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Abstract

Article information

Within complex systems, chaos theory demonstrates that even
simple interactions can generate highly intricate structures and
interdependent dynamics, whereby minor perturbations—
analogous to the butterfly effect—may substantially alter a
system’s trajectory. The lranian foreign exchange market
represents such a nonlinear system, in which macroeconomic
policies, geopolitical developments, and market expectations
interact to produce behaviors that cannot be adequately
explained by classical equilibrium-based frameworks. This
study applies a comprehensive suite of nonlinear dynamical
system techniques—including the Brock—Dechert-Scheinkman
(BDS) test, Lyapunov exponents, fractal dimensions, the Hurst
exponent, phase-space reconstruction, Poincaré maps,
Kolmogorov-Sinai entropy, and the zero—one test for chaos—
to examine the intrinsic dynamics of the USD-IRR exchange
rate from 2009 to 2024. The analysis seeks to identify
fundamental sources of instability and quantify the degree of
chaoticity, independently of transient external shocks or
superficial fluctuations. Comparative evaluation indicates that
chaotic intensity varies systematically across monetary policy
regimes and geopolitical contexts. Periods of heightened chaos
coincide with abrupt currency surges and institutional
uncertainty, whereas relatively stable intervals correspond to
lower entropy, moderated chaotic behavior, and greater
informational coherence. These findings offer a holistic
characterization of the market’s intrinsic complexity and
underscore the necessity of nonlinear, multi-metric analytical
frameworks for understanding exchange rate dynamics and
informing effective economic policy.
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Purpose/Aims:

This study aims to systematically investigate the chaotic and complex dynamics
of Iran’s USD-IRR exchange rate by disentangling endogenous fluctuations from
exogenous disturbances. By quantifying chaotic intensity, identifying multifractal
structures, and uncovering latent instability mechanisms, the research seeks to
deepen understanding of currency market behavior in a politically sensitive
emerging economy. Ultimately, the study aspires to generate policy-relevant
insights for designing adaptive, complexity-aware interventions that acknowledge
the irreducible uncertainty inherent in nonlinear financial systems.

Methodology & Framework:

A hybrid analytical framework integrating chaos theory with advanced nonlinear
dynamical system methods was employed. Daily USD—-IRR exchange rate data
covering 2009-2024 were analyzed using complementary quantitative metrics to
capture both temporal and structural complexity.

The BDS test was applied to detect nonlinearity and assess the adequacy of linear
stochastic specifications. Lyapunov exponents were estimated to quantify
sensitivity to infinitesimal perturbations and evaluate the presence of
deterministic chaos. Fractal dimension analysis was conducted to detect
multifractal structures, while the Hurst exponent was calculated to assess long-
range dependence. Phase-space reconstruction and Poincaré maps were used to
visualize the underlying system geometry and identify recurrent dynamic patterns.
Entropy-based measures—including Kolmogorov-Sinai entropy and permutation
entropy—were computed to quantify information production and intrinsic
disorder. Finally, the zero—one test for chaos was implemented to validate
deterministic chaotic dynamics and ensure robustness against stochastic artifacts.
This integrated methodological design enables a multidimensional assessment of
exchange rate behavior, combining dynamical, geometrical, and informational
indicators while mitigating potential biases associated with reliance on a single
technique.

Findings:

The empirical results demonstrate that the Iranian exchange rate exhibits
pronounced chaotic dynamics and substantial sensitivity to initial conditions.
Positive Lyapunov exponents (A = 0.53) indicate rapid amplification of minor
perturbations, confirming deterministic chaos. Estimated fractal dimensions (D:
~ 1.34-1.57) reveal heterogeneous multifractal structures, and the Hurst exponent
(H = 0.56-0.62) indicates persistent long-term memory.

Entropy measures reflect significant information generation, consistent with
endogenous complexity and inherent unpredictability. Comparative analysis
across distinct monetary policy regimes suggests that chaotic intensity increases
during politically turbulent or interventionist periods, coinciding with abrupt
exchange rate movements and heightened uncertainty. In contrast, relatively
stable intervals are characterized by lower entropy, moderated chaoticity, and
comparatively greater predictability.
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Discussion:

The USD-IRR exchange rate appears to be driven primarily by internal feedback
mechanisms, heterogeneous agent interactions, and nonlinear adjustment
processes rather than by exogenous shocks alone. These findings are broadly
consistent with international research documenting chaotic features in exchange
rate dynamics, while also providing context-specific insights into the structural
and institutional characteristics of Iran’s foreign exchange market.

The evidence suggests that conventional linear or equilibrium-based models
substantially underestimate the system’s complexity. Accordingly, advanced
nonlinear analytical frameworks are essential for both empirical investigation and
policy formulation in environments characterized by structural fragility and
geopolitical sensitivity.

Conclusion & Implications:

The Iranian foreign exchange market operates as a chaotic, self-organizing system
exhibiting pronounced sensitivity to initial conditions and persistent multifaceted
fluctuations. Endogenous nonlinear feedback loops play a dominant role in
shaping its evolution, thereby constraining long-term predictability.

Effective monetary and regulatory strategies must therefore adopt adaptive,
complexity-aware approaches. Such strategies may include real-time monitoring
of chaos-sensitive indicators, phase-dependent policy calibration, and entropy-
informed evaluation of market conditions. Calibrating interventions according to
observed levels of chaotic intensity—ranging from incremental adjustments
during relatively stable periods to coordinated regulatory responses during severe
turbulence—may enhance systemic resilience, mitigate risk transmission, and
support market confidence.

This study contributes both methodologically and substantively to the analysis of
exchange rate dynamics in emerging and geopolitically sensitive economies,
demonstrating that understanding and managing nonlinear complexity is
indispensable for sustaining macroeconomic stability.
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1. Phase Space Reconstruction
2. Average Mutual Information
3. False Nearest Neighbors

4. strange attractors

5. Sun et al. (2023).

6. Permutation Entropy

7. Kolmogorov-Sinai Entropy
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Table 1. Descriptive statistics of the US Dollar exchange rate in Iran’s open

market (2009-2024)
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Table 2. BDS test results for the US Dollar exchange rate time series

22.2562 44.7029 0.0000
37.2471 80.8414 0.0000
47.3368 117.0415 0.0000
54.1262 156.5537 0.0000
58.6897 201.5813 0.0000
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Largest Lyapunov Exponent (Wolf Method) vs. Embedding Dimension
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Figure 2. Variation of the largest Lyapunov exponent (Wolf algorithm) with
respect to the embedding dimension
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Table 3. Largest Lyapunov exponent estimated using the Wolf algorithm

m Lyapunov m Lyapunov m Lyapunov
Exponent Exponent Exponent

1 1.515 6 0.712 11 0.650

2 0.388 7 0.471 12 0.250

3 0.298 8 0.971 13 0.730

4 0.464 9 0.621 14 0.430

5 0.962 10 0.441 15 0.220
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Table 4. Hurst exponent (H) values estimated using the R/S and DFA methods
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False Nearest Neighbors Method for Embedding Dimension

Delayed Mutual Information for Selecting Optimal
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Figure 3. Estimation of the optimal time delay
Figure 4. Estimation of the optimal embedding dimension
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Figure 5. Phase space reconstruction for the exchange rate time series
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Figure 6. Log—plot of log C(r) versus log r with linear fitting for estimating the
correlation dimension of the entire exchange rate time series
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Table 5. Correlation dimension estimates for six exchange rate periods

SRS Correlation Dimension (D-)
1388-1390 1.1075
1390-1392 1.3321
1392-1396 1.0431
1396-1398 1.1157
1398-1400 1.0652
1400-1403 1.0281
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Table 6. Assessment of chaotic behavior in the US Dollar exchange rate using
the final K index across six periods

ok (b 0 ) 53 K-final
1388-1390 1 0.6083
1390-1392 2 0.7755
1392-1396 3 0.6789
1396-1398 4 0.6936
1398-1400 5) 0.7952
1400-1403 6 0.8068
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Table 7. Analysis of exchange rate entropy variations across six periods using
permutation entropy and Kolmogorov-Sinai entropy indices (values expressed
in bits per unit time)

ol s g K gal oS a9 A1 A 9 AT aia
1388-1390 0.9818 0.359938
1390-1392 1.5739 0.834058
1392-1396 1.3780 0.787820
1396-1398 1.4112 0.897092
1398-1400 1.5876 0.461001
1400-1403 1.4314 0.784198
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Time-Colored Poincare Map
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Figure 7. Poincaré map and recurrence patterns in the US Dollar exchange
rate time series
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Table 8. Comparative and synergistic analysis of chaos indicators in the
Iranian exchange rate: Linking monetary policies to nonlinear dynamics (2009-

2024)
STy K | sl g SaalsS 950 A (9 AT
1388-1390 0.6083 0.9818 0.3599
1390-1392 0.7755 1.5739 0.8341
1392-1396 0.6789 1.3780 0.7878
1396-1398 0.6936 14112 0.8971
1398-1400 0.7952 1.5876 0.4610
1400-1403 0.8068 1.4314 0.7842
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