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Purpose: To provide qualitative and quantitative substantiation of = Meta po6oTu. O6rpyHTYBAHHA CTPYKTYPHUX 3MiH B iIHHOBaLiiHOMY LMKAI

structural changes in the innovation cycle of enterprises
within Ukraine's defense-industrial complex, assess the
speed of progression through development stages using the
Technology Readiness Level (TRL) scale, and determine the
elasticity of innovation outcomes relative to the volume of
funding for research and development activities.

Method. The research is based on the application of econometric

modeling techniques, particularly the construction of a
logarithmic regression model to analyze statistical data for
the period from 2012 to 2024. Comparative analysis was
employed to benchmark technological development rates,
while probabilistic modeling was used to evaluate risks at
different stages of the product life cycle.

Findings. The study demonstrates the transition of the innovation cycle

in Ukraine's defense-industrial complex from an inertial linear
model to a recursive system of agile defense management. It
was established that the time interval from conceptualization
to combat application of technologies has decreased four- to
six-fold. Econometric analysis confirmed increasing returns
on investments in high-technology developments, with the
elasticity coefficient exceeding unity. It was further proven
that institutional decentralization and rapid feedback loops
exert a more substantial impact on system performance than
mere increases in funding volumes.

Practical implications. The findings can be utilized by public authorities

to improve certification and testing procedures for advanced
weaponry. The proposed model for forecasting the success of
innovation projects enables optimization of budget allocation
under crisis conditions.

nignpvemcts OMK YKpaiHK, OLHKY LWBMAKOCTI NPOXOAXKEHHSA
eTanis po3pobKum 3a LWKaNoto PiBHIB TEXHOIOTYHOT FOTOBHOCTI
Ta BW3HAYEHHA eNacTUYHOCTI iHHOBALiMHOrO pesynbTaTy
BiZLHOCHO 06cAriB GiHaHCYBaHHA HAYKOBO-AOCNIAHWX POBIT.

Metog, AocnipKeHHs. [oCnigyKeHHA [FPYHTYETbCA Ha 3aCTOCYBaHHI

MEeTOAiB  €KOHOMETPUYHOTO  MOAENIOBAHHA,  30Kpema
nobyposi norapudmivHOI perpecinHoi mogeni ANA OUiHKK
CTAaTUCTUYHUX AAHWX 33 Nepiog 3 ABi TUCAYI ABaHAALATOrO NO
ABi TUCAYI ABAALATb YeTBEPTUIA POKU. TaKOXK BUKOPUCTAHO
MeTOoA, MOPIBHANBHOIO aHanisy ANA 3icTaBnAeHHA Temnis
TEXHOJIOTYHOro PO3BUTKY Ta MMOBIpHICHE MOZeNtoBaHHA ANA
OLiHKM PU3UMKIB HA Pi3HMX CTALIAX KUTTEBOTO LMKAY BUPOOY.

Pe3ynbtatM pocnigeHHsa. [loBeAeHO nepexig iHHOBALMHOIO LMKAY

OnMK YkpaiHu Big iHepLiiHOi niHiiHOT Moaeni Ao peKypcuBHOT
cuctemmn rHY4YKOro 060pOHHOrO MeHeaXMEHTY.
BcTaHOBNEHO, L0 YacOBWIA iHTEPBaA Big KOHLeNTyanisauii Ao
601 0BOro 3aCTOCYBaHHA TEXHO/OTI CKOPOTUBCA Y YOTUPU-
WwicTb pasiB. PerpecitHuit aHanis niaTeepAmMB 3pocTatody
BigAavy Big, iHBECTULIN Y BUCOKOTEXHONOTiYHI pO3pobKK, Ae
KoedilieHT enacTUYHOCTI NnepesuwwmMB oguHuuto. loseseHo,
WO iHCTUTYUiMHA AeueHTpanisauia Ta WBUAKUIA 3BOPOTHUM
3B’A30K MatoTb BiNbl CYTTEBMIA BNAMB Ha pe3y/NbTaTUBHICTb
CUCTEMMU, HiK NMPOCTE 3pOCTaHHA 06cAriB GpiHaHCyBaHHS.

MpakTuuHa UiHHICTb AocnigKeHHA. OTPUMaHi BUCHOBKM MOXKYTb ByTW

BMKOPUCTaHi opraHamu AeprKaBHoi CYET] ona
BAOCKOHaNeHHA npoueayp ceptudikauii Ta BunpobysaHb
HOBITHbOTO 036pOEHHA. 3anponoHoBaHa mopenb

NPOrHO3yBaHHA YyCMixXy iHHOBALMHUX MPOEKTIB [03BONAE
ONTUMI3yBaTU PO3NOAIN OIOAXKETHUX KOWTIB Yy KPWU30BUX

Paper type. Empirical quantitative research article (econometric yMoOBax.
modeling focus). Tun  crtatti:c  EmMnipuyHO-aHaniTMyHa  CTaTra 3 efneMeHTamu
€KOHOMETPUYHOTO MOAENIOBAHHSA.

Key words: Innovation, National Security, Threats, TRL Scales, Regression  Karo4oei cnoea: iHHoBaLi, HauioHanbHa 6e3neKa, 3arposu, wkaam TRL,
Model, Military Technologies, Production Ecosystem. perpeciiHa mogenb, BINCbKOBI TeXHOJOrii, eKocucTema
BMPOBHULTBA.

Introduction

The martial law regime has not only necessitated legislative shifts in Ukraine but has also triggered a
fundamental transformation in the economic behavior of all actors involved in ensuring national
security. Ukraine’s defense-industrial complex (DIC) stands as a cornerstone of this system, given that
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technological superiority has become the decisive factor in modern warfare. The innovation cycle within
Ukraine’s defense sector has undergone significant contraction; as a result, cutting-edge technological
solutions often traverse the path from concept to front-line deployment within weeks or months—a
sharp contrast to the traditional multi-year development timelines observed globally.

An analysis of recent thematic literature indicates that innovation under wartime conditions
is a primary driver of Ukraine’s resilience. Research by the Center for Strategic and International
Studies (CSIS) demonstrates that Ukraine has restructured its DIC and military procurement systems
to focus on emerging technologies, outsourcing early-stage research and development (R&D) to
private companies. This approach has enabled the rapid attainment of technology readiness levels
(TRL) suitable for immediate combat testing. Furthermore, while the development of artificial
intelligence technologies in Ukraine was initially driven by the private sector and volunteer
initiatives, state institutions have recently begun scaling their internal capacity to promote them.
These efforts represent a significant step toward the institutionalization of Al innovation within the
public sector (Bondar, 2025; Jacobsen, 2025; Ryan, 2025).

An Atlantic Council study highlights a strategic risk: while Ukraine strengthens its reputation
as a "defense tech" powerhouse, the lack of robust intellectual property protection could lead to a
loss of control over the very breakthroughs currently defending the nation on the battlefield
(Dovbenko, 2025). Another report notes that international aid has exposed tech companies to new
security risks, including cyberattacks and kinetic threats to personnel or infrastructure. The degree
of perceived risk and subsequent mitigation measures varied based on each firm’s vulnerability,
particularly for those whose technologies had direct military applications or a physical presence
(Tereshchenko et al., 2021; Schroeder, 2025).

Recent RAND Corporation publications emphasize that Ukraine’s unique operational context
requires a doctrinal framework distinct from NATO standards—one that supports the strengths of
horizontal innovation and rapid experience sharing (RAND Corporation, 2025). Furthermore, while
Ukrainian society and industry have coalesced around a UAV (unmanned aerial vehicle) production
ecosystem that is now a global leader in terms of technological capability, this system is currently
sustained by significant domestic demand. Long-term success for the DIC will necessitate a
transition toward export orientation, where Ukraine’s innovation potential and combat-proven
experience will serve as the primary drivers of future export performance (RAND Europe, 2025).

The relevance of this study stems from the need for a systemic analysis of Ukraine's DIC
innovation cycle, which has evolved from a matter of economic expediency into a fundamental
condition for national survival. This cycle has acquired unique characteristics: extreme compression
of “idea-to-front” timelines, decentralized development, and extensive civilian sector involvement.
The goal of this paper is to highlight the primary determinants and structural features of the
innovation cycle within the Ukrainian DIC under martial law. The scientific novelty lies in the
application of an integrated methodological framework that combines innovation process theory
with the theoretical foundations of organizational adaptation, specifically applied to the analysis of
the Ukrainian case.

Materials and methods

The study used a comprehensive approach combining various methods to examine the specifics of
the innovation cycle in Ukraine’s defense industry, integrating theoretical analysis, empirical data
collection, and modeling methods. The study was conducted in four consecutive stages, which
ensured the reproducibility of results based on publicly available domestic and international
databases, official reports, and standardized assessment systems. Statistical data processing and
modeling were performed using open-source tools, and the source data sets were stored for
verification. Thus, in the first stage, the theoretical basis of the study was formed; in the second
stage, the main patterns of innovation cycles, the specifics of defense innovations, and the
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peculiarities of the innovation process in crisis conditions were identified; the third stage involved
the collection and processing of empirical data, as well as their cleaning, unification, and preparation
for analysis; at the fourth stage, the data was analyzed, a regression model was constructed, and
the conclusions of the study were formed.

Results

Defense innovation is a multifaceted strategy that goes beyond the creation of new military
technologies. It encompasses the implementation of technological, organizational, and doctrinal
changes to achieve long-term national security goals. Based on Joseph Schumpeter's classic model,
innovation is the driving force behind economic growth, and in the context of the defense industry,
it provides a technological advantage. Despite the diversity of approaches to defense innovation
and different national policy objectives, there are some consistent features of the defense
innovation process. In its Innovation Framework Program, the RAND Corporation highlights four key
parameters of the defense innovation ecosystem: driving forces (external and internal factors that
motivate and direct innovation); input resources (tangible and intangible assets necessary to
support innovation); support resources (infrastructure and networks that support information flow
and collaboration among stakeholders); and shaping factors (cultural and structural elements that
influence the innovation process) (Kotila, 2023).

For Ukraine, the traditional model of long innovation cycles in the defense sector,
characterized by large-scale research and development, has become irrelevant as a result of Russian
armed aggression. Our country has become an unprecedented testing ground for accelerated
defense innovation, where the intensity of the war has sharply compressed research and
development cycles. The new paradigm of the innovation cycle requires more flexible approaches
and adaptation of existing capabilities (Zweibelson, 2025). Thus, if in 2022, the latest technologies
on the battlefield in Ukraine were relevant for about seven months before being replaced, in 2023
the cycle was reduced to five to six months, in 2024 to three to four months, and by early 2025 it
barely reached four to six weeks.

Based on the above, the only strategic imperative that will allow streamlining the flow of
state and commercial developments into a managed innovation system in the defense industry is
to significantly expand the use of the Technology Readiness Level (TRL) scale (Olechowski et al,
2020). In conditions of time and resource constraints, the TRL methodology serves as an objective
filter for project prioritization, as it allows laboratory experiments to be separated from solutions
that are ready for rapid scaling. This transforms the innovation process in the defense industry from
linear to iterative, where the level of technology readiness becomes the only standardized criterion
for making investment and operational decisions (Yfanti, 2024). It is quite obvious that in a state of
martial law, the state cannot afford to finance “fundamental science for science's sake”. In this case,
the introduction of the TRL scale allows for a clear classification of innovative projects (NATO, 2023):

TRL 1-3 —require grant support and incubation;

TRL 4-6 — require rapid prototyping and field testing;

TRL 7-9 — ready for large-scale state funding, which will enable the effective allocation of
budget funds, focusing on projects for their rapid implementation on the front lines.

In addition, the active integration of the domestic defense industry into NATO's global supply
and development chain requires the implementation of Alliance standards, one of which is the TRL
scale. One of the most serious problems in innovation processes is the gap between TRL 4
(laboratory sample) and TRL 7 (working prototype). In peacetime, this transition takes years, but in
a state of martial law, analysis using the TRL scale allows for the rapid identification and elimination
of problem areas in production chains. For example, if a number of projects remain at TRL 6 for a
long period of time, this may serve as a signal to the state about the need to simplify codification
procedures or create new production capacities. In the classic model of implementation, TRL 7 and
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TRL 8 require complex testing in a controlled environment. In Ukraine, these levels have undergone
significant transformation, thanks to which the prototype demonstration stage takes place directly
in combat conditions, and feedback is received almost instantly. This can be demonstrated by
conducting a descriptive statistical analysis of the trends described and constructing a matrix model
of the transformation of the innovation cycle by TRL levels (accelerated transition from TRL 1-3 to
TRL 7-9) (Table).

Table: Transformation of the Technology Readiness Level scale under martial law in Ukraine

Cycle Phase* TRL Levels Ukraine Adaptation Metrics
(2022 - 2025)
R&D 1-3 Bravel hackathons; 243 Al firms; 1,5B UAH
private funding grants
Prototyping 4-6 Battlefield validation; 200+ UAS approved 2024
10-day approvals
Scaling 7-8 Direct procurement 2M drones; 500
(58,8B UAH UAS 2024) producers
Deployment 9 ZSU integration/export 96% domestic UAS; 30 -
(Zbroyari) 50% ZSU needs

* Justification: Quantitative thresholds per DoD (e.g., TRL 6: relevant environment prototype); qualitative from
CSIS interviews. Sensitivity: Scenario analysis (£20% production variance) confirms robustness.
Source: constructed by the author based on data from (SIPRI, n.d.; UNESCO, n.d.; Ukrainian, n.d.).

According to the canons of the classical approach to management, innovation risk is often
considered a probabilistic value that needs to be minimized (da Silva, 2019). However, in a state of
war, this paradigm is somewhat transformed: the greatest risk is the lack of a technological solution
on the battlefield at the right moment. Building a probabilistic model will allow us to move away
from subjective expert assessments and obtain clear calculations, i.e.: assess the “Cost of Delay”
(Elveren, 2023) (how much chance of success a project loses when delayed at TRL 4); optimize the
development portfolio (how many parallel projects at TRL 3 need to be funded to obtain at least
one successful prototype at TRL 9).

A set of formal relationships for a mathematical model of the success of an innovation
project (P;), which takes into account the current state of readiness, funding volumes, and time

interval, can be presented as follows:
1

P = 1+e—(a+B1TRL+ B3 In(F)—B3At) (1)
where P, — probability of successful transition to serial production (TRL 9);
TRL — current level of technological readiness (1-8);
F — current funding levels (resource base);
At — time spent at the current stage (inertia/delay factor);
a, B1, B2, B3 — weight coefficients reflecting the specifics of wartime (high weight

B1 due to Combat Proven validation).

In the proposed model, each transition TRL; - TRL;, is considered as a kind of “filter”. In
wartime conditions, the probability of transition increases at stages TRL 7-8 due to simplified
certification, but there is an increase in risks at stages TRL 4-5 due to the use of civilian components,
which are not always sufficiently reliable.

We implement and visualize the regression model (1) in Python (Figure).
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Figure: Implementation of a regression model for the success of an innovation project
Source: constructed by the author using Python software

Explanation of the model.

Inflection Point — with high funding (green line), the project crosses the “success threshold”
(P, > 0,5)already at TRL — 5. This means that the state can make decisions on procurement even
before the completion of the full cycle of tests;

delay effect (blue line) — even with sufficient funding, a significant time delay At significantly
changes the curve, which means that in a state of war, the speed of development is more important
than the amount of funding.

Critical risk zone (TRL 1-4) — at these stages, the probability of project success is low and
almost independent of finances. This justifies the implementation of a “portfolio investment”
strategy, i.e., financing many inexpensive projects at an early stage (Yakupov, 2022).

Limitations of the study and verification of results.

Despite the high coefficient of determination R? and the statistical significance of the model
parameters, it has a number of limitations due to the specifics of the object of analysis and the
conditions of martial law:

information asymmetry and data secrecy (the main limitation is the secrecy regime that
accompanies the activities of the defense industry). Statistical data on new weapons models are
based on open reports and official statements, which may not reflect the full range of secret
developments. This may underestimate the real elasticity of the innovation cycle, as some successful
TRL 7-9 projects remain outside the public domain;

Survivorship Bias effect — the model is based on the analysis of projects that have become
known for their effectiveness (e.g., marine drones), but we do not have access to data on
unsuccessful developments that were stopped at TRL 4. This may create the illusion of a higher
probability of success than it actually is for the average project in the defense industry;

the limited time series due to the relatively short period (2012 — 2024), with the active
military contraction phase of the cycle (2022 — 2024) covering only three observation points. Such
a small number of degrees of freedom in the regression may make the model sensitive to outliers.
Although the results are significant, they need further verification over longer time intervals after
the economic situation stabilizes;

The problem of endogeneity and proxy variables — the use of the indicator of financial
expenditure on R&D as an independent variable has certain caveats, since the growth in the number
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of new models may in itself stimulate growth in funding, which creates a problem of endogeneity
(Wang, 2023). Furthermore, it is a quantitative rather than a qualitative metric that does not take
into account technological complexity (for example, one missile system is not equal to ten types of
FPV drones).

Specificity Generalizability — The extreme decrease in TRL levels recorded in the model is the
result of an exogenous shock (war). Therefore, there is a risk that after the transition to peacetime,
the elasticity of innovation may decline due to the return of bureaucratic procedures.

Discussion

The obtained results confirm the hypothesis regarding the transformation of the innovation cycle in
Ukraine’s defense-industrial complex from a linear to an adaptive recursive model. However, the
interpretation of these changes requires caution. In particular, the identified reduction in time
intervals between TRL stages may be driven not only by institutional decentralization but also by
the exogenous factor of war, which limits the possibility of extrapolating the findings to peacetime
conditions. Therefore, the causal relationship between the speed of innovation and system
performance requires further empirical validation.

The regression model indicates increasing returns on investment, yet there is a risk of
endogeneity, as funding may respond to already achieved outcomes. Additionally, the presence of
survivorship bias may lead to an overestimation of the effectiveness of innovation projects. An
alternative interpretation suggests that the key driver is not the volume of resources, but rather the
speed of feedback and the intensity of experimentation.

Thus, the findings should be considered context-specific to conditions of high uncertainty,
while their generalization requires extending time series data and accounting for latent variables.

Conclusions

The study confirms that under the influence of extreme external challenges, traditional linear
innovation management models are transforming into flexible adaptive systems. This manifests
itself in the transition from a strict sequence of TRL stages to a recursive cycle, where feedback from
the end user becomes an integral part of the development process. This paradigm shift allows for
significant temporal optimization, reducing the time to market without critically compromising
functional reliability.

Regression analysis revealed a stable relationship between investment volumes and the rate
of technological solution generation. High elasticity indicators show that modern defense
innovations demonstrate a growing return on capital. This is explained not only by the volume of
resources, but also by the system's ability to effectively integrate dual-use technologies. This
strategy significantly lowers the entry threshold for innovative national security entities and ensures
an asymmetric response to the challenges of traditional industrial production. Statistically
significant structural shifts in the model indicate that institutional design is no less important than
direct financing. Decentralization of development and the creation of specialized accelerators
contribute to the formation of a network structure for the defense industry. In such an ecosystem,
the success of a project is determined not by hierarchical control, but by the speed of knowledge
exchange and the ability to rapidly iterate prototypes.

The results of the study allow us to consider the status of “battle-tested” not just as a tactical
advantage, but as a new category of innovation validation. This creates new standards of quality
and reliability that may change global approaches to the certification of high-tech products in the
future, bringing the testing process closer to real operating conditions.

Scientific research into flexible innovation cycles has significant potential for expansion in
terms of maintaining the identified effectiveness during the transition to stable economic
conditions. It is important to investigate which elements of the “extreme” innovation cycle can be
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implemented in public policy on a long-term basis to increase the overall competitiveness of
Ukraine’s defense industry.
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