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Abstract:

This study aims to develop a spatial-deep learning hybrid model to predict cryptocurrency returns and compare the behavior
of the Iranian and U.S. crypto markets in order to design localized trading strategies. This applied—developmental quantitative
study analyzed daily data of 32 leading cryptocurrencies from 2018 to 2024. The model architecture integrated: (1) spatial
econometrics to capture contagion and network effects; (2) advanced deep learning models such as Graph Neural Networks,
CNN-LSTM with attention, and Transformers to detect nonlinear temporal patterns; and (3) deep reinforcement learning for
trading strategy optimization. Model performance was assessed using the Diebold—Mariano test and benchmarked against
eight comparative models. The proposed spatial-deep hybrid model significantly outperformed both traditional econometric
and single-component deep learning models. In the U.S. market, on-chain metrics and technical indicators were dominant
predictors of price behavior, while in Iran, macroeconomic factors such as unofficial exchange rates and inflation played a
key role. The hybrid model achieved an annualized return of 67.89% with a Sharpe ratio of 1.89 in the U.S. and 51.23% with
a Sharpe ratio of 1.48 in Iran. By integrating spatial dependencies and nonlinear temporal dynamics, the model enhanced
both predictive accuracy and economic interpretability. The clear divergence between the two markets underscores the vital
influence of institutional and macroeconomic environments on crypto asset behavior. The results challenge the weak-form
Efficient Market Hypothesis while supporting the Adaptive Markets Hypothesis, offering a novel analytical and strategic
framework for digital asset investment.
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Extended Abstract

Introduction

In recent years, the global financial system has witnessed an unprecedented transformation driven by blockchain
technology and the rapid proliferation of cryptocurrencies (Banerjee & Khan, 2025). Cryptocurrencies, as decentralized digital
assets based on cryptographic protocols, have disrupted the conventional understanding of money, ownership, and trust by
removing financial intermediaries and relying on peer-to-peer networks (Poskart, 2022). Since the introduction of Bitcoin in
2009, the cryptocurrency market has evolved into a multi-trillion-dollar ecosystem influencing both individual and
institutional investment decisions (Kang et al., 2025). Recent empirical research has demonstrated that cryptocurrencies
serve not only as alternative payment systems but also as speculative assets and hedging instruments in diversified portfolios
(Lee, 2024).

The growing volatility and nonlinear dynamics of cryptocurrency prices have attracted increasing academic attention
across economic, behavioral, and computational domains (Koutrouli et al., 2025). Unlike traditional financial assets,
cryptocurrencies lack intrinsic value or centralized regulation, and their pricing behavior is shaped by a complex interplay
between technological innovation, investor sentiment, and macroeconomic uncertainty (Joebges et al., 2025). Consequently,
understanding and forecasting their price movements remain among the most challenging topics in financial research (He et
al., 2024). Traditional econometric models such as ARIMA, GARCH, and VAR have been applied to predict financial time series,
yet they often fail to capture the structural nonlinearity, regime-switching patterns, and contagion effects inherent in
cryptocurrency markets (Mohammad Sharifi et al., 2021; Samavi et al., 2022).

To overcome these limitations, the integration of machine learning and deep learning algorithms has emerged as a
powerful alternative. Recurrent Neural Networks (RNNs), Long Short-Term Memory (LSTM) architectures, and Gated
Recurrent Units (GRU) have proven effective in capturing sequential dependencies and temporal volatility (Dutta et al., 2020;
Sagheer et al., 2025). In particular, hybrid models combining convolutional neural networks (CNNs) with LSTM layers have
achieved superior performance in modeling complex financial patterns (Chowdhury et al., 2020). Further, ensemble learning
and transformer-based frameworks have enabled the extraction of latent nonlinear structures, significantly improving
predictive accuracy (Bouteska et al., 2024).

Alongside the computational dimension, behavioral and psychological factors also play a crucial role in cryptocurrency
price dynamics. Contrary to the Efficient Market Hypothesis (Ahadzadeh et al., 2023), multiple studies suggest that investor
decisions are frequently driven by herd behavior, emotional contagion, and media-induced expectations rather than rational
valuation (Askarzadeh & Rouhi, 2022; Shojaei & Abdolbaghi Ataabadi, 2023). In emerging markets with limited transparency
and regulatory oversight, social sentiment and search intensity have demonstrated strong predictive power for short-term
returns (Ghorbani et al., 2022; Habibi Rad & Panahi, 2021).

Additionally, cross-market interdependencies between cryptocurrencies and macroeconomic indicators have intensified.
Evidence reveals that cryptocurrency shocks can propagate across markets and geographical boundaries, leading to contagion
effects (Makarov & Schoar, 2020; Sadeqian et al., 2023). These spillover dynamics suggest the necessity of spatial econometric
approaches capable of modeling inter-asset linkages and feedback mechanisms (Rezacoli Zadeh et al., 2024). Recent studies

have highlighted that while on-chain metrics dominate pricing in developed economies, macroeconomic drivers such as
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inflation, currency depreciation, and political instability govern cryptocurrency behavior in emerging markets (El Hajj &
Farran, 2024; Goudarzi Farahani et al., 2022).

From a regulatory standpoint, cryptocurrencies embody a dual nature — as enablers of financial inclusion and as potential
threats to monetary stability (Joebges et al., 2025). In developed markets, institutional adoption and legal clarity have
enhanced liquidity and investor confidence (Dionysopoulos et al., 2024), whereas in developing nations like Iran, the absence
of regulatory frameworks, coupled with currency volatility, has rendered cryptocurrency trading a speculative and partially
substitutive financial activity (Ghamami & Alipour, 2022; Nourouzi & Shabani, 2021). Furthermore, accounting and valuation
standards for digital assets remain underdeveloped, exacerbating uncertainty in financial reporting and corporate governance
(Hosseinzadeh et al., 2022; La'l Bar & Ghasemi, 2024).

This study thus seeks to bridge these conceptual and methodological gaps by developing a spatial-deep hybrid forecasting
model to analyze cryptocurrency market behavior in Iran and the United States. By combining spatial econometric analysis
with advanced deep learning architectures and reinforcement-based trading optimization, the study aims to capture the
multidimensional dependencies underlying cryptocurrency dynamics across distinct institutional and economic contexts.

Methods and Materials

This applied—developmental study adopted a quantitative, comparative research design. Data were collected from 32
leading cryptocurrencies covering the period from 2018 to 2024. The dataset included daily price returns, macroeconomic
variables, on-chain network metrics, and market sentiment indicators derived from social media analytics and Google search
trends.

The hybrid framework consisted of three primary modules. First, spatial econometric models (Spatial Durbin and Spatial
Autoregressive models) were employed to identify contagion and network spillover effects across cryptocurrencies. Second,
deep learning architectures — including Graph Neural Networks (GNNs), CNN-LSTM hybrids with attention mechanisms, and
Transformer-based temporal encoders — were integrated to detect nonlinear temporal dependencies. Third, a deep
reinforcement learning (DRL) agent was developed to generate adaptive trading strategies based on model outputs and
reward-maximization criteria.

Model performance was benchmarked against eight comparative baselines, including ARIMA, GARCH, LSTM, GRU,
Random Forest, LightGBM, CEEMD-DL, and hybrid ARIMA-DL models. Accuracy and robustness were evaluated using Root
Mean Square Error (RMSE), Mean Absolute Percentage Error (MAPE), R-squared, and the Diebold—Mariano test for forecast
comparison.

Findings

The empirical analysis demonstrated that the proposed spatial-deep hybrid model significantly outperformed traditional
and single-component deep learning frameworks across all evaluation metrics. The model achieved an average RMSE
reduction of 24.6% and a MAPE improvement of 31.8% relative to the strongest benchmark.

In the U.S. market, on-chain variables such as hash rate, transaction volume, and active addresses were the most influential
predictors of cryptocurrency returns. Conversely, in Iran, macroeconomic indicators — including inflation rate, exchange rate
volatility, and policy uncertainty — exerted the strongest effects on price behavior. This divergence underscores the dominant

influence of institutional and structural factors in shaping market dynamics.
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Spatial analysis revealed substantial spillover effects among major cryptocurrencies, especially within technologically
similar clusters (e.g., Ethereum, Binance Coin, and Solana). Bitcoin served as the central contagion node, transmitting volatility
across the network during market turbulence. In Iran, spillovers were predominantly mediated through macroeconomic
linkages rather than technological interconnections.

The hybrid model also generated trading strategies using the reinforcement learning module, producing an annualized
return of 67.89% (Sharpe ratio = 1.89) in the U.S. market and 51.23% (Sharpe ratio = 1.48) in the Iranian market. These results
outperformed static buy-and-hold strategies by 43% and 37%, respectively. Sensitivity analysis indicated that incorporating
sentiment indices enhanced short-term accuracy, while adding spatial contagion features improved medium-term forecast
stability.

Furthermore, the study found empirical evidence challenging the weak-form Efficient Market Hypothesis, as the model
captured consistent predictive patterns in both markets. Temporal asymmetry and volatility clustering suggested that
cryptocurrency markets operate under the Adaptive Market Hypothesis, wherein efficiency fluctuates with behavioral and
institutional factors.

Discussion and Conclusion

The findings of this research contribute to the growing literature on hybrid forecasting and the behavioral economics of
digital assets by demonstrating that cryptocurrency market behavior is governed by a combination of structural,
technological, and emotional dimensions. The superior performance of the spatial-deep hybrid model confirms that
integrating spatial econometric reasoning with nonlinear deep learning architectures can capture complex interdependencies
overlooked by traditional models. This synthesis enhances both predictive accuracy and economic interpretability, bridging
the gap between computational finance and applied econometrics.

The comparative analysis between Iran and the United States highlights how contextual factors shape the operational
logic of cryptocurrency markets. In a developed, transparent environment like the U.S., blockchain activity and investor
confidence determine price trajectories, whereas in an emerging market constrained by monetary instability,
cryptocurrencies act as inflation hedges and speculative instruments. This asymmetry reflects not merely economic
disparities but differences in trust systems, regulatory maturity, and access to international exchanges.

The behavioral component further reinforces the importance of sentiment-driven dynamics in volatile and immature
markets. In Iran, where information asymmetry prevails and institutional oversight is weak, social and emotional signals play
a disproportionately large role in influencing investment decisions. In contrast, the U.S. market exhibits adaptive efficiency,
where behavioral effects are transient and self-correcting. Such duality supports the view that cryptocurrencies do not
conform to a single efficiency paradigm but evolve according to the adaptive interaction of technology, policy, and human
psychology.

The model’s ability to identify spillover networks and contagion pathways provides novel insights into systemic risk and
market interconnectivity. Mapping the spatial dependencies among cryptocurrencies enables regulators and portfolio
managers to anticipate cross-asset shocks and develop targeted risk-mitigation strategies. In this regard, the research moves
beyond mere prediction to offer structural understanding of volatility transmission and information diffusion within crypto

ecosystems.
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From a methodological standpoint, the study demonstrates that fusing machine intelligence with spatial analytics is not
only feasible but advantageous for analyzing digital financial phenomena. The proposed framework can serve as a foundation
for future models that incorporate explainable Al (XAl) techniques, enhancing transparency and interpretability in financial
machine learning applications.

Ultimately, this research underscores that cryptocurrency markets represent adaptive, multilayered systems wherein
institutional context, collective behavior, and computational complexity intersect. Recognizing these interdependencies
allows policymakers, investors, and scholars to move beyond reductionist perspectives and toward a systemic understanding
of how digital assets function within global and local economies.
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1 Multi-Stage Predictive Analytics Hybrid Model
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