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BACKGROUND AND OBIJECTIVES: Variable annuities have become a popular tool in retirement
planning due to their attractive guarantees. These insurance products offer a reliable, steady income stream,
not only aiding in financial stability during retirement but also enhancing mental well-being and overall
quality of life by enhancing financial security and reducing anxiety. Variable annuities, offered by
insurance companies, are tax-deferred retirement products designed to help individuals navigate the
challenges of preserving the long-term value of their assets amid economic volatility, inflation, and
uncertainty. However, the risk management of these products, which requires precise, up-to-date, and
frequent valuation, poses a significant computational challenge for insurance companies, especially in large
portfolios. Today, common and traditional methods such as Monte Carlo simulation, are often inefficient
for risk management. of these products due to their time-consuming nature. In recent years, with the
emergence of modern technologies such as meta-modeling methods as a solution to these challenges, they
have been proposed, but unfortunately, limited research has focused on increasing the adaptability and
intelligence of these secondary models when facing changing data. In this regard, to address this challenge,
the main objective of this study is to improve the adaptability and intelligence of meta-models by
developing an intelligent meta-model based on artificial intelligence that can value large variable annuity
portfolios more quickly and accurately. As a result, this would enable better responsiveness to ongoing
market developments and portfolio structure changes.

METHODS: In this study, to address data changes, we need to improve the adaptability and intelligence
of meta-models, which will consequently improve their responsiveness to ongoing developments in the
market and portfolio structure. This improvement is achieved through the development of methods for
intelligently determining the number of representative contracts, optimally selecting a subset of contracts,
and choosing the most accurate underlying valuation models. For this purpose, a suite of models and
methods will be evaluated to assess their effectiveness and suitability in this context. Therefore, the
methodology of this research involves the design and implementation of an intelligent meta-model, whose
performance is evaluated using five well-known machine learning models from among machine learning
models and according to the evaluation criteria commonly used in these methods. The main emphasis of
the proposed approach in this study is on improving model accuracy through innovative approaches in data
preprocessing and effective sampling, enabling the models so that the chosen models can generalize
complex patterns to new data rather than merely memorizing them. These evaluations are conducted using
standard metrics, and ultimately, the integration of these elements into an intelligent system aims to provide
a final validation of the potential of artificial intelligence in this field.

FINDINGS: The results of this study confirm the effectiveness of artificial intelligence in enhancing the
meta-models for valuing variable annuities. The final meta-model obtained from the proposed approach
demonstrated highly accurate performance according to standard metrics, indicating the model’s ability to
cope with the valuation complexities of large insurance portfolios. The key factors of this success include
the high importance of data preprocessing, targeted sampling, and the selection of efficient machine
learning models as representative models. The results indicate that although increasing the size of the
dataset for the meta-model may not necessarily improve prediction accuracy and efficiency, the use of
optimization algorithms for selecting and tuning the model’s parameters can significantly improve
performance. Therefore, the findings emphasize the important role of parameter optimization over merely
increasing the training data size in enhancing the final model’s accuracy and efficiency in prediction.
CONCLUSION: This research focuses on intelligent enhancement of meta-models through artificial
intelligence to transform variable annuity portfolio management. The main finding of this study is a
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significant improvement in the quality and accuracy of the obtained results in valuation and risk
management of the large portfolios of variable annuities in insurance industry. For this, by integrating
precise and reliable methodologies into the proposed meta-model structure, enabling insurance companies
to manage their portfolios of variable annuities with greater confidence and provide better service to
policyholders. These results not only enhance the credibility and significant rolls of novel approach of
artificial intelligence applications in the insurance industry but also offer practical insights for companies
to develop stronger and more adaptable valuation and risk management models in the face of the financial
complexities inherent in variable annuities.
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Table 1. Variable Values used for Generating the Synthetic Portfolio
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Table 5. Parameters and Search Ranges for RF Model

[E S KPR E ol pb
50, 100, 300, 450, 500, 700 n_estimators
2,5, 10, 10, 20, 30 max_depth
2,5 min_samples_split
1,2 min_samples_leaf

KNN JM LS')” > 009d5w g L‘b).uc‘)b i JsJ}

Table 6. Parameters and Search Ranges for KNN Model

9y 039U byl pb
2, 10, 20, 50 n_neighbors
2,5,10 leaf size
1,2 p
distance, uniform weights
minkowski metric
auto, ball_tree, kd_tree, brute algorithm

27 Random Forest

28 Decision Tree

25 K-Nearest Neighbor

30 Support Vector Machine

31 Gradient Boosting Regression Trees
32 Long Short Term Memory
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Table 7. Parameters and Search Ranges for GBRT Model

§Fin> 03900 yolyb ob
10, 20, 50, 100, 200, 250, 300 n_estimators
4,8,10 max_depth
2,5 min_samples_split
0.1, 0.01, 0.001 learning rate

DT J..\A Lg‘)" W 03947 g Lb).o...a‘)La A de.}

Table 8. Parameters and Search Ranges for DT.Model

97 03950 ol g
2,3,5,7,10, 20, 30, 40, 50, 100 max_depth
2,5,7,10 min_samples_split
1,2,57,10 min_samples_leaf
sgrt, auto max_features
absolute_error, friedman_mse criterion

LSTM Jos' &l goin 80998t g o el b .8 Jgo

Table 9. Parameters.and Search Ranges for LSTM Model

9 039450 ol pb
50, 100, 150, 200 Units
3,4,5 Number of Layers
16, 32, 64 Batch Size
20, 50 Epochs

SVR JJA LS‘)’ PN S RTRC N Lh).uo‘)La AR Jsd.>

Table 10. Parameters and Search Ranges for SVR Model

D ] ol pb
0.1,1 C
0.01,0.1,0.5 epsilon
1,10 max_iter
poly, rbf, sigmoid kernel
scale, auto gamma
True, False shrinking
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Table 11. Training Times for Different Models
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Table 12. Ranges of Evaluation Metrics based on Expertise
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Ryag(Meanyag, ) ={1,  Meanyag, . €[0,31.421],0, Meanyg,, & [0,31.421],
Rysg(Meanysg, ) ={1, Meanysg, . €[0,3278.5],0, Meanysg, , € [0,3278.5],
Ryg(Meanyg ) ={1, Meanyg , €[-2.213,2213],0, Meanyg_, & [-2.213,2.213],

Rgz(Meange ) ={1, Meang € [0.84,1],0, Meang: ¢ [0.84,1].
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Table 13. Average and Ranking of Evaluation Metrics for the DT Model

RANKodel  Rpg2 Ry Ruse | Rmae R2 ME MSE MAE A.c; j:u
0 0 0 0 0 0.81 7.08 | 482539 | 3508 | TrainCl
2 1 0 0 1 087 | 234 | 341035 | 28.08 | TrainC2
0 0 0 0 0 030 | -755 |17992.21 | 63.93. | TrainC3
0 0 0 0 0 0.84 402 | 424093 |~32.74 | TrainC4
3 1 1 0 1 0.86 146 | 390155 | 27.93 | TrainCs*
8 1 0 1 1 089 | -221 [n277054 | 29.97 | TrainR1*
1 0 1 0 0 0.77 1.95 | 586557 | 36.19 | TrainR2
1 0 1 0 0 0.82 1.70, | 4775.88 | 32.18 | TrainR3
4 1 1 1 1 090 | =179/ | 254411 | 27.88 | TrainR4*
3 1 0 1 1 089 |. 297 | 289457 | 28.82 | TrainR5*
1 0 1 0 0 0.79 1.78 | 542820 | 37.48 | TrainSl
2 1 1 0 0 0.85 | 149 | 3966.09 | 31.75 | 1rainS2
4 1 1 1 1 0.89 -0.93 | 2967.75 | 27.58 | TrainS3*
4 1 1 1 1 089 | 0.75 | 2938.26 | 29.07 | TrainS4*
4 1 1 1 1 091 | -009 | 226351 | 27.13 | TrainS5*
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Table 14. Average and Ranking of Evaluation Metrics forthe RF. Model

233,S oolaill ouls ganda s b Bolay (g S aises 5l onds

RANK ozl Rg2 Rue | Rmse | Rmak R? ME MSE | MAE “;jff"
2 1 0 0 1 0.93 321 | 1871.86 | 27.60 | TrainCl
3 1 1 0 095 | 0.061 | 121115 | 21.94 | TrainC2*
0 0 0 0 0 0.71 9.18 | 7467.67 | 43.38 | TrainC3
3 1 1 0 1 094 | -045 | 1590.08 | 25.36 | TrainC4*
3 1 1 0 1 095 | -1.08 | 1204.33 | 21.34 | TrainC5*
2 1 0 0 1 091 | -349 |[3220.17 | 27.10 | TrainR1
3 1 1 0 1 093 | -1.27 | 1880.46 | 24.95 | TrainR2*
3 1 1 0 1 094 | -1.63 | 1598.86 | 32.72 | TrainR3*
2 1 0 0 1 094 | -253 | 1517.28 | 23.01 | TrainR4
2 1 0 0 1 093 | -2.47 | 176751 | 2356 | TrainR5
3 1 1 0 1 0.92 0.87 | 2028.88 | 26.89 | TrainS1*
3 1 1 0 1 0.95 0.99 | 1379.29 | 2257 | TrainS2*
3 1 1 0 1 095 | 0925 | 1288.99 | 21.74 | TrainS3*
3 1 1 0 1 0.95 0.32 | 1305.84 | 22.02 | TrainS4*
3 1 1 0 1 095 | -0.03 | 129276 | 21.67 | TrainS5*
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Table 15. Average and Ranking of Evaluation Metrics for.the KNN Model

RANK odel  Rg2 Rye | Rmse | Rmae R2 ME MSE | MAE “jf"
3 1 0 1 1 091 .| -344 | 212771 | 2760 | TrainC1*
3 1 0 040 | =254 | 153557 | 23.15 | TrainC2*
0 0 0 0 0 064 [ 843 | 906496 | 49.96 | TrainC3
3 1 0 1 1 092 | -446 | 203582 | 2650 | TrainC4*
3 1 0 1 1 094 | -3.66 | 1567.96 | 23.15 | TrainC5*
3 1 0 1 1 088 | -424 | 288821 | 30.03 | TrainRLl*
3 1 0 1 1 091 | -446 | 221296 | 2599 | TrainR2*
4 1 1 1 1 093 | -2.16 | 1826.70 | 24.47 | TrainR3*
3 1 0 1 1 094 | -2.72 | 1487.79 | 2250 | TrainR4*
3 1 0 1 1 093 | -3.15 | 182331 | 23.31 | TrainR5*
3 1 0 1 1 091 | -340 | 2390.96 | 28.63 | TrainS1*
3 1 0 1 1 094 | -2.67 | 1619.19 | 24.07 | TrainS2*
3 1 0 1 1 094 | -2.33 | 141917 | 22.74 | TrainS3*
4 1 1 1 1 093 | -1.88 | 1663.45 | 2371 | TrainS4*
4 1 1 1 1 094 | -1.71 | 1640.16 | 2353 | TrainS5*
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Table 16. Average and Ranking of Evaluation Metrics for the GBRT Model
RANK,oqel  Rg2 Ry Ruse | Rumae R? ME MSE MAE A“':f“

1 1 0 0 0 0.86 3.82 3584.07 | 34.03 TrainC1
4 1 1 1 1 0.91 0.75 2417.18 | 28.64 |TrainC2*
0 0 0 0 0 0.55 -7.03 1147.79/| 54.07 TrainC3
2 1 1 0 0 0.87 2.16 3465.58 | 33.08 TrainC4
4 1 1 1 1 0.90 -0.25 . 1€2482.01 | 29.00 | TrainC5*
1 1 0 0 0 0.87 -5.48 | 3288.52 | 31.63 TrainR1
2 1 1 0 0 0.86 0.72 3687.64 | 33.62 TrainR2
4 1 1 1 1 0.90 0.09 2676.92 | 29.74 | TrainR3*
3 1 0 1 1 0.91 -3.17 2410.37 | 28.54 | TrainR4*
3 1 0 1 1 0.88 -2.29 2901.18 | 29.55 | TrainR5*
3 1 1 1 0 0.88 -0.04 | 3010.10 | 32.23 | TrainS1*
4 1 1 1 1 0.90 1.93 2688.76 | 30.20 | TrainS2*
4 1 1 1 1 0.90 -0.77 2590.62 | 29.34 | TrainS3*
4 1 1 1 1 0.90 0.62 2484.23 | 29.02 | TrainS4*
4 1 1 1 1 0.90 -0.05 | 2601.89 | 29.36 | TrainS5*

SVR Jae b3yl 5 Jelos
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i dae syl sl lons 5o 5T azgs BB g0 ,Shae BISE Sy «GBRT 5« KNN.RFDT aiile ¢ 35551 claJow L SVR
Siad ol el LIl el SVR Jos oyl iy s so e il o 1, (slalimde b8 35k 5 sl SVR ot 31y il yo 4y o235l
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Table 17. Average and Ranking of Evaluation Metrics for the SVR Model

RANK gl Rz Rue | Rmse | Rmag R2 ME MSE | MAE “’jf‘
0 0 0 0 0 -0.037 | -46.83 | 26680.3 | 829 | TrainCl
0 0 0 0 0 -0.03 | -50.65 | 26528.3| 81.3 | TrainC2
0 0 0 0 0 -0.05 | -40.19 | 270337 | 86.7 | TrainC3
0 0 0 0 0 025 | -45.16 | 26359.3 | 82.3" | TrainC4
0 0 0 0 0 -0.01 | -48.70 | 26209.4 | 80.9 | TrainC5
0 0 0 0 0 -0.07 | -54.34 [274422| 829 | TrainRl
0 0 0 0 0 -0.04 | -5251 | 267721811 | TrainR2
0 0 0 0 0 -0.04 | -54.04 | 268115 | 806 { TrainR3
0 0 0 0 0 -0.02 | -49.86 | 26338.8 | 81.6 | TrainR4
0 0 0 0 0 -0.02 | 47.34 | 263888 | 824 | TrainR5
0 0 0 0 0 -0.07 | -55.51 |26165.7 | 826 | TrainSl
0 0 0 0 0 -0.03 | -50.45 | 276304 | 824 | TrainS2
0 0 0 0 0 -0.04 | -53.27 | 267023 | 811 | TrainS3
0 0 0 0 0 -002° | 50.06 | 262635| 815 | TrainS4
0 0 0 0 0 001 |-46.01 | 260052 | 824 | TrainS5
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Table 18. Average and Ranking of Evaluation Metrics for the LSTM Model

RANK gl  Rpe Rug | Rmse | Rwmag R? ME MSE | MAE “jf‘
0 0 0 0 0 -0.03 464 | 26642 | 109.94 | TrainC1
1 0 1 0 0 -0.05 1.86 | 27085 | 104.30 | TrainC2
0 0 0 0 0 -0.02 | -30.53 | 26326 | 90.23 | TrainC3
0 0 0 0 0 -0.003 | 372 | 25890 | 102:63 | TrainC4
0 0 0 0 0 -0.01 242 | 26199 | 102,57 | TrainC5
0 0 0 0 0 -0.004 | -1121 | 25910 |-9658 | TrainR1
0 0 0 0 0 -0.005 | -6.71.] 25939 )| 97.26 | TrainR2
0 0 0 0 0 -0.008 | -4.12 | 26009 | 100.70 | TrainR3
0 0 0 0 0 0 416 | 25811 | 100.29 | TrainR4
1 0 1 0 0 0.006 |..-2.15 | 25627 | 100.10 | TrainR5
1 0 1 0 0 0.39 -0.94 | 15502 | 70.73 | TrainSl
0 0 0 0 0 0.44 318 | 14267 | 68.22 | TrainS2
0 0 0 0 0 0.45 411 | 13937 | 68.84 | TrainS3
0 0 0 0 0 0.46 538 | 13684 | 66.38 | TrainS4
0 0 0 0 0 0.47 533 | 13512 | 65.82 | TrainS5
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Table 19. Average Evaluation Metrics and Dataset Rankings based on Evaluation Metrics
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7.25 6 9 6 8 093 | -1.27 | 1828 | 24.60 | TrainC1
9.25 8 13 7 9 0.93 | -1.16 | 1851 | 24.81 | TrainC2
9.25 9 7 9 12 0.93 | £1.37 | 1874 | 25.06 | TrainC3

2 1 5 1 1 094 | -1.43 | 1670 | 24.00 | TrainC4*
8.50 11 8 10 5 093 | -1.32 | 1896 | 24.31 | TrainC5
8.50 10 2 11 11 093 | -1.70 | 1940 | 24.99 | TrainR1
4.75 5 3 5 6 093 | -1.50 | 1722 | 24.34 | TrainR2

5 3 11 3 3 094 | -1.26 | 1683 | 24.17 | TrainR3

4 4 4 4 4 093 | -1.45 | 1689 | 24.23 | TrainR4

3 2 6 2 2 094 | -1.41 | 1667 | 31.02 | TrainR5
13.25 13 14 13 13 0.88 | -0.49 | 3039 | 3553 | TrainS1

15 15 15 15 15 084 | -045 | 4022 | 35.95 | TrainS2

10.75 14 1 14 14 0.85 | -2.52 | 3559 | 35.17 | TrainS3
115 12 12 12 10 092 | -1.19 | 2021 | 24.97 | TrainS4

8 7 10 8 7 093 | -1.27 | 1853 | 24.41 | TrainS5
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Table 20. Evaluation Metrics for the Final Predictive Model and Its Constituent Models

ME R2 MSE MAE Joe
20.39 0.93 1959.32 24.10 RF
051 0.92 2292.72 26.36 DT
-0.31 0.93 182358 23.27 KNN
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Table 21. Evaluation Metrics for the Final Predictive Model and Comparative Models from Related Studies

Computational Time Jow
(Sec) ME R? MSE MAE
0.13 -1.68 0.84 32785 31.42 CART
2.70 -2.21 0.92 1720.72 20.33 Bagged trees
4.69 -1.31 0.94 1214.90 19.34 Gradient
boosting
0.25 -0.90 0.87 2754.85 26.54 CIT
1214.72 -1.60 0.89 2273.38 23.21 CRF
277.49 -0.81 0.86 3006.19 27.42 Ordinary kriging
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