach
minimizes the impact of extreme values that might skew the results, such as unusually
high or low budgets or timelines driven by atypical projects or anomalies in data collection.
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Frequency

250

369

By relying on trimmed values, the derived means more accurately reflect the typical
trends for time and budget allocation across TRL transits, providing a stable and repre-
sentative baseline for further analysis. This method ensures that the subsequent roadmap
development and decision-making processes are informed by reliable, central tendencies
rather than being disproportionately influenced by outliers.

Finally, it was possible to derive mathematical correlations between cost and TRL
as well as time and TRL for various subsystems including Attitude and Orbital Control
Systems, Avionics, Electrical Power Systems, Structure, Thermal Control, Propulsion,
and Others.

Considering the heterogeneous nature of the retrieved data, three different correlation
strategies have been adopted:

e Case 1: Focused only on single-unit TRL transitions. This approach examined how
costs and time are distributed when transitioning from one TRL to the next, providing
a basic understanding of resource allocation for individual transitions. For example, a
generic technology transitioning from TRL 4 to TRL 5 required a budget of 611.07 k
EUR and 1003.34 days (note that these values correspond to the trimmed values
detailed in Figure 3).

e  Case 2: Prior distribution [18,52] has been used to re-distribute cost and time across
non-unitary TRL transitions. As already mentioned, this approach allows increasing
the dataset injecting data resulting from splitting non-unitary TRL transition into
multiple unitary TRL transitions. For instance, a generic technology transitioning
from TRL 2 to TRL 4 with a budget of 200 k EUR and 730 days was split into two
transitions. The transition from TRL 2 to TRL 3 was allocated 90 k EUR and 446 days,
while the transition from TRL 3 to TRL 4 received 111 k EUR and 284 days, based on
the distribution in Refs. [18,52].

e Case 3: The unitary distribution (from Case 1) has been used to distribute cost and
time across non-unitary TRL transitions (in the same way as Case 2).

Histogram Case 1- Budget TRL4>5 Histogram Case 1 - Time TRL 4 >5

I I Trimmed mean = 1003.34 days
I 160
I 140 I
Trimmed mean = 611.07 k€ 20 I
| %
I 5 100 I
I é"‘ 80 I
I = 60 I
40
i I
20 I I
| | [ - - o mm m _

1067 1765 2463 3161 3859 4557 5255 5953 6651 45656 639.19 S$21.81 100444 1187.06 1369.69 155231 1734.94 1917.56 2100.19
Values [k€] Values [days]

Figure 3. Example of trimmed mean values for budget and time allocation on TRL transits.

Please note that in the case some data about specific TRL transit related to a spe-
cific technology domain were not available, the mean value taken from the “TOTAL”
distribution was used.

Figure 4 provide visual representations of the various distributions created by consid-
ering the entire range of technologies mentioned above. The previous distribution models
(both for budget and time) are shown for comparison [18,52]. For clarity, Figure 4 depicts,
respectively, budget and time distribution for Case 1, Case 2, Case 3, and Prior distribution
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based on experts” opinion, allowing the reader to clearly compare the distributions with
each other.

Budget distributions
100%
@ 80%
oD
<
=
g 60%
g
(=%
g, 40%
<
=
= ,
N ‘ .
0% | = . ‘
1 2 3 4 5 6 7 8 9
TRL
Time distributions
100%
o 80%
o
oD
s
5 60%
b
D]
=¥
E 40%
=
20%
. 1k
1 2 3 < 5 6 7 8 9
TRL
B Total case 3 i Total case 1
mm Total case 2 B Prior distribution (experts)

Figure 4. Budget and time distribution.

The analysis of these figures reveals significant insights. For budget distribution, the
updated model shows that the trends are similar to those in the previous version of the tool,
identified as ‘Prior distribution’. This indicates that the general cost allocation approach
remains consistent. As already highlighted in [18], great part of development costs of
space related technology is related to TRL transits from 6 to 7 and from 7 to 8, when flight
demonstrators are designed, produced, and tested. This behavior is clearly confirmed by
the data presented in Table 1, which shows the budget distribution across TRL transitions
for each of the three cases analyzed. In addition, this is also reported in [53-55], where
it is highlighted that the biggest part of the budget dedicated to the development of a
technology will be between TRL 6 to TRL 8.

As can be noticed, time distributions demonstrate a notable change with respect to the
old regression independently from the strategy adopted to cluster and elaborate available
data (i.e., case 1, case 2, or case 3). Table 2 presents a breakdown of the time distribution
percentages, and it is evident that the new data suggests an almost linear relationship
between time and TRL. This can be explained considering that the methodology disclosed
in this paper evaluates individual technologies independently, while old algorithms were
based on aggregated data, where technologies were already integrated in system-wide
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development processes. For instance, while gathering data from the Space Shuttle program,
in the old trend, non-linear behavior can be led back to some integration effects. It is usual
that some of the most mature technologies had to be frozen in their development until
the others were mature enough to proceed with their integration and test. Conversely, the
non-aggregated data used in this paper show that, once a technology reaches a specific TRL,
it can ideally continue advancing without “waiting” for other technologies, resulting in a
more linear progression in development timelines. Therefore, thanks to this improvement,
TRIS is now capable of replicating both the system and technology development processes
thanks to different routines.

Table 1. Budget distributions.

Budget Requested to Achieve the Target TRL as Percentage of the Overall Cost at Completion

TRL Totall AOCS  Avionics EPS Other  Propulsion Structure TCS
2 3.9% 5.6% 6.1% 4.5% 14.7% 9.6% 3.6% 3.3%
3 7.5% 6.5% 10.9% 8.9% 7.9% 6.7% 7.8% 5.2%
4 9.7% 8.9% 13.5% 11.4% 9.4% 7.4% 12.3% 7.7%
5 12.3% 16.4% 16.5% 13.4% 8.3% 10.7% 9.8% 10.3%
Case 1 6 14.7% 16.5% 15.7% 9.7% 12.4% 18.2% 13.1% 15.6%
7 16.5% 16.4% 21.4% 10.6% 15.1% 16.8% 16.0% 21.1%
8 19.8% 11.1% 8.6% 23.2% 18.0% 17.1% 20.9% 20.6%
9 15.6% 18.5% 7.2% 18.3% 14.2% 13.5% 16.5% 16.3%
2 4.2% 4.8% 4.4% 2.9% 2.2% 3.8% 6.0% 3.8%
3 7.7% 8.4% 9.0% 6.9% 4.6% 4.7% 8.5% 5.8%
4 9.1% 9.6% 10.5% 9.4% 5.6% 6.0% 10.6% 6.7%
5 11.5% 14.5% 11.9% 12.5% 7.5% 12.1% 14.0% 8.2%
Case 2 6 16.7% 18.2% 16.2% 12.9% 19.5% 18.8% 24.5% 18.9%
7 18.6% 17.6% 19.5% 13.6% 26.5% 11.4% 23.3% 21.9%
8 18.1% 14.6% 17.7% 29.7% 26.2% 18.2% 6.2% 16.8%
9 14.2% 12.2% 10.7% 12.0% 7.9% 25.1% 6.9% 17.7%
2 5.5% 4.8% 4.4% 3.1% 2.4% 5.2% 6.2% 3.8%
3 8.1% 8.1% 8.9% 7.3% 5.0% 6.1% 8.6% 5.7%
4 10.1% 9.8% 10.8% 10.3% 6.4% 7.6% 11.2% 6.9%
5 13.2% 15.5% 12.8% 13.4% 8.3% 18.0% 14.9% 8.6%
Case 3 6 16.9% 17.5% 14.3% 12.4% 19.6% 19.7% 22.9% 17.1%
7 18.3% 15.2% 17.4% 13.3% 25.1% 12.9% 22.4% 20.1%
8 18.4% 14.5% 17.7% 31.9% 27.7% 23.7% 6.5% 16.8%
9 9.4% 14.4% 13.7% 8.3% 5.5% 6.8% 7.4% 21.1%
Table 2. Time distributions.
Time Requested to Achieve the Target TRL as Percentage of the Overall Time at Completion
TRL Total AOCS  Avionics EPS Other  Propulsion Structure TCS
2 2 12.9% 13.9% 14.3% 10.7% 14.7% 15.7% 15.3%
3 3 14.1% 14.0% 15.0% 14.6% 9.1% 11.7% 12.5%
4 4 12.6% 11.9% 14.0% 12.7% 12.3% 14.4% 10.0%
5 5 13.2% 12.6% 13.7% 13.5% 12.7% 13.0% 11.8%
Casel 6 6 12.7% 11.9% 12.4% 17.0% 9.5% 12.1% 11.2%
7 7 11.9% 13.6% 11.3% 8.0% 10.9% 12.0% 19.1%
8 8 11.2% 9.4% 10.8% 10.7% 12.7% 10.5% 9.9%
9 9 11.4% 12.7% 8.4% 12.7% 18.1% 10.7% 10.1%
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Table 2. Cont.
Time Requested to Achieve the Target TRL as Percentage of the Overall Time at Completion
TRL Total AOCS  Avionics EPS Other  Propulsion Structure TCS
2 2 17.0% 16.2% 17.8% 16.1% 13.0% 15.6% 15.5%
3 3 13.9% 11.7% 15.2% 13.1% 9.2% 13.1% 11.6%
4 4 11.5% 11.5% 11.9% 11.3% 9.6% 12.6% 10.0%
Case 2 5 5 9.3% 10.8% 9.1% 9.8% 7.2% 6.8% 9.7%
ase 6 6 182%  153%  192%  174%  136%  200%  17.8%
7 7 15.2% 15.5% 14.7% 12.5% 15.3% 16.9% 17.7%
8 8 8.3% 9.1% 7.2% 13.9% 15.4% 9.7% 7.7%
9 9 6.7% 10.0% 4.9% 5.9% 16.8% 5.3% 9.9%
2 2 11.2% 11.8% 14.0% 12.1% 8.9% 10.8% 11.5%
3 3 12.6% 13.0% 15.2% 13.6% 10.6% 13.8% 12.3%
4 4 12.2% 12.3% 13.6% 12.3% 9.6% 14.7% 11.6%
Case 3 5 5 13.9% 13.7% 14.1% 12.9% 10.3% 13.5% 13.5%
ase 6 6 14.4% 13.6% 13.5% 12.4% 11.3% 13.3% 15.6%
7 7 13.0% 12.5% 11.3% 11.1% 11.8% 11.2% 13.9%
8 8 11.7% 10.6% 9.5% 16.2% 16.7% 12.5% 10.2%
9 9 11.1% 12.6% 8.8% 9.4% 20.8% 10.2% 11.4%
3.2. Distribution Validation
To validate the distribution obtained and thoroughly described in Section 3.1, an
independent dataset has been utilized. This dataset, which belongs to an ESA proprietary
database and was provided to PoliTo as part of a GSTP contract [30], mainly relies on
expert assessments. Table 3 presents a summary of the percentage differences resulting
from the application of time and cost distributions. In this validation process, the total
distributions for both three cases were used. It is important to note that, concerning cost
data, only aggregate values were available, without specific breakdowns for individual
TRL transitions. The comparison was performed by applying the previously established
distribution, already validated by experts, to the CaC (Cost at Completion) model.
Table 3. Time and cost validation.
Time & Cost Validation Percentage Difference
TRL 2 3 4 5 6 7 8
Case 1 Time 2.24% 11.61% 11.34% 13.48% 11.95% 7.13%
ase Cost —5.42% ~1507%  —13.96%  —4.33% 1.86%
Case? Time 6.14% 11.66% 11.64% 15.12% 11.90% 7.11%
ase Cost ~5.91% ~14.08%  —14.99%  —7.25% 0.52%
Case 3 Time 2.22% 12.18% 11.29% 13.59% 11.72% 7.08%
ase Cost ~7.57% —1825%  —1920%  —11.04%  —3.73%

Even though a portion of the percentage differences exceeds 5%, they remain within
a 20% range, which is considered acceptable given the nature and intended use of the
methodology. This suggests that the methodology provides a reasonable approximation
of technological development patterns. Moreover, it is important to highlight that the
roadmapping methodology presented in this paper is primarily intended for use in the
early stages of a project. Rather than serving as an absolute predictive tool, it is designed
as a support system to assist stakeholders in making informed decisions and evaluating
potential development pathways. Additionally, one of the strengths of the methodology
lies in its iterative and updatable nature: as more data becomes available throughout the
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project lifecycle, the roadmap can be refined accordingly, thereby progressively reducing
uncertainty and improving accuracy. The results presented in this paper confirm the
reliability of the proposed approach, reinforcing its value as a tool for early-stage project
planning. While refinements could further enhance its accuracy, the methodology already
offers a structured framework to evaluate technological and financial feasibility with
reasonable confidence.

3.3. Post-Results Evaluation

The final enhancement focuses on generating alternative technology roadmaps tailored
to realistic scenarios where budgetary and time constraints are critical. This functionality
is crucial for navigating the complexities of space mission design, which often involve
tight financial and temporal limitations. By incorporating advanced algorithms such as
Monte Carlo Tree Search (MCTS) and Markov Decision Process (MDP), the tool provides
robust, data-driven solutions for optimizing mission planning under uncertainty. These
two algorithms were selected for their strong suitability to problems involving uncertainty
and constrained resources, as they not only optimize decision-making outcomes but also
rely on probabilistic reasoning, unlike deterministic planning methods.

MCTS is a simulation-based search method well-known for its efficiency in tackling
complex decision-making challenges in uncertain and dynamic environments. This algo-
rithm operates by constructing a tree-like structure where each node represents a potential
action, and branches illustrate the possible outcomes of these actions [56]. The strength of
MCTS lies in its ability to iteratively simulate and evaluate the value associated with differ-
ent action sequences, enabling a well-structured exploration of a wide array of potential
decision paths [56-58]. By balancing exploration (searching new options) and exploitation
(selecting the best-known paths), MCTS ultimately identifies the most promising strategies
from a vast solution space.

In a TRIS context, MCTS can efficiently analyze various planning strategies and explore
the best routes to achieve specific objectives. For instance, if the target is to reach TRL 6 for
a wide range of technologies when constrained by budgetary and time constraints, MCTS
can simulate different strategies by considering all the possible combinations, providing
diverse paths that meet the mission’s goals while optimizing time and resource use. The
algorithm’s capability to explore and evaluate complex action sequences is particularly
valuable in scenarios with numerous interdependent variables, where manual planning
would be insufficient or inefficient.

Complementing MCTS, the Markov Decision Process (MDP) serves as a key modeling
framework for sequential decision making under uncertainty. MDP models decision
problems as a series of states and actions, linked by probabilistic transitions and associated
rewards. By defining the dynamics of state transitions mathematically, MDP provides
a rigorous foundation for evaluating long-term strategies. In this setup, each decision
not only has an immediate effect but also influences future states, requiring planners to
consider both immediate outcomes and long-term repercussions. A distinctive feature of
MDPs is that the next state depends only on the current state and the selected action, not
on the path taken to reach that state, making it well suited for modeling the progressive
maturation of technologies across TRLs.

The integration of MCTS and MDP forms a powerful, dynamic decision-making
system. MCTS acts as the exploratory engine, simulating possible action sequences and
building a decision tree, while MDP provides a probabilistic assessment of state transi-
tions, guiding the evaluation of potential actions. The two algorithms work synergistically:
MCTS explores various strategies and MDP evaluates them within a structured, probabilis-
tic framework, offering a comprehensive approach to optimizing decisions in uncertain
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environments. This dynamic collaboration is commonly employed in domains where strate-
gic decision making is paramount, such as robotics, gaming, and autonomous systems, but
also in aerospace mission design [57].

Within TRIS, MCTS and MDP are seamlessly integrated to guide the exploration and
optimization of decision paths. Users can interact with the tool to specify budgetary and
temporal limitations, after which the algorithms work together to explore a wide range of
scenarios. The resulting alternative roadmaps are presented in a table and Gantt charts
format, displaying key metrics such as cost and timeline. This structured output enables
users to compare different strategies and select the most feasible roadmap that aligns with
project objectives.

This enhancement equips mission planners with a practical and powerful tool for
scenario analysis and decision making. By visualizing multiple paths and their associated
outcomes, planners can make more informed choices, balancing risks and opportunities.
The integration of MCTS and MDP provides a comprehensive framework that not only
identifies optimal strategies but also offers insights into the trade-offs between cost, time,
and mission success. As a result, TRIS supports strategic planning with a level of precision
and adaptability previously unattainable, ultimately contributing to more efficient and
reliable space mission designs.

4. Case Study

This section aims at describing the application of the upgraded TRIS methodology in
the framework of different projects, e.g., assessing the potential of a high-speed transport
vehicle to reach TRL 6 by 2036 with respect to key technological, societal and economical
aspects. In particular, to appreciate the improvements to the tool, a simulation using
STRATOFLY as a case study has been produced, as was performed in [18].

STRATOFLY

This section describes the application of the enhanced TRIS methodology within the
H2020 STRATOFLY project to evaluate the feasibility of achieving TRL 6 for a high-speed
transport vehicle by 2035, considering technological, societal, and economic factors.

The STRATOFLY MRS3 vehicle, derived from the LAPCAT MR2.4 concept, features a
waverider design with a dorsal-mounted propulsion system. It uses six Air Turbo-Rocket
engines for supersonic speeds and a Dual-Mode Ramjet for hypersonic travel. The project
emphasizes the importance of advancing the propulsion technologies, detailed in Table 4,
to meet the TRL 6 goal by 2035, as their development is critical to the vehicle’s success.

To thoroughly assess the robustness and flexibility of the upgraded TRIS methodology,
three separate simulations were performed. Each simulation leveraged one of the three
different distribution strategies developed and discussed in Section 3.1 (Case 1, Case 2, and
Case 3). This approach allowed the methodology to be tested under varying assumptions
of cost and time allocation across TRL transitions.

By running simulations with each of these strategies, it was possible to evaluate the
sensitivity of the roadmap outcomes to different modeling assumptions. The resulting
plannings were compared with the analysis performed in [18].

As can be seen from Figure 5, Figure 6, and Figure 7, which represent, respectively, the
Techs planning by applying the case 1, case 2, and case 3 distribution, the results obtained
are in line with what were the expectation of the project (i.e., TRL 6 by 2036, TRL 7 by 2043,
and TRL 8 by 2047). It is also worth noting that the values displayed inside the bars in
the figures represent the TRL transition costs in million euros (M EUR). Moreover, Table 5
provides a comparative overview of the results obtained through the new simulations
versus the original simulation presented in [18]. Specifically, the table summarizes the
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predicted dates for each TRL transition across all four simulation strategies (i.e., Original,
Case 1, Case 2, and Case 3) for each TRL interval. This comprehensive comparison enables
a direct assessment of how the new distribution models affect the expected timing of
technology maturation.

Table 4. STRATOFLY propulsion technologies.

ID Name TRL CaC [M EUR] AD2
1 Low Speed Intake Ramp Technology 6 350.27 4
2 Low Speed Intake Duct Technology 6 350.27 4
3 High Speed Intake Technology 4 350.27 5
4 2D Nozzle Technology 7 100.51 1
5 3D Nozzle Technology 4 100.51 5
6 ATR Exhaust Duct Technology 6 100.51 5
7 ATR Variable Throat Technology 6 100.51 5
8 ATR Fan Technology 6 620.15 7
9 ATR Turbines Technology 7 413.43 2
10 ATR Combustor Technology 6 620.15 5
11 Engine Controls Technology 6 413.43 5
12 DMR Injection Struts Technology 6 413.43 3
13 Scramjet Combustor Technology 6 413.43 6
14 Ramjet-Scramjet Transition Technology 4 620.15 6
15 PAC Technology 1 124.03 6
16 Isolator Technology 4 620.15 4
17 ATR Pumps Technology 6 413.43 2
18 Intake Ramps Actuators Technology 4 289.40 6
19 Variable Throat Actuators Technology 6 289.40 6
20 Engine Cooled Materials (CMC) 6 620.15 7
21 Engine Cooled Materials (Metals) 6 620.15 7
22 Engine Uncooled Materials 6 413.43 5
Table 5. Planning comparison.
ID Case [0, 11 [1, 2] [2,3] [3, 4] [4, 51 [5, 6] [6, 71 (7,81 [8,91
ORIGINAL ~ 01/06/2018 ~ 26/03/2019  26/07/2021 ~ 26/01/2025 ~ 29/08/2032  01/03/2036  04/10/2043  05/04/2047 ~ 30/12/2050
. CASE1 01/06/2018 ~ 19/08/2022  24/03/2027  03/05/2031  18/08/2035  06/10/2039  22/08/2043  15/04/2047 ~ 31/12/2050
CASE2 01/06/2018 ~ 11/12/2023  24/06/2028  27/03/2032  05/04/2035 10/03/2041  17/02/2046  28/10/2048  31/12/2050
CASE3 01/06/2018  20/01/2022  23/02/2026 ~ 12/02/2030 23/08/2034  29/04/2039  25/07/2043  16/05/2047 ~ 31/12/2050
ORIGINAL 01/06/2018 ~ 15/12/2027 ~ 01/03/2036 ~ 04/10/2043  05/04/2047 ~ 31/12/2050
51814316 CASE1 01/06/2018  12/07/2025  06/10/2039 ~ 22/08/2043  15/04/2047  31/12/2050
2SS CASE2 01/06/2018 ~ 31/08/2023  10/03/2041 17/02/2046  28/10/2048  31/12/2050
CASE3 01/06/2018  24/06/2025 29/04/2039  25/07/2043  16/05/2047  31/12/2050
8,20,21,6,7,  ORIGINAL 01/06/2018 ~ 04/10/2043  05/04/2047  31/12/2050
19,13,3,11,  CASE1 01/06/2018 ~ 22/08/2043  15/04/2047  31/12/2050
22,10,16,1,2, CASE2 31/05/2018  17/02/2046  28/10/2048  31/12/2050
12,4,17 CASE3 01/06/2018 ~ 25/07/2043  16/05/2047  31/12/2050
ORIGINAL 01/06/2018 ~ 05/04/2047  31/12/2050
19 CASE1 01/06/2018  15/04/2047  31/12/2050
’ CASE2 01/06/2018 ~ 28/10/2048  31/12/2050
CASE3 01/06/2018  16/05/2047  31/12/2050

From the data presented, it is evident that while minor variations in the predicted
dates do exist, particularly in the mid to high TRL intervals, the overall roadmap trends
remain consistent across all cases. These differences highlight the enhanced model’s
flexibility in adjusting for different data clustering strategies without compromising the
roadmap’s validity.

Importantly, Case 3 consistently yields results closest to the original simulation in
the higher TRL transitions, indicating that its underlying assumptions best replicate the
system-level roadmap derived from expert-informed logic in the earlier study. Meanwhile,
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Case 2 and Case 1 show slightly more conservative or optimistic estimates depending on
the specific TRL range.
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Figure 5. STRATOFLY Techs planning—Case 1.
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Figure 7. STRATOFLY Techs planning—Case 3.

As detailed in Section 3.3, a post-results analysis module has been defined and imple-
mented within the TRIS methodology. The purpose of this analysis is to generate alternative
“out-of-nominal” or “non-ideal” roadmaps in scenarios where critical constraints such as
limited cost and time resources are imposed on the technology development plan. This
functionality serves a dual purpose. On the one hand, it enables users to explore feasible
roadmaps that identify which technologies can realistically evolve within the defined con-
straints. On the other hand, it offers a means of verifying whether specific time and budget
constraints can be met within a given roadmap structure.

Figure 8 illustrates the results of this analysis for a test case in which two constraints
were set: all technologies must reach TRL 7 by 4 October 2043 and the total allowable
cost is EUR 11,837 million [18]. As shown in Figure 8, the analysis confirms that both
constraints are satisfied, indicating that the development plan remains feasible under the
specified limitations.

Casel
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Figure 8. Non-ideal roadmap (Case 1 distribution).
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5. Conclusions

This paper presents a novel methodology aimed at improving the generation and
updating of technology roadmaps by: (1) improving time and budget resources estimation
routines to better capture the peculiarities of the advancing lunar exploration scenarios
and (2) developing and implementing algorithms supporting the generation of alterna-
tive non-ideal technology roadmaps for constrained budget scenarios, with time and
financial limitations.

The enhanced time and budget distribution make possible the improvement of the
planning routines for better fitting the space exploration scenario. By developing and
applying various analytical methods, including unitary and non-unitary distributions for
TRL transits, the tool provides a more accurate assessment of resource requirements. Vali-
dation against an independent expert-based ESA dataset showed that deviations between
estimated and reference values remained within 20%, confirming the robustness of the
approach since the early-stage assessments. This capability is crucial for managing complex
space missions where budget and schedule constraints are crucial.

Eventually, the implementation of MCTS and MDP algorithms enables the genera-
tion of alternative technology roadmaps within constrained budgets and timelines. This
methodology demonstrated the ability to generate mission-consistent development sched-
ule capable to meet specific cost and time targets such as reaching TRL 7 by 2043 within a
budget of EUR 11.837 million, as confirmed in the STRATOFLY case study. Moreover, this
combination enhances the tool’s ability to identify optimal or near-optimal solutions for
complex aerospace missions.

The advancements presented in this paper have broad implications for future
aerospace missions. By providing a more structured and data-driven approach to technol-
ogy roadmapping and schedule evaluation, the toolset enables stakeholders to make more
informed decisions, optimize resource allocation, and better manage risks.

While the toolset has demonstrated promising capabilities, several areas for future
research and development exist:

e  Refinement of Algorithms: Continued refinement and testing of the algorithms, in-
cluding Al ones, could improve their performance and applicability to a broader range
of aerospace mission scenarios.

e Integration with Additional Systems: Exploring the integration of the toolset with
other aerospace systems and tools could provide additional insights and enhance its
utility across various stages of mission planning and execution.

In conclusion, the proposed methodology and toolset offer a comprehensive solution
for advancing aerospace mission design. Although no results have been presented in
this paper, the authors are envisioning to validate the methodology developed on a wide
set of case studies including lunar lander, crew vehicles, and habitable modules. The
ongoing refinement and expansion of these capabilities will continue to drive innovation
and efficiency in the aerospace industry.
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Abbreviations

The following abbreviations are used in this manuscript:

AC Activity

BB Building Block

CaC Cost at Completion

ocC Operational Capability

MC Mission Concept

MCTS Monte Carlo Tree Search

MDP  Markov Decision Process

TA Technology Area

TRIS Technology Roadmapping Strategy
TRL Technology Readiness Level
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