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7T 2025 FERAOFRTRFAMELE R

iy BHIFETE MR | SR BHETE HETE | SR BRItk

0 0.000188 0.000176 41 0.001115 0.000366 81 0.134262 0.094501
1 0.000161 0.000137 42 0.001215 0.000403 82 0.253299 0.296672
2 0.000138 0.000110 43 0.001326 0.000444 83 0.418816 0.672054
3 0.000120 0.000095 44 0.001451 0.000493 84 0.601830 0.971259
4 0.000108 0.000086 45 0.001590 0.000549 85 0.743709 0.994827
5 0.000102 0.000079 46 0.001747 0.000613 86 0.863532 0.997293
6 0.000101 0.000076 47 0.001918 0.000683 87 0.953698 0.997755
7 0.000103 0.000076 48 0.002107 0.000757 88 0.960330 0.997909
8 0.000106 0.000080 49 0.002313 0.000835 89 0.961437 0.997979
9 0.000112 0.000087 50 0.002543 0.000922 90 0.962537 0.998046
10 0.000125 0.000097 51 0.002802 0.001017 91 0.963628 0.998108
11 0.000141 0.000106 52 0.003094 0.001124 92 0.964710 0.998167
12 0.000161 0.000115 53 0.003422 0.001244 93 0.965782 0.998222
13 0.000181 0.000122 54 0.003784 0.001381 94 0.966842 0.998273
14 0.000198 0.000126 55 0.004183 0.001536 95 0.967889 0.998322
15 0.000209 0.000129 56 0.004619 0.001712 96 0.968923 0.998367
16 0.000215 0.000130 57 0.005095 0.001912 97 0.969942 0.998410
17 0.000217 0.000130 58 0.005616 0.002138 98 0.970946 0.998450
18 0.000221 0.000128 59 0.006188 0.002395 99 0.971933 0.998487
19 0.000227 0.000127 60 0.006819 0.002688 100 0.972903 0.998522
20 0.000237 0.000127 61 0.007514 0.003026 101 0.973855 0.998555
21 0.000246 0.000130 62 0.008284 0.003413 102 0.974788 0.998586
22 0.000255 0.000134 63 0.009131 0.003854 103 0.975702 0.998615
23 0.000263 0.000139 64 0.010065 0.004352 104 0.976597 0.998642
24 0.000275 0.000140 65 0.011077 0.004918 105 0.977471 0.998667
25 0.000291 0.000142 66 0.012189 0.005567 106 0.978324 0.998690
26 0.000310 0.000146 67 0.013427 0.006327 107 0.979157 0.998712
27 0.000331 0.000153 68 0.014828 0.007220 108 0.979967 0.998733
28 0.000355 0.000163 69 0.016406 0.008264 109 0.980757 0.998752
29 0.000383 0.000172 70 0.018171 0.009477 110 0.981524 0.998770
30 0.000417 0.000182 71 0.020136 0.010874 111 0.982270 0.998787
31 0.000456 0.000191 72 0.022329 0.012478 112 0.982993 0.998802
32 0.000500 0.000202 73 0.024782 0.014308 113 0.983695 0.998817
33 0.000551 0.000213 74 0.027541 0.016395 114 0.984374 0.998830
34 0.000607 0.000226 75 0.030632 0.018786 115 0.985032 0.998843
35 0.000667 0.000238 76 0.034107 0.021576 116 0.985667 0.998854
36 0.000729 0.000248 77 0.037971 0.024814 117 0.986282 0.998865
37 0.000796 0.000260 78 0.043047 0.029383 118 0.986874 0.998875
38 0.000867 0.000278 79 0.051797 0.036484 119 0.987446 0.998885
39 0.000943 0.000302 80 0.075763 0.059897 120 0.987997 0.998893
40 0.001025 0.000332
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oqo | G764 452584 2,679.04 832.24 -1,01456  -1,97456  -1,984.66
(9.44%)  (6.71%) (3.97%) (1.23%) (-1.50%) (-2.93%) (-2.94%)
s | 03764 452584 2,679.04 832.24 -1,01456  -2,692.85  -3,024.53
(9.44%)  (6.71%) (3.97%) (1.23%) (-1.50%) (-3.99%) (-4.48%)
6,372.64 452584  2,679.04 832.24 -1,01456  -2,861.36  -4,011.18
0-30 (9.44%)  (6.71%) (3.97%) (1.23%) (-1.50%) (-4.24%) (-5.94%)

TE: WL 2%, FIERZ AT 10,000 7. 3655 5M54E N MGMA 7 dh KA KU (Do), 55
WEE I MGMA 7 fh I T3 KU 3%
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£ 10 MGMA F=REKFEXBE O SKFEXER (L, 35 FHE, 60 5 WED)

o< 0 0.025 0.050 0.075 0.100 0.125 0.150
3,80491  3,804.91 3,804.91 3,804.91 3,804.91 3,804.91 3,804.91
0 (3.63%)  (3.63%) (3.63%) (3.63%) (3.63%) (3.63%) (3.63%)
3,80491 249345 249345 2,493.45 2,493.45 2,493.45 2,493.45
0-03 (3.63%)  (2.38%) (2.38%) (2.38%) (2.38%) (2.38%) (2.38%)
ogo | BS04O 124420 118199 1,181.99 1,181.99 1,181.99 1,181.99
(3.63%)  (1.19%) (1.13%) (1.13%) (1.13%) (1.13%) (1.13%)
ogs | 280491 109045 -106.46 -129.47 -129.47 -129.47 -129.47
(3.63%)  (1.04%) (-0.10%) (-0.12%) (-0.12%) (-0.12%) (-0.12%)
ogp | ZSOAOL 109045 -131650  -142626 144093 144093 144093
(3.63%)  (1.04%) (-1.26%) (-1.36%) (-1.38%) (-1.38%) (-1.38%)
ops | ZSOHOL 109045 162401 -2,698.01 274356 -2,75239  -2,752.39
(3.63%)  (1.04%) (-1.55%) (-2.58%) (-2.62%) (-2.63%) (-2.63%)
3,80491  1,09045  -1,624.01 -3,877.21 4,017.82  -4,05887  -4,063.85
0-30 (3.63%)  (1.04%) (-1.55%) (-3.70%) (-3.83%) (-3.87%) (-3.88%)
3,80491  1,09045  -1,624.01 433847  -528495  -5337.62  -5374.18
033 (3.63%)  (1.04%) (-1.55%) (-4.14%) (-5.04%) (-5.09%) (-5.13%)
oo | ZSOHOL 109045 162401 433847  -643792  -6,609.37  -6,657.43
(3.63%)  (1.04%) (-1.55%) (-4.14%) (-6.14%) (-6.31%) (-6.35%)
s | ZSOHOL 109045 162401 433847  -7,01542  -7,867.38  -7,929.18
(3.63%)  (1.04%) (-1.55%) (-4.14%) (-6.70%) (-7.51%) (-7.57%)
3,80491  1,09045  -1,624.01 433847  -7,05293  -8,998.62  -9,200.93
0.0 (3.63%)  (1.04%) (-1.55%) (-4.14%) (-6.73%) (-8.59%) (-8.78%)

TE: WL 2%, IR ATEH0N 10,000 7. 355 5M54E N MGMA 7 dh A3 KU (o), 55
R MGMA 7 fh IR A5 KU 36
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IR A Ge ] 5 4F 4, IHS P DRI, g 11 R UG, 20 S e 17 A G 4 < it T s F) A KU, 7K
SERRW], ALGUE AR 75 A S RIS, XURS g 1R RS 8 55 vy, ORI 2 ] i s AR AH K
2T N AR TE

TG4, MGMA 7= B s AR SO &40, 8o 1 48126 T
ZETT RIS, BEAR 7 ORI A 5] (T FERUK . BEE S HOMERZ DR, R HL O R Z
KRR TR, 5 S8 6 F H 2 HPUR T 5 gl BERH T AT T 2 s 5
TRERIUEICT E MG S, R A R ATRESRG LI . XA IMREY, EARIETE b
FHREBE R, GBI A VRSO SN, ORI A R AR R TR R B3, BT SRR
R 5RO, ARILT XU E B TR R B E AR 7).
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Mortality Rate (log scale)

Mortality Curves by Age (2025-2125)
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Vi gl | R 3

F 11 2025 FREMA OFET- R0 PRI DR Faks

| Lee-Carter %I R? Lee-Carter % MSE Gompertz-Makeham HEAIR?
B 0.6138 2.251832 0.9638
i 0.5807 2.479653 0.9981
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i ) | A

AW TERT i) B RLS 70 Ar TARSR A Python ZWAEiH 550l % TAUESERECK,

RS AR R, P AR B R R B A% OARED B o 5 B QR R & SR AL 7
e bk A2,
1. 2010-2021 FREE N\ AFET-RHIH T

1
2
3
4
5.
6
7
8
9

10.
11.
12.
13.
14.

15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
25.
26.
27.
28.
29.
30.
31.
32.
33.

import pandas as pd

import numpy as np

import matplotlib.pyplot as plt

from scipy.interpolate import make_interp_spline
from sklearn.linear_model import LinearRegression
import seaborn as sns

from matplotlib.font_manager import FontProperties
from statsmodels.tsa.arima.model import ARIMA
from sklearn.metrics import mean_squared_error

from scipy.optimize import curve_fit

plt.rcParams['font.family'] = 'sans-serif’
plt.rcParams['font.sans-
serif'] = ['Source Han Sans SC', 'Noto Sans CJK SC', 'SimHei']

plt.rcParams['axes.unicode minus'] = True

# plt.rcParams[ 'font.sans-serif'] = ['Microsoft YaHei']

# plt.rcParams[ 'axes.unicode_minus'] = False

plt.rcParams['text.usetex'] = False

# IEHHT
file_path = " L% 1 Z85 ) FARES ™= MAE T2 . xLsx"
df = pd.read_excel(file_path, sheet_name='data')

# N HIFEN T
print("HIEEARFE ")
print(df.info())
print("\n a7 5 17:")
print(df.head())
print("\n ISR E:")
print(df.describe())

2 SEREACRY VT M5 $E:  hitps:/arthur-stat.github.io/docs/longevity _risk.zip.

54



34,
35.
36.
37.
38.
39.
40.
41.
42.
43.
a4,
45,

46.
47.
48.
49.
50.
51.
52.
53.
54.
55.

56.
57.
58.
59.
60.
61.

62.
63.
64.
65.
66.
67.
68.
69.
70.
71.
72.
73.
74.

# IEIETE (PR RAESHD

df["FEToF'] = df["FRREEC ] / df[BEEEC ]
# IR
print(f"\n B&#E%H: {len(df)}")

print(F"EMVER: {df[*WEEE " ].min()} - {df["WEFEE" 1. max()}")
print(F"FEYEE: {df[ " FUAFR ] .min()} - {df['FAFH " ].max()}")
print (f" 546 {df["#5]" ].value_counts().to_dict()}")

# IIEH IR B FICLF
gender_age_mortality = df.groupby(['1EJl", *HIEFE"])[IETH
"].mean().reset_index()

print ("\n 3 RIREER P50 TR (7 10 47) ")
print(gender_age_mortality.head(10))

# PN B I FE S
year_mortality = df.groupby ([ ' WE4EE " 1)['JLT-% " ].mean().reset_index()
print("\n ZWEEL PRGBS )
print(year_mortality)

# FEIER FERFIE G IET

gender_age year mortality = df.groupby(['PE%l", "FAGER", "WEERE ][I E

"].mean().reset_index()

# P SRR TE L 50

plt

for

1s

plt
plt
plt
plt

plt.
.xticks(np.arange(0, df['ZAFHE"].max()+1, 5))
plt.
.tight_layout()
plt.

plt

plt

.figure(figsize=(14, 8))

gender in df[ 150" ].unique():

gender_data = gender_age mortality[gender_age mortality['f#%]'] == gender]

plt.plot(gender_data['#iA4:#¢ "], gender_data[ 'JET-%
marker='0"', label=f"{%%]: {gender}")

ctitle (" ANEERE SN IFETIFEXT L, fontsize=16)
.xlabel (', fontsize=14)

.ylabel ('4LT-% "', fontsize=14)

.grid(True, linestyle='--', alpha=0.7)

legend(fontsize=12)

savefig('gender_age mortality.png', dpi=300, bbox_inches='tight")

close()

# [EHIXT R LUE L LI 5%

plt.

figure(figsize=(14, 8))

55



75.
76.
77.

78.
79.
80.
81.
82.
83.
84.
85.
86.
87.
88.
89.
90.
91.

92.
93.
94.
95.
96.
97.
98.
99.

for

1s

plt
plt
plt
plt

plt.

plt
plt
plt

plt.

gender in df['E5l"].unique():

gender_data = gender_age_mortality[gender_age _mortality['f4%]'] == gender]
plt.semilogy(gender_data['#iA4:# '], gender_data[ '4LT-%

marker="'0", label=f"{£j: {gender}")

Ltitle (" ANFAERY S ERISE T RN P8z ) 1, fontsize=16)

.xlabel (', fontsize=14)

.ylabel (' AET-Z (XEZIEZ) ", fontsize=14)

.grid(True, linestyle='--', alpha=0.7)

legend(fontsize=12)

.xticks(np.arange(@, df['ZlAH#"].max()+1, 5))
.savefig('gender_age_mortality log.png', dpi=300, bbox_inches="tight")
.tight_layout()

close()

# ML FECREEFEENIEE

plt

plt.

1
plt
plt
plt
plt
plt

plt.

plt

plt.

100.
le1.
102.
103.

104.
105.
106.
107.
108.

109.
110.
111.
112.
113.
114.
115.

.figure(figsize=(12, 7))

plot(year_mortality[ ' MZEHFE ], year_mortality[ 'JBT-#%
marker="'0"', linewidth=2)

ctitle (' ARTCHBHAE L ARALESS ", fontsize=16)

.xlabel (" WZHEFL", fontsize=14)

.ylabel (" “F¥JFET-% ", fontsize=14)

.grid(True, linestyle='--', alpha=0.7)
.xticks(year_mortality[ ' MZZ4E/E " ])

savefig('year_mortality trend.png', dpi=300, bbox_inches='tight")
.tight_layout()

close()

# I RERRFERS F 1l PERINIE L 2[5
plt.figure(figsize=(16, 10))
for i, gender in enumerate(['F', 'M']):
plt.subplot(1, 2, i+1)
gender_data = df[df['1HJ]'] == gender].pivot_table(
index="FiAERE ", columns='WE4EE ", values="JET-%"
)

sns.heatmap(gender_data, annot=False, cmap='Y1OrRd', cbar_kws={'label':

FELE'})

plt.title(f'PEJ {gender} AFMEEFUE LT HRIAE", fontsize=14)
plt.xlabel('M%LFfE ", fontsize=12)
plt.ylabel(' "', fontsize=12)
plt.tight_layout()
plt.savefig('mortality heatmap.png', dpi=300, bbox_inches="'tight")
plt.close()

56



116.  # FIXITE A1 NAAFIELF LR

117. # FRBILTF

118. age_groups = {

119. '0-20%': (0, 20),

120. '21-40 % ': (21, 40),

121. '41-60 % ': (41, 60),

122. '61 %Ll (61, 100)

123. }

124.

125. for gender in ['F', 'M']:

126. plt.figure(figsize=(14, 8))

127. for name, (start, end) in age_groups.items():

128. group_data = df[(df['147'] == gender) & (df['ZEEH
'] >= start) & (df['EAF#"] <= end)]

129. yearly rate = group_data.groupby (' MEEHE ) [ AT ] mean()

130. plt.plot(yearly_rate.index, yearly_ rate.values, marker='o', label=na
me)

131.

132. plt.title(f' M5l {gender} AREIFEREBILT HFEEMLI", fontsize=16)

133. plt.xlabel(' MZFE", fontsize=14)

134. plt.ylabel('“FIJIET %", fontsize=14)

135. plt.grid(True, linestyle='--', alpha=0.7)

136. plt.legend(fontsize=12)

137. plt.xticks(df[ ' M4 "] unique())

138. plt.savefig(f'age_group_trends_{gender}.png', dpi=300, bbox_inches="'tigh
t)

139. plt.close()

2. HMD E#E 5347

import pandas as pd
import numpy as np
import matplotlib.pyplot as plt

import seaborn as sns

1

2

3

4

5. from scipy import stats

6. import os

7. from datetime import datetime
8. 1import logging

9. import re

10.

11. # BEHE

12. logging.basicConfig(level=1logging.INFO,

13. format="'%(asctime)s - %(levelname)s - %(message)s')
14.
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15. # # AE T 27

16. # plt.rcParams[ 'font.sans-serif'] = ['SimHeil']

17. # plt.rcParams[ 'axes.unicode minus'] = False

18. plt.rcParams['font.sans-serif'] = ['Microsoft YaHei']
19. plt.rcParams['axes.unicode_minus'] = False

20.

21. class MortalityDataAnalyzer:

22. def __init__ (self, hmd_dir):

23. self.hmd_dir = hmd_dir

24. self.data = {}

25. self.output_dir = 'international_mortality_analysis/eda_output’

26. os.makedirs(self.output_dir, exist_ok=True)

27. logging.info(f" Witk #ras, #¥aH 3% {hmd_dir}")

28.

29. def load_data(self):

30. "IN AR HEAL IS Y HMD FETC R EE (Mx_1x1_std) """

31. logging.info("JFUfiNEbriEtb it . .. ™)

32.

33. if not os.path.exists(self.hmd_dir):

34. logging.error(f" 4l H X AFTE: {self.hmd_dir}")

35. return

36.

37. for file in os.listdir(self.hmd_dir):

38. if file.endswith('.Mx_1x1.txt"):

39. match = re.match(r'([A-Z]{3,}(_[A-
Z]+)?) (\.Mx_1x1)?\.txt', file)

40. if match:

41. country = match.group(1)

42. file_path = os.path.join(self.hmd_dir, file)

43. try:

44, logging.info(f"IE/EN# {country} #dfE: {file_path}")

45. df = pd.read_csv(file_path, sep="'\t', skiprows=2)

46. df.columns = df.columns.str.strip()

47. required_cols = ['Year', 'Age', 'Female', 'Male', 'Tota
1]

48. if all(col in df.columns for col in required_cols):

49. df['Year'] = pd.to_numeric(df['Year'], errors='coer
ce')

50. df['Age'] = pd.to_numeric(df['Age'], errors='coerce
)

51. for col in ['Female', 'Male', 'Total']:

52. df[col] = pd.to_numeric(df[col], errors='coerce
)

53. df = df.dropna()

58



54.
55.
56.

57.
58.

59.

60.
61.
62.
63.
64.
65.
66.
67.
68.
69.
70.
71.
72.
73.
74.
75.
76.
77.
78.
79.
80.
81.
82.
83.
84.
85.
86.
87.
88.
89.
90.
91.
92.
93.
94.

df = df[df['Age'] <= 100]
self.data[country] = df

logging.info(f" M INEL {country} %, JHIR:

{df.shape}")

else:

missing_cols = [col for col in required_cols if col

not in df.columns]

logging.warning(f"{country} HEHL/ 055 (141

{missing_cols}")

def

except Exception as e:

logging.error(f"IN# {country} i it {e}")

if not self.data:
logging.error (" A BRI INEAT AR L )

else:

logging.info(f "M ER ! MK {len(self.data)} MEKMEIE")

calculate_statistics(self):
ARG R
logging.info("JFUAITH AT HERR. . . ")

if not self.data:
logging.error ("B AEHE M ™)
return {}

stats_results = {}

for country, df in self.data.items():

logging.info(f"IE/EIIE {country} MIZil4a45. .

country_stats = {
"EAEGE T {3,
RS {),
"I {3

# 1. BEG
for col in ['Female', 'Male', 'Total']:
rates = df[col].replace(@, np.nan)
if rates.notna().any():
country_stats['MEZit " 1[col] = {
"H{E": rates.mean(),
"tRAZEC s rates.median(),
"BRIEZ " rates.std(),
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95. "E/ME': rates.min(),

96. "KM : rates.max(),
97. AR AR K
': rates.std() / rates.mean() if rates.mean() != @ else np.nan
98. }
99.
100. # 2. FERAZGTF
101. age_groups = [0, 20, 40, 60, 80]
102. for year in df['Year'].unique():
103. year_data = df[df['Year'] == year]
104. year_stats = {}
105. for age in age_groups:
106. age_data = year_data[year_data[ 'Age'] == age]
107. if not age_data.empty:
108. year_stats[age] = {
109. 'Female': age_data[ 'Female'].iloc[@],
11e. 'Male': age_data['Male'].iloc[@],
111. ‘Total': age_data['Total'].iloc[@]
112. }
113. if year_stats:
114. country_stats[ 't 4 11" ][year] = year_stats
115.
116. # 3. /TGS
117. for col in ['Female’, 'Male', 'Total']:
118. rates = df[col].replace(®, np.nan)
119. if rates.notna().any():
120. # IR
121. changes = rates.pct_change()
122. country_stats[ "B aE% ' J[col] = {
123. CPEISEARLE . changes.mean(),
124. LR FRIHEZE ' : changes.std(),
125. VEROAEIG K : changes.max(),
126. "R NFE s changes.min()
127. }
128.
129. stats_results[country] = country_stats
130. logging.info(f"{country} Sit4&tritEisem")
131.
132. return stats_results
133.
134. def visualize_ trends(self, stats_results):
135. BRRIE RS ez sy <k iy
136. logging.info("FUaAE M MALERE. .. ")
137.
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138. if not stats_results:

139. logging.error (" &AL M4 )

140. return

141.

142. for country, stats in stats_results.items():

143. if country not in self.data:

144. continue

145.

146. logging.info(f"IEfEN {country} AMATHALIEEE. .. ")

147. df = self.data[country]

148.

149. # 1. J L FREFEREMLES

150. plt.figure(figsize=(12, 6))

151. years = [1950, 1970, 1990, 2010]

152 for year in years:

153. if year in df['Year'].values:

154. year_data = df[df['Year'] == year]

155. plt.plot(year_data['Age'], year_data['Total'], marker='o
', label=str(year))

156.

157. plt.title(f'{country} ANEFEMIETREEFRRLIES")

158. plt.xlabel('4Fif}"

159. plt.ylabel('FLT-%")

160. plt.legend()

161. plt.grid(True)

162. plt.yscale('log') # [E/HXIEZ/EE L 1R 2557

163. plt.savefig(os.path.join(self.output_dir, f'{country} age trends
.png'))

164. plt.close()

165.

166. # 2. JELFRENT ML ES

167. plt.figure(figsize=(12, 6))

168. ages = [0, 20, 40, 60, 80]

169. for age in ages:

170. age_data = df[df['Age'] == age]

171. if not age_data.empty:

172. plt.plot(age_data[ 'Year'], age_data['Total'], label=f'{a
ge}#")

173.

174. plt.title(f'{country} AN[FFEHILT LR AIABILEA ")

175. plt.xlabel('4E{1")

176. plt.ylabel('4ET-%")

177. plt.legend()

178. plt.grid(True)
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179. plt.yscale('log")

180. plt.savefig(os.path.join(self.output_dir, f'{country}_ time_trend
s.png'))

181. plt.close()

182.

183. # 3. MRZERNH

184. plt.figure(figsize=(12, 6))

185. years = [1950, 1970, 1990, 2010]

186. for year in years:

187. if year in df['Year'].values:

188. year_data = df[df['Year'] == year]

189. plt.plot(year_data['Age'], year_data['Male'] / year_data
["Female'],

190. marker="'0", label=str(year))

191.

192. plt.title(f'{country} AN[EFM T LT R EMER LGS ")

193. plt.xlabel (' #%"

194. plt.ylabel(' %/ LACT-FLUAE ")

195. plt.legend()

196. plt.grid(True)

197. plt.savefig(os.path.join(self.output_dir, f'{country} gender_rat
io.png'))

198. plt.close()

199.

200. logging.info(f"{country} AL AE e R")

201.

202. def generate_report(self, stats_results):

203. RS 7 2 U [

204, logging.info("HUAAERM k... ")

205.

206. if not stats_results:

207. logging.error("¥#A Guitah Fnl AL it )

208. return

209.

210. report = """# [EPRIETREIFIRE MR

211.

212, ## 1. HUEMEN

213.

214. A& HET Human Mortality Database (HMD)I%i#E, 2N EZR LT REERIIT T IRR
L0 TR S TN A S I 7N o 1= v < s e e S e
215.

216.  ## 2. SRRSO
217.
218, "mv
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219.

220. for country, stats in stats_results.items():

221. report += f"\n### {country}\n\n"

222.

223. # LG

224. report += "#### 2.1 SASiH\n\n"

225. report += "| P | BME | TOAE | bRdEE | RME | BRKE | ER
FE | \n"

226. report += "|------ [------ [-=------ [-------- [-------- [-------- [ --
________ [\n"

227.

228. for gender, metrics in stats[' A4t ].items():

229. report += f"| {gender} | {metrics['¥J{H"']:.6f} | {metrics['+
M ]6Fy |

230. report += f"{metrics['#nifE%"]:.6f} | {metrics['ix/MH
“1:.6F} | "

231. report += f"{metrics[ ' KfH"']:.6F} | {metrics[ 'R H%
“1:.6f} |\n"

2232

233. # I EE S

234. report += "\n#### 2.2 B \N\n"

235. report += "| MHR] | PHFERMLE | BUEGEE | RREHK | BRE
TEE [\n"

236. report += "|------ [---mmmmm e [EEEEEEEEEFPEEE [------mmmm-- [--
__________ [\n"

237.

238. for gender, metrics in stats['ff[alE% " ].items():

239. report += f"| {gender} | {metrics['THELILE T:.6F} | "

240. report += f"{metrics['ZILHIrHEXE"]:.6Ff} | {metrics[ ' K
K'1:.6f} | "

241. report += f"{metrics[ ' KE TN ]:.6F} [\n"

242,

243, report += """

244,  ## 3. ATRALAAT

245,

246. EAERAATIALERR, FATH AR

247.

248. 1. FET-RFEFRAAES:

249. - B UL R

250. - BOEMIETRERK

251. - BEM TR B RO K

252.

253. 2. FETCEBEN RIARALE

254. - BAEZTREES
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255.
256.
257.
258.
259.
260.
261.
262.
263.
264.
265.
266.
267.
268.
269.
270.
271.
272.
273.
274.
275.
276.
277.
278.
279.
280.
281.
282.
283.
284.
285.
286.
287.
288.
289.
290.
291.
292.
293.
294.
295.
296.
297.

#it

1

- ANFAEERAL TR AR
- EEESR R R A Pk g%

- HEREL AR T ke
AR R R LB
BT 147 1

4. FERI]

. AERYRFIE:

- SETTRBEERGK R IRE T
- AFSEREFET A HEA
- BN OSETRAN B

. IS RFAE :

- KWPRE TR E TGS
- FREE LA R A BT A
- IEAERT R A TS

o PERIRFAL:

- FHFET R T L
- PR ZE R AE A R R R H RN
- P2 R B 1) A P g4l

5. #Zil

-

D UES EEEEIEEH
- WIEZ AR R
- REEERE

IR

- BIEHEZ PR
- ARG
- JnsEFNAE

. BURELG

- RIEZF N
- TNSRERST i R B

- WENE R

64



298. with open(os.path.join(self.output_dir, 'eda_report.md'), 'w', encod

ing="utf-8"') as f:

299. f.write(report)

300.

301. logging.info ("R E MRt ™)

302.

303. def main():

304. # I 37, VIR HEE H R

305. analyzer = MortalityDataAnalyzer('HMD/death_rates/Mx_1x1_std')
306. analyzer.load_data()

307. stats_results = analyzer.calculate_statistics()
308. analyzer.visualize_trends(stats_results)

309. analyzer.generate_report(stats_results)

310.

311. if __name__ == "__main__":

312. main()

3. ZTF HMD $3EH Gompertz-Makeham %L 5 Lee-Carter #EL %} L 97

import pandas as pd

import numpy as np

from scipy.optimize import minimize
from scipy.linalg import svd

import matplotlib.pyplot as plt
import os

import logging

from datetime import datetime

O 00 N O U1 »h W N B

import matplotlib as mpl

[EES
R ©

L H# B O R
. # plt.rcParams[ 'font.sans-serif'] = ['SimHel"]

[
w N

. # plt.rcParams[ 'axes.unicode_minus'] = False

=
S

. plt.rcParams[ ' font.sans-serif'] = ['Microsoft YaHei']

=
Ul

. plt.rcParams[ 'axes.unicode_minus'] = False

[E
N o

C# HEHE
. logging.basicConfig(level=logging.INFO,

[
o

format="'%(asctime)s - %(levelname)s - %(message)s')

NN
L]

. class MortalityModelComparison:

def __init_ (self, hmd_dir):
self.hmd_dir = hmd_dir
self.data = {}

N NN
A w N
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25.

26.
27.
28.
29.
30.
31.
32.
33.
34,
35.
36.
37.
38.
39.
40.
41.
42.
43,
44,
45,
46.
47.
48.
49.
50.
51.
52.
53.
54.
55.
56.
57.
58.
59.
60.
61.
62.
63.
64.
65.
66.
67.

self.output_dir = 'international_mortality_analysis/model_comparison_ou
tput'’

os.makedirs(self.output_dir, exist_ok=True)

def load_data(self):
"L HMD BE TR
logging.info("HFUANEEHE. .. ")

if not os.path.exists(self.hmd_dir):
logging.error ("4l H3EANFE: {self.hmd_dir}")

return

for file in os.listdir(self.hmd_dir):
if file.endswith('.Mx_1x1.txt"'):
country = file.split('."')[Q]
file_path = os.path.join(self.hmd_dir, file)
try:
df = pd.read_csv(file_path, sep="\t', skiprows=2)
df.columns = df.columns.str.strip()
required_cols = ['Year', 'Age', 'Female', 'Male', 'Total']
if all(col in df.columns for col in required_cols):
df['Year'] = pd.to_numeric(df['Year'], errors='coerce')
df['Age'] = pd.to_numeric(df['Age'], errors='coerce')
for col in ['Female', 'Male', 'Total']:
df[col] = pd.to_numeric(df[col], errors='coerce')
df = df.dropna()
df = df[df['Age’'] <= 100]
self.data[country] = df
logging.info ("IN {country} #uiE")
except Exception as e:
logging.error(f" & {country} #¥EmlHis: {e}")

def fit_gompertz_makeham(self, mortality_rates, ages, years):
" Gompertz-Makeham R
try:
def objective(params):
a, b, ¢, d = params
# HBENERAL T T
predicted = np.zeros_like(mortality rates)
for i, age in enumerate(ages):
predicted[i] = ¢ + a * np.exp(b * age) + d * np.mean(years)

return np.sum((mortality rates - predicted) ** 2)

# S E0FN
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68. initial_params = [0.0001, 0.1, ©0.0001, ©.0001]

69. bounds = [(@, None), (@, None), (©, None), (-0.1, ©0.1)]

70.

71. result = minimize(objective, initial_params, bounds=bounds, method=
"L-BFGS-B")

72. return result.x

73. except Exception as e:

74. logging.error(f"Gompertz-Makeham fEEFIA R : {e}")

75. return None

76.

77. def fit_lee_carter(self, mortality matrix):

78. " HA Lee-Carter FEAIMM"

79. try:

80. # I R AT RO

81. mortality_matrix = mortality_matrix + le-10

82.

83. # BRI R0,

84. log_mx = np.log(mortality_matrix)

85. ax = np.mean(log_mx, axis=1)

86. centered_log_mx = log_mx - ax[:, np.newaxis]

87.

88. # SVD 7 HF

89. U, S, V = svd(centered_log mx, full matrices=False)

90.

91. # IERSH

92. bx = U[:, 0]

93. kt = s[e] * v[e, :]

94.

95. return ax, bx, kt

96. except Exception as e:

97. logging.error(f"Lee-Carter BB A0 : {e}")

98. return None, None, None

99.

100. def predict_lee_carter(self, ax, bx, kt, years):

101. "R Lee-Carter fEBITRMZET

102. if ax is None or bx is None or kt is None:

103. return None

104.

105. try:

106. # T kt

107. kt_mean = np.mean(kt)

108. kt_std = np.std(kt)

109. predicted_kt = kt_mean + (years - years[0]) * kt_std

110.
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111.
112.

113.
114.
115.
116.
117.
118.
119.
120.
121.
122.
123.
124.
125.
126.
127.
128.
129.
130.
131.
132.
133.
134.
135.
136.
137.
138.
139.
140.
141.
142.
143.
144.
145.
146.
147.
148.
149.
150.

151.
152.

def

def

er).values

# IFE LT

predicted_log mx = ax[:, np.newaxis] + np.outer(bx, predicted_kt

predicted_mx =

np.exp(predicted_log mx)

return predicted_mx

except Exception as e:

logging.error(f"Lee-Carter MEAITRM I : {e}")

return None

predict_gompertz_makeham(self, params, ages, years):

" ] Gompertz-Makeham AL FIIAET R "

if params is None:
return None

try:

a, b, c, d = params

predicted = np.

zeros((len(ages), len(years)))

for i, age in enumerate(ages):

for j, year in enumerate(years):

predicted[i, j] = ¢ + a * np.exp(b * age) + d * year

return predicted

except Exception as e:
logging.error(f"Gompertz-Makeham B TR W : {e}")

return None

evaluate_models(self, country, gender='Total'):
A R
logging.info(f"FFUf AL {country} MIFEZLZREL. .. ")

if country not in self.data:

logging.error(f"#A % {country} MIZLHE")

return None

df = self.data[country]

# ERAH

years = df['Year'].

unique()

ages = df['Age'].unique()

# OIEILT FHE

mortality_matrix =

# I E LB L

df.pivot(index="Age', columns='Year', values=gend
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153. train_years = years[:-5] # (/R4 5 NI AT T )25

154. val_years = years[-5:]  # &7 5 FE/E G uFE

155.

156. train_matrix = mortality matrix[:, :len(train_years)]

157. val matrix = mortality matrix[:, len(train_years):]

158.

159. # W7 Gompertz-Makeham #7F

160. # EIHNZZENT T EIIET 5

161. train_mean_rates = np.mean(train_matrix, axis=1)

162. gompertz_params = self.fit_gompertz_makeham(train_mean_rates, ages,

train_years)

163.

164. # #5 Lee-Carter 7/

165. ax, bx, kt = self.fit_lee_carter(train_matrix)

166.

167. #

168. gompertz_pred = self.predict_gompertz_makeham(gompertz_params, ages,
val_years)

169. lee_carter_pred = self.predict_lee_carter(ax, bx, kt, val_years)

170.

171. # IFE ISR

172. results = {}

173.

174. if gompertz_pred is not None:

175. gompertz_mse = np.mean((val_matrix - gompertz_pred) ** 2)

176. gompertz_mae = np.mean(np.abs(val_matrix - gompertz_pred))

177. gompertz_r2 = 1 - np.sum((val_matrix - gompertz_pred) ** 2) / np
.sum((val_matrix - np.mean(val_matrix)) ** 2)

178. results[ 'Gompertz-Makeham'] = {

179. 'MSE': gompertz_mse,

180. 'MAE': gompertz_mae,

181. 'R2': gompertz_r2

182. }

183.

184. if lee_carter_pred is not None:

185. lee_carter_mse = np.mean((val_matrix - lee_carter_pred) ** 2)

186. lee_carter_mae = np.mean(np.abs(val_matrix - lee_carter_pred))

187. lee_carter_r2 = 1 - np.sum((val_matrix - lee_carter_pred) ** 2)
/ np.sum((val_matrix - np.mean(val_matrix)) ** 2)

188. results['Lee-Carter'] = {

189. 'MSE': lee_carter_mse,

190. 'MAE': lee_carter_mae,

191. 'R2': lee_carter_r2

192. }
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193.

194.
195.

# LI
self.plot_comparison(country, gender, val matrix, gompertz_pred, lee

_carter_pred, val_years, ages)

196.

197.

return results

198.

199.

200.
201.

def plot_comparison(self, country, gender, actual, gompertz_pred, lee_ca
rter_pred, years, ages):
A B
plt.figure(figsize=(15, 10))

202.

203.
204.
205.

# LT LIMCR M E R A TR
age_groups = [0, 20, 40, 60, 80]

age_indices = [np.where(ages == age)[0][0] for age in age_groups]

206.

207.
208.
209.

for i, age_idx in enumerate(age_indices):
plt.subplot(len(age_groups), 1, i+1)
plt.plot(years, actual[age idx, :], 'k-', label="=ZBr{H')

210.

211.
212.

213.
214.

if gompertz_pred is not None:

plt.plot(years, gompertz_pred[age_idx, :],
', label='Gompertz-Makeham Tl *)

r--

if lee_carter_pred is not None:
plt.plot(years, lee_carter_pred[age_idx, :], 'b--
', label='Lee-Carter Fiijll")

215.

216.
217.
218.

plt.title(f'{country} - {gender} - {ages[age_idx]}%")
plt.legend()
plt.grid(True)

219.

220.
221.

222.

plt.tight_layout()
plt.savefig(os.path.join(self.output_dir, f'{country} {gender} model
_compare.png'))

plt.close()

223.

224.
225.
226.

def generate_report(self, results):
R
logging.info("JTAA/E LB E . .. ")

227.

228.
229.

timestamp = datetime.now().strftime("%Y%mksd_%H%M%S")
report_file = os.path.join(self.output_dir, f'model_comparison_repor

t_{timestamp}.md")

230.
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231.
232.

with open(report_file, 'w', encoding='utf-8') as f:
fowrite("# ZET-RBA LR S \n\n")

233.

234.
235.

for country, country_results in results.items():
f.write(f"## {country}\n\n")

236.

237.
238.
239.

if not country_results:
fowrite ("BERLPEAL RI\n\N")

continue

240.

241.
242.
243.
244
245.
246.

247.
248.
249.
250.
251.

252.

253.
254.
255.
256.

257.
258.

259.
260.
261.
262.
263.
264.
265.
266.
267.
268.
269.

fowrite("### TFAHFEFR\n\n")
f.write("| #% | MSE | MAE | R2 |\n")
f.write("|------ [----- [----- [----- [\n™)

for model_name, metrics in country_results.items():
f.write(f"| {model _name} | {metrics['MSE']:.6f} | {metri
cs['MAE']:.6f} | {metrics['R2']:.6f} |\n")

f.write("\n### 45i8\n\n")

# LM RE
if 'Gompertz-Makeham' in country_results and 'Lee-
Carter' in country_results:
gompertz_mse = country_results['Gompertz-
Makeham' ][ "MSE "]

lee_carter_mse = country_results['Lee-Carter']['MSE"]

if gompertz_mse < lee_carter_mse:
f.write(f"fE{country}J#i#s I, Gompertz-Makeham i
BT, MSE B#K T {(lee_carter_mse-gompertz_mse)/lee_carter_mse*100:.2f}%\n\n")
else:
f.write(f"7E{country}%#E I, Lee-Carter BHYEKHLH
Uf, MSE [#f% T {(gompertz_mse-lee_carter_mse)/gompertz_mse*100:.2f}%\n\n")

f.write("\n---\n\n")

logging.info(f"LEHRk & O LML {report_file}")

return report_file
def main():
# PRI LR

comparator = MortalityModelComparison( 'HMD/death_rates/Mx_1x1_std"')

# WEEY
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270. comparator.load_data()

271.

272. # PFI RN E ST Y

273. results = {}

274. for country in comparator.data.keys():

275. results[country] = comparator.evaluate_models(country)
276.

277. # LIR T

278. report_file = comparator.generate_report(results)

279. logging.info(f " BM LA e M, i C/EMG: {report_file}")
280.

281. if __name__ == "_main__":

282. main()

4.2025 SR A OFE TR 0T (SoHarERD

2025 FARET N PSRRI R 48 (ki
SZHL Lee-Carter 1% + Gompertz-Makeham f5%! + [h£k{15%)
HMEZ 120 5

import pandas as pd

import numpy as np

O 00 N O U1 A W N B

import matplotlib.pyplot as plt

=
()

. from scipy import interpolate

=
=

. from scipy.optimize import curve_fit

=
N

. from scipy.interpolate import UnivariateSpline, splrep, splev

=
w

. from scipy.ndimage import gaussian_filterid

=
S

. from sklearn.metrics import mean_squared_error, mean_absolute_error

=
Ul

. import warnings

=
[e))

. import os

=
~N

. warnings.filterwarnings('ignore")

[ER
(G

L RE S

. plt.rcParams[‘'font.sans-serif'] = ['SimHei', 'DejaVu Sans']

NN
L]

. plt.rcParams[ 'axes.unicode_minus'] = False

NN
w N

. class MortalityPredictor:

24. def __init_ (self, data_path):
25. e

26. WA TE T 2T 25

27.

28. Parameters:
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29.
30.
31.
32.
33.
34.
35.
36.
37.
38.
39.
40.
41.
42.
43.
44,
45.
46.
a47.
48.
49.
50.
51.
52.
53.
54.

55.

56.

57.
58.
59.
60.
61.

62.
63.
64.
65.
66.
67.
68.

data_path: str, Excel W f#iz
self.data_path = data_path
self.df = None
self.mortality matrix = {}
self.lee_carter_params = {}
self.gompertz_params = {}
self.predictions_2025 = {}
self.extrapolated_120 = {}

def load_and_prepare_data(self):
UL SR
print (" IELEMEF TSGR . .. ")

# BEIRAHE
self.df = pd.read_excel(self.data_path, sheet_name='data')

# I RATE
self.df['JET %] = self.df["HUA"'] / self.df[ " FE4"]

# WPR M L F>0.5 M7
self.df.loc[self.df['JET-%'] > 0.5, 'JELI-% '] = np.nan

# HAG15H
print(f"HiEFIR: {self.df.shape}")
print (FU4EIATEE: {self.df[ ' FAER 1.min()} - {self.df[ Skt

.max()}")

print(f"WEHEE: {self.df["MEHEE" T.min()} - {self.df[ WEFSE
max()}")

print(f"FETREH: {self.df['FE1-%"'].min():.6f} - {self.df[ 'L %
.max():.6f}")

# FBEINEG G I LA
for gender in ['M', 'F']:
gender_data = self.df[self.df['4%]'] == gender]
matrix = gender_data.pivot(index="'ZiA4#:", columns=" M ZLHfE
values="JLT R ")

# PR : 2e 1

matrix = matrix.interpolate(method="'linear', axis=1)

matrix = matrix.interpolate(method="'linear', axis=0)

# IR EE OB 7D
matrix = matrix.fillna(method='ffill").fillna(method="bfill")
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69. matrix[matrix <= 0] = le-6

70.

71. self.mortality_matrix[gender] = matrix
72.

73. print ("HIE LI E L ")

74.

75. def lee_carter_fit(self, gender):

76. e

77. Lee-Carter A4

78.

79. Parameters:

80. gender: str, 'M' ©¢ 'F'

81.

82. Returns:

83. dict: B8 a(x), b(x), k(t)33

84. e

85. matrix = self.mortality matrix[gender].values
86. ages = self.mortality_matrix[gender].index.values
87. years = self.mortality matrix[gender].columns.values
88.

89. # Step 1: 118 a(x) - FEWHIET 3

90. log_mort = np.log(matrix)

91. ax = np.mean(log_mort, axis=1)

92.

93, # Step 2: I

94. centered_matrix = log_mort - ax.reshape(-1, 1)
95.

9. # Step 3: SVD M

97. U, s, Vt = np.linalg.svd(centered_matrix, full_matrices=False)
98.

99. # Step 4: F2HGE—F kA

100. bx = U[:, 0]

101. kt = s[0] * vt[o, :]

102.

103. # BRAELL LR AT IR

104. # A4 sum(b(x)) = 1, k(te) = 0

105. bx = bx / np.sum(bx)

106. kt = kt - kt[0]

107.

108. return {

109. ‘ax': ax,

110. 'bx': bx,

111. "kt': kt,

112. ‘ages': ages,
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113.
114.
115.
116.
117.
118.
119.
120.
121.
122.
123.
124.
125.
126.
127.
128.
129.
130.
131.
132.
133.
134.
{Kkt_2025:.
135.
136.
137.
{kt_2025:.
138.
139.
140.
141.
142.
143.
144.
145.
146.
147.

148.
149.
150.
151.
152.
153.

def

def

def

'years': years

predict_kt_2025(self, kt_historical, years):
T 2025 4F 1 k (t)1H

ORI TT5, IR AP 2

# TPLIEESM G

coeffs = np.polyfit(years, kt_historical, 1)

slope, intercept = coeffs

# T 2025 4, (HIREIE N/
kt_2025_raw = slope * 2025 + intercept

# IRFIRAY: LRV 3 F-FLIEH, AL 30%
recent_kt_mean = np.mean(kt_historical[-3:])

max_change = recent_kt_mean * 0.3

if kt_2025_raw > recent_kt_mean + max_change:
kt_2025 = recent_kt_mean + max_change
print(f" k(t) TRME PR . Jfi{kt_2025_raw:.3f} -> {i%

3F}")

elif kt_2025_raw < recent_kt_mean - max_change:
kt_2025
print(f" K(t) T PR ]« R df{kt_2025_raw:.3f} -> %

recent_kt_mean - max_change

3F}")

else:
kt_2025

kt_2025_raw

return kt_2025, slope

gompertz_makeham(self, x, A, B, C):
"""Gompertz-Makeham %7 pg £ "

return A + B * np.exp(C * x)

fit_gompertz_makeham(self, ages, mortality rates, age_range=(30, 99)

4 Gompertz-Makeham i
HXf 30-90 A B &

# LM G FEEEH

mask = (ages >= age_range[0]) & (ages <= age_range[1l])
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154. fit_ages = ages[mask]

155. fit_rates = mortality_ rates[mask]

156.

157. # LIRAFERI ST 1

158. valid_mask = (fit_rates > @) & (fit_rates < 1) & np.isfinite(fit_rat
es)

159. fit_ages = fit_ages[valid_mask]

160. fit_rates = fit_rates[valid_mask]

161.

162. if len(fit_ages) < 10: # HiRALEGEHIHAT A

163. return None

164.

165. try:

166. # REGHNISHI TR

167. bounds = ([@, 1le-6, @], [0.1, 1, ©.2])

168. popt, pcov = curve_fit(

169. self.gompertz_makeham,

170. fit_ages,

171. fit_rates,

172. bounds=bounds,

173. maxfev=5000

174. )

175.

176. # IrEHEN

177. predicted = self.gompertz_makeham(fit_ages, *popt)

178. r_squared = 1 - np.sum((fit_rates - predicted) ** 2) / np.sum((f
it_rates - np.mean(fit_rates)) ** 2)

179.

180. return {

181. 'params': popt,

182. 'covariance': pcov,

183. 'r_squared': r_squared,

184. 'fit_ages': fit_ages,

185. 'fit_rates': fit_rates

186. }

187. except:

188. return None

189.

190. def whittaker_henderson_smooth(self, y, lambda_param=1000):

191. "UNORSFIIE ST, R R A R

192. n = len(y)

193. if n < 3:

194. return y

195.
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196. # [EHEE)TLIHITIAANES], (RIFRGTER

197. smoothed = np.copy(y)

198.

199. # XTSRS 0-10, (EHTHEEER) P

200. for i in range(1, min(10, n-1)):

201. window_size = 3

202. start_idx = max(@, i - window_size//2)

203. end_idx = min(n, i + window_size//2 + 1)

204. smoothed[i] = np.mean(y[start_idx:end_idx])

205.

206. # W TER 10 LILE, EHNRES T, 2R R E

207. for i in range(10, n-1):

208. # 5 UK EEZ)FL, ORI EE X

209. weights = np.array([0.1, 0.2, 0.4, 0.2, 0.1])

210. start_idx = max(e@, i - 2)

211. end_idx = min(n, i + 3)

212.

213. if end_idx - start_idx ==

214. smoothed[i] = np.average(y[start_idx:end_idx], weights=weigh
ts)

215. else:

216. # UGN, (EH L

217. smoothed[i] = np.mean(y[start_idx:end_idx])

218.

219. # DRI IE

220. smoothed = np.maximum(smoothed, 1le-6)

221.

222. # WRESFHIIENSWEREXZE (RE+50%)

223. ratio_bounds = (0.5, 1.5)

224. for i in range(n):

225. ratio = smoothed[i] / y[i] if y[i] > © else 1.0

226. if ratio < ratio_bounds[@]:

227. smoothed[i] = y[i] * ratio_bounds[@]

228. elif ratio > ratio_bounds[1]:

229. smoothed[i] = y[i] * ratio_bounds[1]

230.

231. return smoothed

232.

233. def predict_2025_mortality(self):

234. "t 2025 AEFETI A

235. print("IE/ETFI 2025 FEFLT-HK .. L")

236.

237. for gender in ['M', 'F']:

238. print(f"\n Z:¥ {gender} 5. .. ")
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239.

240. # Lee-Carter MW &

241. lc_params = self.lee_carter_fit(gender)

242. self.lee_carter_params[gender] = lc_params

243.

244, print(f" Lee-Carter Z¥(: k(t)iu
{1c_params['kt"'].min():.3f} - {lc_params['kt'].max():.3f}")

245, print(f" G

Fl: {lc_params['ages'].min()} - {lc_params['ages'].max()}")
246.

247. # Tl 2025 FEHTR(t)
248. kt_2025, trend_slope = self.predict_kt_2025(1lc_params[ 'kt'], lc_
params[ 'years'])
249. print(f" k(2025)TMNE: {kt_2025:.3f}, HEHRH
#: {trend_slope:.3f}")
250.
251. # 115 2025 LT F (Lee-Carter)
252. log _mort_2025_1c = lc_params[‘'ax'] + lc_params['bx'] * kt_2025
253. mort_2025_1c = np.exp(log_mort_2025 1c)
254.
255. print(f" Lee-Carter 2025 JZET KL
F: {mort_2025 lc.min():.6f} - {mort_2025 lc.max():.6f}")
256.
257. # FEIK 2021 FH#7 /T Gompertz-Makeham #5
258. mort_2021 = self.mortality matrix[gender][2021].values
259. ages = lc_params[‘'ages']
260.
261. print(f" SEBR 2021 4EFETRNU
H: {mort_2021.min():.6f} - {mort_2021.max():.6f}")
262.
263. # AR 2021 SEER(E vs Lee-Carter MY I
264, key ages = [30, 50, 70, 80, 90]
265. print(f" SCHER 2021 SZPR vs Lee-Carter 2025 FMIXIEL: ™)
266. for key_age in key_ages:
267. if key_age in ages:
268. idx = np.where(ages == key_age)[0][0]
269. real_2021 = mort_2021[idx]
270. pred_lc = mort_2025 lc[idx]
271. print(f" {key_age}% : SLfr

2021={real_2021:.6f}, LC 2025={pred_lc:.6f}, ltffi={pred_lc/real_2021:.3f}")
272.

273. # Gompertz-Makeham FE7HH &
274. gm_result = self.fit_gompertz_makeham(ages, mort_2021)
275.
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276. if gm_result is not None:

277. self.gompertz_params[gender] = gm_result
278. print(f" Gompertz-Makeham 15 %

Ifi, R2={gm_result['r_squared']:.4f}")
279. print(f" GMZ

. A={gm_result['params'][@]:.8f}, B={gm_result['params'][1]:.8f}, C={gm_resul
t['params'][2]:.6f}")

280.

281. # 1152025 FIETF (Gompertz-Makeham)

282. # [E/HEZ BT EHEN] 2021 F25

283. A, B, C = gm_result['params’']

284.

285. # TEET N FETIF I EFES

286. # [REIETF LIAFEE 1- 2% )8 R 07

287. improvement_rate = ©.015 # 1.5%7 (7%

288. years_ahead = 2025 - 2021

289. trend_factor = (1 - improvement_rate) ** years_ahead

290.

291. # HBEZHA FIB ((RIFC AL, KNERBEREZEFEF)

292. A_2025 = A * trend_factor

293. B_2025 = B * trend_factor

294.

295. print(f" GM A EE: NEF={improvement_rate:.1%}/, X
f-={trend_factor:.3f}")

296. print(f" GM 2025 %
#: A={A_2025:.8f}, B={B_2025:.8f}, C={C:.6f}")

297.

298. mort_2025_gm = self.gompertz_makeham(ages, A_2025, B_2025, C
)

299.

300. print(f" Gompertz-Makeham 2025 FillZCT- %5
Fl: {mort_2025 gm.min():.6f} - {mort_2025 gm.max():.6f}")

301.

302. print(f" SRHEFEHE GM 2025 Tl ")

303. for key_age in key_ages:

304. if key_age in ages:

305. idx = np.where(ages == key_age)[0][0]

306. pred_gm = mort_2025 gm[idx]

307. real_2021 = mort_2021[idx]

308. print(f" {key age}%: GM 2025={pred_gm:.6f}, vs 5K
Fx 2021={real_2021:.6f}, [i{H={pred_gm/real_2021:.3f}")

309.

310. # AE TR 7ERITIE R, (EH IR I E L JE

311. weights_gm = np.zeros_like(ages, dtype=float)
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312.
313.
314.
315.
316.

317.
318.

319.
320.
321.
322.
323.
324.
325.

326.
327.

328.
329.
330.
331.
332.
333.
334.
335.
336.
337.

338.
339.
340.
341.
342.
343.
344.
345.

346.
347.

;/‘%'r

EAIE

* mort_2025_gm

for i, age in enumerate(ages):
if age <= 25:

weights_gm[i] = @.1 # /[CFEH /K Lee-Carter

elif age <= 40:

weights_gm[i] = ©.1 + ©.3 * (age - 25) / 15 # /%4

elif age <= 65:

weights_gm[i] = 0.4 + 0.3 * (age - 40) / 25 # 47

else:

weights_gm[i] = ©.7 # &4 FKHi Gompertz-Makeham

weights_lc = 1 - weights_gm

# WA E
mort_2025_combined = weights_lc * mort_2025_lc + weights_gm

print(f" AR 2025 FMALTRY

F: {mort_2025_ combined.min():.6f} - {mort_2025_combined.max():.6f}")

print(f" REFRHGHERTHN (BE GM/LC): ")
for key_age in key_ages:
if key_age in ages:
idx = np.where(ages == key_age)[0][0]
pred_combined = mort_2025_combined[idx]
real_2021 = mort_2021[idx]
w_gm = weights_gm[idx]
w_lc = weights_lc[idx]
print(f" {key_age}% : #{={pred_combined:.6f}, vs

Szfr 2021={real_2021:.6f}, ttifi={pred_combined/real 2021:.3f}, &

GM={w_gm:.1f}/LC={w_1lc:.1f}")

else:

# 1% Gompertz-Makeham 7 & %M, A1t/ Lee-Carter
print(f" 4. Gompertz-Makeham fl& kM, HAE] Lee-Carter")
mort_2025_combined = mort_2025_1c

self.gompertz_params[gender] = None

# NE5IL PR T 0 R
print(f" BAJRIFET R

Fl: {mort_2025 combined.min():.6f} - {mort_2025 combined.max():.6f}")

# 15840
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348. mort_2025_smoothed = self.whittaker_henderson_smooth(mort_2025_c
ombined, lambda_param=1000)

349.

350. print(f" BLJEILTHE
Fl: {mort_2025 smoothed.min():.6f} - {mort 2025 smoothed.max():.6f}")

351.

352. # IENESIXS KL FREHT 50T

353. print(f" (ESIX ERFE IR )

354. for key_age in key_ages:

355. if key_age in ages:

356. idx = np.where(ages == key_age)[0][0]

357. before = mort_2025_combined[idx]

358. after = mort_2025_smoothed[idx]

359. real_2021 = mort_2021[idx]

360. print(f" {key_age}% : 1&%4]Hi={before:.6f}, BLI)5
={after:.6f}, {k={((after/before-1)*100):.1f}%, vs 5:fr 2021={real 2021:.6f}")

361.

362. # IR IIIE (W F 30 ZLLLED

363. monotonic_violations = ©

364. for i in range(1, len(mort_2025_smoothed)):

365. if ages[i] > 30 and mort_2025_smoothed[i] < mort_2025_smooth
ed[i-1]:

366. mort_2025_smoothed[i] = mort_2025_smoothed[i-1] * 1.01

367. monotonic_violations += 1

368.

369. if monotonic_violations > @:

370. print(f" HIHMIZIE: {monotonic_violations }ANHEHE S AEE")

371.

372. print(f" AL RE

Fl: {mort_2025 smoothed.min():.6f} - {mort_ 2025 smoothed.max():.6f}")
373.

374. self.predictions_2025[gender] = {

375. ‘ages': ages,

376. ‘mortality_1c': mort_2025 lc,

377. ‘mortality combined': mort_2025_ combined,
378. ‘mortality_smoothed': mort_2025_ smoothed,
379. 'kt _2025': kt_2025,

380. "trend_slope': trend_slope

381. }

382.

383. print("\n2025 FILT-ZHFMTER ! ")

384.

385. def extrapolate_to_120(self):

386. "tUAMER 120 B
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387.
388.
389.
390.
391.
392.
393.

394.
395.
396.
397.
398.
399.
400.
401.
402.
403.
404.

othed']

405.
406.
407.
408.
409.
410.
411.
412.
413.
414.

print("IE/ESMESR 120 5 ... ")

for gender in ['M', 'F']:
print(f"kb#{gender} A, .. ")

current_ages = self.predictions_2025[gender][ 'ages"]

current_mortality = self.predictions_2025[gender][ 'mortality_smo

# GIE 120 IR
extended_ages = np.arange(0, 121)
extended_mortality = np.zeros(121)

# XTI HFERETELE, (e
for i, age in enumerate(extended_ages):
if age in current_ages:
idx = np.where(current_ages == age)[0][0]

extended_mortality[i] = current_mortality[idx]

# X/F90 YL L, (/] Gompertz-Makeham S| 7#
if self.gompertz_params[gender] is not None:

gm_params = self.gompertz_params[gender]['params’]

# S 90-120 %
for age in range(91, 121):
if age in extended_ages:
idx = age # [4/%extended_ages += ©-120
# (Z/7] Gompertz-Makeham FE7H/5) 1

extended_mortality[idx] = self.gompertz_makeham(age,

*gm_params)

415.
416.
417.

1, 0.8)

418.
419.
420.
421.
422.
423.
424.
425.

1e:1)))

426.

# W ERRZ9A (FEL-F A 80%)

extended_mortality[idx] = min(extended_mortality[idx

else:
# AR Gompertz-Makeham =4, G155 40
last_valid_age = int(current_ages[-1])

last_mortality = current_mortality[-1]
# IR
if len(current_mortality) >= 10:

growth_rate = np.mean(np.diff(np.log(current_mortality[-

else:
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427. growth_rate = 0.1 # ZUAM/CH

428.

429. for age in range(last_valid_age + 1, 121):

430. years_ahead = age - last_valid_age

431. extended_mortality[age] = last_mortality * np.exp(growth
_rate * years_ahead)

432. extended_mortality[age] = min(extended_mortality[age], ©
.8)

433,

434, # X TICFEREE (0- Bl fadpERS) . (e #E

435, min_age = int(current_ages[0])

436. if min_age > 0:

437. # FHELIHEE 0 ¥

438. for age in range(@, min_age):

439. ratio = age / min_age

440. extended_mortality[age] = extended_mortality[min_age] *
ratio

441.

442. # RANELT

443, extended_mortality = self.whittaker_henderson_smooth(extended_mo

rtality, lambda_param=500)

444,

445, # DIREWIELIHR (30 L LI L)

446. for i in range(31, 121):

447. if extended_mortality[i] < extended_mortality[i-1]:
448. extended_mortality[i] = extended_mortality[i-1] * 1.005
449,

450. # ORI L1

451. extended_mortality = np.maximum(extended_mortality, le-6)
452.

453, self.extrapolated_120[gender] = {

454, ‘ages': extended_ages,

455, ‘mortality': extended_mortality

456. }

457.

458, print("120 ZAMETER! ")

459.

460. def generate_results_table(self):

461. R Rl R

462. results = []

463.

464. for gender in ['M', 'F']:

465. ages = self.extrapolated_120[gender]['ages’']

466. mortality = self.extrapolated_120[gender][ 'mortality’]
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467.

468. for i, age in enumerate(ages):

469. results.append({

470. “PEGI s gender,

471. ERY . age,

472. '2025 FEFMALT " : mortality[i]

473, })

474.

475. return pd.DataFrame(results)

476.

477. def create_visualizations(self, save_path="Task 2"):

478. "R R

479. print("IEEABATALEZR. ")

480.

481. # BIEIRTFHR

482. os.makedirs(save_path, exist_ok=True)

483.

484. # 1. JEEHS T

485. fig, axes = plt.subplots(2, 2, figsize=(15, 12))

486.

487. for i, gender in enumerate(['M', 'F']):

488. # LIS

489. matrix = self.mortality_matrix[gender]

490.

491. # LK FER R ES

492. key_ages = [30, 50, 70, 90]

493. for age in key_ages:

494, if age in matrix.index:

495, values = matrix.loc[age].values

496. years = matrix.columns.values

497. axes[i, ©].plot(years, values, marker='o', label=f'{age}
%', linewidth=2)

498.

499, axes[i, @].set_title(f'{gender}Jj AT % EHA ", fontsize=14)

500. axes[i, 0].set_xlabel('4F{r")

501. axes[i, @].set_ylabel( LTI %")

502. axes[i, ©].legend()

503. axes[i, ©].grid(True, alpha=0.3)

504.

505. # Lee-Carter MHZH

506. if gender in self.lee_carter_params:

507. lc_params = self.lee_carter_params[gender]

508.

509. # b(x) 244
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510.

511.

512.
513.
514.
515.
516.
517.

518.
519.
520.
521.
522.
523.
524.
525.
526.
527.

528.

529.
530.

531.
532.
533.
534.
535.
536.
537.
538.
539.
540.
541.
542.
543.
544,
545.
546.

axes[i,

', linewidth=2)

axes[i,

', fontsize=14)

', linewidth=2, alpha=0.7)

='tight')

axes[i,
axes[i,

axes[i,

1].plot(lc_params['ages'], lc_params['bx"'], 'b-
1].set_title(f'{gender}fk Lee-Carter #i#l b(x) %
1].set_xlabel('4Fis’

1].set_ylabel('b(x)")
1].grid(True, alpha=0.3)

plt.tight_layout()

plt.savefig(f'{save_path}/historical_analysis.png', dpi=300, bbox_in
ches="tight")

plt.close()

# 2. 2025 ETREEEE

fig, axes = plt.subplots(1l, 2, figsize=(15, 6))

for i, gender in enumerate(['M', 'F']):

pred_data =

self.predictions_2025[gender]

axes[i].plot(pred_data['ages'], pred_data[ 'mortality 1c'],

'b--', label='Lee-Carter Tl

axes[i].plot(pred_data['ages'], pred_data[ ‘mortality combined'],

'g:', label="#{ &M, linewidth=2, alpha=0.7)

axes[i].plot(pred_data['ages'], pred_data[ ‘mortality smoothed'],

"r-', label="{&%1jE #Willl', linewidth=3)

# I A

hist_2021 =

self.mortality_matrix[gender][2021]

axes[i].plot(hist_2021.index, hist_2@21.values,

'ko-', label='20214F5Zfr', alpha=0.5, markersize=3)

axes[i].set_title(f'{gender}!t 2025 ZEFET- KN ', fontsize=14)
axes[i].set_xlabel('#F#%")
axes[i].set_ylabel('JLT-%")

axes[i].set_yscale('log")

axes[i].legend()

axes[i].grid(True, alpha=0.3)

plt.tight_layout()

plt.savefig(f'{save_path}/prediction_2025.png', dpi=300, bbox_inches
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547. plt.close()

548.

549. # 3. 120 LR

550. fig, axes = plt.subplots(1l, 2, figsize=(15, 6))

551.

552. for i, gender in enumerate(['M', 'F']):

553. ext_data = self.extrapolated_120[gender]

554.

555. axes[i].plot(ext_data[ 'ages'], ext_data[ 'mortality'],

556. 'r-', linewidth=3, label='/M{% 120 %)

557.

558. # Frid 90 &7 R4

559. axes[i].axvline(x=90, color='blue', linestyle='--
', alpha=0.7, label='|fA%¥#Ein%A")

560.

561. axes[i].set_title(f'{gender}ILT F4MES 120 &', fontsize=14)

562. axes[i].set_xlabel(' ")

563. axes[i].set_ylabel('4L1-%")

564. axes[i].set_yscale('log")

565. axes[i].legend()

566. axes[i].grid(True, alpha=0.3)

567.

568. # INWIFELE BT

569. axes[i].text(45, ext_data['mortality'][45], ']
', fontsize=10, alpha=0.7)

570. axes[i].text(75, ext_data['mortality'][75], '#ZHH
', fontsize=10, alpha=0.7)

571. axes[i].text(105, ext_data[ 'mortality'][105], 'AMfEX A
', fontsize=10, alpha=0.7)

572.

573. plt.tight_layout()

574. plt.savefig(f'{save_path}/extrapolation_120.png', dpi=300, bbox_inch
es="tight")

575. plt.close()

576.

577. # 4. BHPHLRK

578. fig, axes = plt.subplots(2, 1, figsize=(12, 10))

579.

580. for i, gender in enumerate(['M', 'F']):

581. # Gompertz-Makeham 74 £ 3¢ F

582. if self.gompertz_params[gender] is not None:

583. gm_data = self.gompertz_params[gender]

584. fit_ages = gm_data[ 'fit_ages']

585. fit_rates = gm_data['fit_rates']
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586. predicted_rates = self.gompertz_makeham(fit_ages, *gm_datal['

params'])

587.

588. axes[i].scatter(fit_ages, fit_rates, alpha=0.6, label='35Zfr%L
#', s=30)

589. axes[i].plot(fit_ages, predicted_rates, 'r-',

590. label=f'Gompertz-Makeham
4 (R2={gm_data["r_squared"]:.3f})"', linewidth=2)

591.

592. axes[i].set_title(f'{gender}t Gompertz-Makeham #7455
', fontsize=14)

593. axes[i].set_xlabel('4Fit")

594. axes[i].set_ylabel('ZLT-%")

595. axes[i].set_yscale('log")

596. axes[i].legend()

597. axes[i].grid(True, alpha=0.3)

598.

599. plt.tight_layout()

600. plt.savefig(f'{save_path}/model fitting.png', dpi=300, bbox_inches="
tight')

601. plt.close()

602.

603. print ("L ERA B! )

604.

605. def run_complete_analysis(self):

606. IS AT SRR AR

607. print ("G FEREFISETI R I 6. L")

608. print("="*60)

609.

610. # 1. ZCIEWIEA A2

611. self.load_and_prepare_data()

612.

613. # 2. 2025 FTN

614. self.predict_2025 mortality()

615.

616. # 3. 120 LI

617. self.extrapolate_to_120()

618.

619. # 4. LIGTRER

620. results_df = self.generate_results_table()

621.

622. # 5. QIZIHMI

623. self.create_visualizations()

624.
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625.
626.

# 6. RIFLHE

results_df.to_csv('Task 2/mortality predictions_2025.csv', index=Fal

se, encoding="utf-8-sig")

627.
628.
629.
630.
631.
632.
633.
634.
635.
636.
637.
638.
639.
640.
641.

if __name__ ==

print("="*60)
print("brsEk ! SR OHRAFE] Task 2 Uk

return results_df

__main__":
# LR p
predictor = MortalityPredictor (" [/ 1 £0dE Y JEAREG = AHAET %K . x1sx™)

results = predictor.run_complete_analysis()

# LA LR
print("\n FgE RG] ")
print(results.head(20))

5.2025 FERR A DT RN o8 (SoHk/EERD

O 00 N O U1 A W N B

NN NN R R R B R B R R R R
W N B ® W 00 N OO T A W N B ©

2025 FOREE N DR TR R et (ot fE)
SZPL Lee-Carter 15 + Gompertz-Makeham #7% + fh2k1&%)

HNER 120 %

import pandas as pd

import numpy as np

import matplotlib.pyplot as plt

. from
. from
. from
. from

. from

scipy import interpolate

scipy.optimize import curve_fit

scipy.interpolate import UnivariateSpline, splrep, splev
scipy.ndimage import gaussian_filterid

sklearn.metrics import mean_squared_error, mean_absolute_error

. import warnings
. import os

. warnings.filterwarnings('ignore")
L H# OB
. plt.rcParams[‘font.sans-serif'] = ['SimHei', 'DejaVu Sans']

. plt.rcParams[ 'axes.unicode_minus'] = False

. class MortalityPredictor:
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24.
25.
26.
27.
28.
29.
30.
31.
32.
33.
34.
35.
36.
37.
38.
39.
40.
41.
42.
43,
44,
45,
46.
47.
48.
49.
50.
51.
52.
53.
54.

55.

56.

57.
58.
59.
60.
61.

62.
63.

def __init_ (self, data_path):

WA FE T T 4%

Parameters:

data_path: str, Excel {4z
self.data_path = data_path
self.df = None
self.mortality_matrix = {}
self.lee_carter_params = {}
self.gompertz_params = {}
self.predictions_2025 = {}
self.extrapolated_120 = {}

def load_and_prepare_data(self):
B AR
print (" IELEMEFTALEEEGE . .. ")

# BEIRAHE
self.df = pd.read_excel(self.data_path, sheet_name='data')

# I EICF
self.df['JET-%"'] = self.df['HIEH "] / self.df[ ' F&EH"]

# MIEZE A JET%50.5 A7
self.df.loc[self.df['JET-#%'] > 0.5, 'JEI-% '] = np.nan

# HERGGE
print(f"HiEFIR: {self.df.shape}")
print (FU4EITEE: {self.df[ ' FAER 1.min()} - {self.df[ Skt ER

.max()}")

print(f"WEFEEE: {self.df[ "MEHFEEL 1.min()} - {self.df[ MEFSL
max()}")

print(f"FETREH: {self.df['FE1-%"'].min():.6f} - {self.df[ 'L %
.max():.6f}")

# FBFINEG G T LA
for gender in ['M', 'F']:
gender_data = self.df[self.df['{4%]'] == gender]
matrix = gender_data.pivot(index="'ZiA4#:", columns="MZLHfE
values="JLT R ")

# PR : 2e 1
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64. matrix = matrix.interpolate(method="'linear', axis=1)

65. matrix = matrix.interpolate(method="'linear', axis=0)
66.

67. # IR FE (X E e 7%

68. matrix = matrix.fillna(method="'ffill").fillna(method="bfill")
69. matrix[matrix <= 0] = le-6

70.

71. self.mortality_matrix[gender] = matrix

72.

73. print("HIETALFESR! ")

74.

75. def lee_carter_fit(self, gender):

76. e

77. Lee-Carter HERIHL &

78.

79. Parameters:

80. gender: str, 'M' B 'F'

81.

82. Returns:

83. dict: B8 a(x), b(x), k(t)33

84. e

85. matrix = self.mortality matrix[gender].values

86. ages = self.mortality_matrix[gender].index.values
87. years = self.mortality matrix[gender].columns.values
88.

89. # Step 1: 118 a(x) - FEWHIET

90. log_mort = np.log(matrix)

91. ax = np.mean(log_mort, axis=1)

92.

93, # Step 2: I

94. centered_matrix = log_mort - ax.reshape(-1, 1)
95.

96. # Step 3: SVD M

97. U, s, Vt = np.linalg.svd(centered_matrix, full_matrices=False)
98.

99. # Step 4: FEF—T %

100. bx = U[:, @]

101. kt = s[0] * vt[o, :]

102.

103. # FRIEIE LR P IR

104. # A4 sum(b(x)) = 1, k(te) = 0

105. bx = bx / np.sum(bx)

106. kt = kt - kt[0]

107.
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108. return {

109. "ax': ax,

110. 'bx': bx,

111. "kt': kt,

112. ‘ages': ages,

113. 'years': years

114. }

115.

116. def predict_kt_2025(self, kt_historical, years):

117. e

118. T 2025 4 k(t) 1

119. ORI TTE, IR P 2

120. e

121. # FELIEES WG

122. coeffs = np.polyfit(years, kt_historical, 1)

123. slope, intercept = coeffs

124.

125. # T 2025 7, [HRBIEENTE

126. kt_2025_raw = slope * 2025 + intercept

127.

128. # [RTIRG: FHHARVE 3 - FLIE, A 30%

129. recent_kt_mean = np.mean(kt_historical[-3:])

130. max_change = recent_kt_mean * 0.3

131.

132. if kt_2025_raw > recent_kt_mean + max_change:

133. kt_2025 = recent_kt_mean + max_change

134. print(f" k(t) TRIMME s PRI . JB4h{kt_2025_raw:.3f} -> {4
{kt_2025:.3f}")

135. elif kt_2025_raw < recent_kt_mean - max_change:

136. kt_2025 = recent_kt_mean - max_change

137. print(f" k(t) TG s PR H] . JF4h{kt_2025_raw:.3f} -> {4
{kt_2025:.3f}")

138. el'se:

139. kt_2025 = kt_2025_raw

140.

141. return kt_2025, slope

142.

143, def gompertz_makeham(self, x, A, B, C):

144, """Gompertz-Makeham %7 pg £

145. return A + B * np.exp(C * x)

146.

147. def fit_gompertz_makeham(self, ages, mortality rates, age_range=(30, 99)
):

148. e
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149.
150.
151.
152.
153.
154.
155.
156.
157.
158.

159.
160.
161.
162.
163.
164.
165.
166.
167.
168.
169.
170.
171.
172.
173.
174.
175.
176.
177.
178.

179.
180.
181.
182.
183.
184.
185.
186.
187.
188.
189.
190.

& Gompertz-Makeham 7

Rt 30-90 L4k BLil &

# LS EFRE TN

mask = (ages >= age_range[0]) & (ages <= age_range[1l])
fit_ages = ages[mask]

fit_rates = mortality_ rates[mask]

# LR ATREHT S

valid_mask = (fit_rates > @) & (fit_rates < 1) & np.isfinite(fit_rat
es)

fit_ages = fit_ages[valid_mask]

fit_rates = fit_rates[valid_mask]

if len(fit_ages) < 10: # HRALEGEIIHIE L

return None

try:
# REGIIZEY TR
bounds = ([0, le-6, 0], [0.1, 1, ©0.2])
popt, pcov = curve_fit(
self.gompertz_makeham,
fit_ages,
fit_rates,
bounds=bounds,

maxfev=5000

# i EME A
predicted = self.gompertz_makeham(fit_ages, *popt)
r_squared = 1 - np.sum((fit_rates - predicted) ** 2) / np.sum((f

it_rates - np.mean(fit_rates)) ** 2)

return {
'params': popt,
‘covariance': pcov,
'r_squared': r_squared,
'fit_ages': fit_ages,
‘fit_rates': fit_rates

}

except:

return None

def whittaker_henderson_smooth(self, y, lambda_param=1000):
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191. RS IS, B SR R

192. n = len(y)

193. if n < 3:

194. return y

195.

196. # (B FLIH T ANEST, (RIFIR G TER

197. smoothed = np.copy(y)

198.

199. # X TR 0-10, (EHTHEEER) P

200. for i in range(1, min(10, n-1)):

201. window_size = 3

202. start_idx = max(@, i - window_size//2)

203. end_idx = min(n, i + window_size//2 + 1)

204. smoothed[i] = np.mean(y[start_idx:end_idx])

205.

206. # X TR 10 LILE, IR T, EERE R

207. for i in range(10, n-1):

208. # 5 UK EEZ)FL, O RREE X

209. weights = np.array([0.1, 0.2, 0.4, 0.2, 0.1])

210. start_idx = max(e@, i - 2)

211. end_idx = min(n, i + 3)

212.

213. if end_idx - start_idx == 5:

214. smoothed[i] = np.average(y[start_idx:end_idx], weights=weigh
ts)

215. else:

216. # UGN, (EH P

217. smoothed[i] = np.mean(y[start_idx:end_idx])

218.

219. # DRI IE

220. smoothed = np.maximum(smoothed, 1le-6)

221.

222. # WRESFHIIENSWEREXZE (iRE+50%)

223. ratio_bounds = (0.5, 1.5)

224. for i in range(n):

225. ratio = smoothed[i] / y[i] if y[i] > © else 1.0

226. if ratio < ratio_bounds[0@]:

227. smoothed[i] = y[i] * ratio_bounds[@]

228. elif ratio > ratio_bounds[1]:

229. smoothed[i] = y[i] * ratio_bounds[1]

230.

231. return smoothed

232.

233. def predict_2025_mortality(self):
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234. nn "Tﬁwr\“,] 2025 ﬁzﬁﬁt%uuu

235. print("IEETM 2025 HEIET-H .. .")

236.

237. for gender in ['M', 'F']:

238. print(f"\n 4t {gender}EXHE. .. ")

239.

240. # Lee-Carter MW &

241. lc_params = self.lee_carter_fit(gender)

242. self.lee_carter_params[gender] = lc_params

243.

244, print(f" Lee-Carter Z¥(: k(t)iu
{1c_params['kt"'].min():.3f} - {lc_params['kt'].max():.3f}")

245. print(f" H#E

Fl: {lc_params['ages'].min()} - {lc_params['ages'].max()}")
246.

247. # Tl 2025 FEHTR(t)
248. kt_2025, trend_slope = self.predict_kt_2025(1lc_params[ 'kt'], lc_
params[ 'years'])
249. print(f" k(2025)TME: {kt_2025:.3f}, HEHRH
#: {trend_slope:.3f}")
250.
251. # 115 2025 LT F (Lee-Carter)
252. log _mort_2025_1c = lc_params[‘'ax'] + lc_params['bx'] * kt_2025
253. mort_2025_1c = np.exp(log_mort_2025 1c)
254.
255, print(f" Lee-Carter 2025 JZET KL
Fl: {mort_2025 lc.min():.6f} - {mort_2025 lc.max():.6f}")
256.
257. # FEIK 2021 FH#7 /T Gompertz-Makeham #75
258. mort_2021 = self.mortality matrix[gender][2021].values
259. ages = lc_params[‘'ages']
260.
261. print(f" SEBR 2021 4EFETRNE
H: {mort_2021.min():.6f} - {mort_2021.max():.6f}")
262.
263. # LN KA R 2021 SESRE vs Lee-Carter FEXT I
264. key_ages = [30, 50, 70, 80, 90]
265. print(f" SSHER 2021 SZPR vs Lee-Carter 2025 FiMXfEL: ™)
266. for key_age in key_ages:
267. if key_age in ages:
268. idx = np.where(ages == key_age)[0][0]
269. real_2021 = mort_2021[idx]
270. pred_lc = mort_2025 lc[idx]
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271. print(f" {key age}%: SZfn
2021={real_2021:.6f}, LC 2025={pred_lc:.6f}, HfH={pred_lc/real_2021:.3f}")
272.

273. # Gompertz-Makeham FE7F/I 7
274. gm_result = self.fit_gompertz_makeham(ages, mort_2021)
275.
276. if gm_result is not None:
277. self.gompertz_params[gender] = gm_result
278. print(f" Gompertz-Makeham {5 %
I, R2={gm_result['r_squared']:.4f}")
279. print(f" GMZ

. A={gm_result['params'][@]:.8f}, B={gm_result['params'][1]:.8f}, C={gm_resul
t['params'][2]:.6f}")

280.

281. # 11452025 LEIE T (Gompertz-Makeham)

282. # [EHEZ BT A B/ 2021 F24

283. A, B, C = gm_result['params"]

284.

285. # TEET N FETIF I EFES

286. # [RBIETF LIAFEE 1- 2% )8 R 077

287. improvement_rate = ©.015 # 1.5%7 (7%

288. years_ahead = 2025 - 2021

289. trend_factor = (1 - improvement_rate) ** years_ahead

290.

291. # HESHAFIB ([RIFC AIHE, KAERBREEFEF)

292. A_2025 = A * trend_factor

293. B_2025 = B * trend_factor

294.

295. print(f" GMEFITE: KEF={improvement_rate:.1%}/, X
f-={trend_factor:.3f}")

296. print(f" GM 2025 %
#: A={A_2025:.8f}, B={B_2025:.8f}, C={C:.6f}")

297.

298. mort_2025_gm = self.gompertz_makeham(ages, A_2025, B_2025, C
)

299.

300. print(f" Gompertz-Makeham 2025 FillZE -5
Fl: {mort_2025 gm.min():.6f} - {mort_2025 gm.max():.6f}")

301.

302. print(f" SCHFEH GM 2025 Tl ")

303. for key_age in key_ages:

304. if key_age in ages:

305. idx = np.where(ages == key_age)[0][0]

306. pred_gm = mort_2025 gm[idx]
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307.
308.

309.
31e.
311.
312.
313.
314.
315.
316.

317.
318.

319.
320.
321.
322.
323.
324.
325.

326.
327.

328.
329.
330.
331.
332.
333.
334.
335.
336.
337.

338.
339.
340.
341.
342.
343.

Fr 2021={real_2021:.

;‘,//.ZI-H'_‘

TELE

* mort_2025_gm

real_20
print(f

21 = mort_2021[idx]
" {key age}% : GM 2025={pred_gm:.6f}, vs 5L

6f}, HfE={pred_gm/real_2021:.3f}")

# G PRI IZERI TG R, (/T 19 L

weights_gm = np
for i, age in e
if age <= 2
weights

elif age <=

weights

elif age <=

weights

else:

weights

weights_lc = 1

# MR A &
mort_2025_combi

.zeros_like(ages, dtype=float)

numerate(ages):
5:
_gm[i] = ©.1 # [CF#H LKW Lee-Carter
40:
_gm[i] = ©.1 + 0.3 * (age - 25) / 15 # J/H/
65:
_gm[i] = 0.4 + 0.3 * (age - 40) / 25 # HA)
_gm[i] = ©.7 # AT H LA Gompertz-Makeham
- weights_gm

ned = weights_lc * mort_2025_lc + weights_gm

print(f" AR 2025 FHMAETRIE
Fl: {mort_2025 combined.min():.6f} - {mort_2025 combined.max():.6f}")

print(f" SREFERA ST (BE eM/LC): ")

for key_age in
if key_age
idx = n
pred_co
real_20
w_gm =
w_lc =

print(f

key_ages:

in ages:

p.where(ages == key_age)[0][0]

mbined = mort_2025_combined[idx]

21 = mort_2021[idx]

weights_gm[idx]

weights_lc[idx]

" {key_age}% : 4 &={pred_combined:.6f}, vs

SR 2021={real_2021:.6f}, ttifi={pred_combined/real 2021:.3f}, (&

GM={w_gm:.1f}/LC={w_lc:.1f}")

else:
# 414 Gompertz-
print(f" %4
mort_2025_combi
self.gompertz_p

Makeham # & M, R 1E€/H Lee-Carter
Gompertz-Makeham #-& W, R AHH Lee-Carter")
ned = mort_2025_1c

arams[gender] = None
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344. # 1P iR
345, print(f" BERIFELHRIG
Fl: {mort_2025 combined.min():.6f} - {mort_ 2025 combined.max():.6f}")
346.
347. # 12574
348. mort_2025_ smoothed = self.whittaker_henderson_smooth(mort_2025 c
ombined, lambda_param=1000)
349.
350. print(f" BLJEILTHIE
Fl: {mort_2025 smoothed.min():.6f} - {mort 2025 smoothed.max():.6f}")
351.

352. # IENESIXS KL FREHT 50T

353. print(f" ESI0 REER IR ")

354. for key_age in key_ages:

355. if key_age in ages:

356. idx = np.where(ages == key_age)[0][0]

357. before = mort_2025_combined[idx]

358. after = mort_2025_smoothed[idx]

359. real_2021 = mort_2021[idx]

360. print(f" {key_age}% : 1&%4IHi={before:.6f}, BLI)5
={after:.6f}, {k={((after/before-1)*100):.1f}%, vs 5Zfr 2021={real 2021:.6f}")

361.

362. # IR IIIE (/T30 ZLLLED

363. monotonic_violations = ©

364. for i in range(l, len(mort_2025_smoothed)):

365. if ages[i] > 30 and mort_2025_smoothed[i] < mort_2025_smooth
ed[i-1]:

366. mort_2025_smoothed[i] = mort_2025_smoothed[i-1] * 1.01

367. monotonic_violations += 1

368.

369. if monotonic_violations > @:

370. print(f" HiHHEIZIE: {monotonic_violations }AMFEES S pA%E")

371.

372. print(f" AT -G

Fl: {mort_2025 smoothed.min():.6f} - {mort_ 2025 smoothed.max():.6f}")
373.

374. self.predictions_2025[gender] = {

375. ‘ages': ages,

376. 'mortality_lc': mort_2025 lc,

377. ‘mortality_combined': mort_2025_ combined,
378. ‘mortality_smoothed': mort_2025 smoothed,
379. 'kt _2025': kt_2025,

380. "trend_slope': trend_slope

381. }
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382.
383.
384.
385.

386.
387.
388.
389.
390.
391.
392.
393.
394.
395.
396.
397.

398.
399.

x1')

400.
401.
402.
403.

th(".

404.
405.
406.
407.
408.
409.
410.
411.
412.
413.
414.
415.
416.
417.
418.
419.
420.
421.
422.

print("\n2025 ‘LT AT ! ")

def adjust_8@plus_with_international data(self, intl data_path="'[E4M i

A1 FH [ B a5 80 & LA b FE T 2 Tl

SRS

1. BERE FRAET R A

2. FHRSEATEIELE 80 & Z Hit AUAH LA FE 5

3. EAHXEEARMIE S 80 % DA b HBE T A R I B AT TR

print("\n f ] HFrEdE A% 8e & L ERISET K. .. ")

# [T H R
death_rates_path = os.path.join(intl_data_path, 'death_rates', 'Mx_1

if not os.path.exists(death_rates_path):
print(f"#ii: HWAREHFESE HX {death_rates_path}")

return False

# EEEATH AR 5 5

country_files = [f for f in os.listdir(death_rates_path) if f.endswi
txt')]

print(f"#£2{len(country files) }MEKMIET- R EIE")

# [RA7 R

international_data = {}

# BEIREBFIE T F A
for gender in ['M', 'F']:
international_data[gender] = {}

gender_key = 'Male' if gender == 'M' else 'Female’

# LA TNE A A
for country_file in country_files:
country_code = country_file.split('."')[@]
file_path = os.path.join(death_rates_path, country file)

try:
# L (B AT 1T
with open(file_path, 'r', encoding='utf-8') as f:
lines = f.readlines()[2:] # Bk FTFTT
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423.

424. # 125

425, header = lines[@].strip().split()

426.

427. # EMEAIINIZ T/

428. gender_idx = header.index(gender_key) if gender_key in h

eader else None

429.

430. if gender_idx is None:

431. continue

432.

433. # FEREH

434, country data = {'ages': [], 'rates': [], 'years': []}

435, recent_year data = {} # /4NN FIERITTE A

436.

437. for line in lines[1:]:

438. parts = line.strip().split()

439, if len(parts) >= 4: # WG L EH77]

440. try:

441. year = int(parts[@])

442. age = int(parts[1])

443, rate = float(parts[gender_idx])

444,

445, # N o-110 2 1174

446. if @ <= age <= 110 and rate > 0:

447. country_data[ "'ages'].append(age)

448. country_data[ 'rates'].append(rate)

449, country_data[ 'years'].append(year)

450.

451. # EFRIF 1 HIEH

452. if age not in recent_year_data or year >
recent_year_data[age][ 'year']:

453, recent_year_data[age] = {'rate': rat

e, 'year': year}

454. except:

455. continue

456.

457. # RS L, Bhid

458. if len(country_data['ages']) < 50:
459. continue

460.

461. # 1R RN R BT

462. latest_ages = []

463. latest_rates = []
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464.

465. for age in range(0, 111):

466. if age in recent_year_data:

467. latest_ages.append(age)

468. latest_rates.append(recent_year_data[age][ 'rate’
D)

469.

470. if len(latest ages) > 30: # HRGLZTENIFHE

471. international_data[gender][country_code] = {

472. 'ages': np.array(latest_ages),

473. 'rates': np.array(latest_rates)

474, }

475. print(f" S A{country code} {gender_key}#\
#i: {len(latest_ages)} MER ")

476. except Exception as e:

477. print(f" iZ{country_file}i}H44: {str(e)}")

478.

479. print(f" T A{len(international_data[gender]) }~EHKHI
{gender_key}¥iiE")

480.

481. # XML, TR E Z I 15 80 2 LI -5

482. for gender in ['M', 'F']:

483. if gender not in self.predictions_2025:

484. continue

485.

486. pred_ages = self.predictions_2025[gender][ 'ages']

487. pred_mort = self.predictions_2025[gender][ 'mortality smoothed']

488.

489. print(f"\n{gender}tf 80 % L\ - H 4% ")

490.

491. # IR S 80 2 LUFTHIAIIE

492. similarity_scores = {}

493.

494, for country, data in international_data[gender].items():

495, country_ages = data['ages']

496. country_rates = data['rates’']

497.

498. # 115 40-80 ZELRBAIHIE (EHXTEED

499. err_sum = @

500. count = @

501.

502. for age in range(40, 81):

503. if age in pred_ages and age in country_ages:

504. idx_pred = np.where(pred_ages == age)[0][9]
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505. idx_country = np.where(country_ages == age)[0][0]
506.

507. pred_rate = pred_mort[idx_pred]

508. country_rate = country_rates[idx_country]

509.

510. if pred_rate > @ and country_rate > 0:

511. # I X R ZE R

512. log_diff = np.abs(np.log(pred_rate) - np.log(cou
ntry_rate))

513. err_sum += log_diff

514. count += 1

515.

516. if count > @:

517. avg_err = err_sum / count

518. similarity_scores[country] = {

519. 'score': np.exp(-avg_err), # FIEANMESE (0-1 &
Vp;

520. ‘error': avg_err

521. }

522.

523. # IRIGHIETEF

524. sorted_countries = sorted(

525. similarity_scores.items(),

526. key=lambda x: x[1]['score'],

527. reverse=True

528. )

529.

530. # AT S SRITEFR

531. top_countries = [c[@] for c in sorted_countries[:5]]

532. print(f" &ML 5 AEZXK: {', '.join(top_countries)}")

533.

534. for ¢ in sorted_countries[:5]:

535, print(f" {c[0]}: MIMIE={c[1][ " 'score']:.4f}, %
={c[1]['error']:.4f}")

536.

537. # [EHIEE R E S HE 80 2 LI LHIIE L%

538. if len(top_countries) > 0:

539. # 1280 & LI HIEHE

540. ages_80@plus = list(range(80, 111)) # 80-110 ¥

541. avg_rates = np.zeros(len(ages_80plus))

542. count = np.zeros(len(ages_80plus))

543.

544. # BN

545, for country in top_countries:
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546.
547.
548.
549.
550.
551.

552.
553.
554.
555.
556.
557.
558.
559.
560.
561.
562.
563.
564.
565.
566.
567.
568.
569.
570.
571.

572.

573.
574.
575.
576.
577.
578.
579.
580.
581.
582.
583.
584.
585.
586.

weight =

similarity_scores[country]['score"]

country_data = international_data[gender][country]

for i, age in enumerate(ages_80plus):

if age in country_data['ages']:

# iR

idx = np.where(country_data['ages'] == age)[0][0

rate = country_data['rates'][idx]

if rate > 0:

avg_rates[i] += rate * weight

count[i] += weight

for i in range(len(ages_80plus)):

if count[i] > @:

avg_rates[i] /= count[i]

# IHETLIF,

LN T 80 AL T FiELE

idx_80 = np.where(pred_ages == 80)[0]
if len(idx_80) > 0:

idx_80

our_80 =

intl_80 =

idx_80[8]
pred_mort[idx_80]
avg_rates[0]

# I IHBERS

adjustment_factor = our_80 / intl_80 if intl_80 > 0 else

1.0
print(f"
%/ EF 80 L PHETH) ")

2% {adjustment_factor:.4f} (FA1H 80 HHE

# MRS

avg_rates *= adjustment_factor

# /X1 70-80 &% BT E
for age in range(70, 890):

if age in pred_ages:

idx = np.where(pred_ages == age)[0][0]
# IRIFIL, BIATNIH 3 80 & LI L 115 #

# W) 80 & L LA F

for i, age in enumerate(ages_80plus):

if age in pred_ages:

idx = np.where(pred_ages == age)[0][0]
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587.
588.
589.
590.

if avg_rates[i] > @:
old_rate = pred_mort[idx]
new_rate = avg_rates[i]

print(f" {age}

% : {old_rate:.6f} -> {new rate:.6f} (Z{L*: {(new_rate/old rate-

1)*100:.1F}%)")
591.
592,
593.
594.
ort.copy()
595.
596.
597.
598.
599.
600.
601.
602.
603.
604.
605.
moothed"' ][idx]
606.
607.
608.

{change:+.1f}%")

609.
610.
611.

pred_mort[idx] = new_rate

# R R
self.predictions_2025[gender][ 'mortality_adjusted'] = pred_m

# LB BRTTHI KR

key_ages = [80, 85, 90, 95, 100]

print("\n VHEEHTJGE OSBRI )

print(" FE | BT | HEE | ELE")
print(" ----mem e ")

for age in key_ages:
if age in pred_ages:
idx = np.where(pred_ages == age)[0][Q]
old_val = self.predictions_2025[gender][ 'mortality_s

new_val
change = (new_val / old_val - 1) * 100
print(f" {age:3d} | {old_val:.6f} | {new_val:.6f} |

pred_mort[idx]

# HAHTEST

adjusted_mort_smoothed = self.whittaker_henderson_smooth(pre

d_mort, lambda_param=1000)

612.
ed_mort_smoothed

613.

614.

615.

616.

617.

self.predictions_2025[gender][ 'mortality_smoothed'] = adjust

# HIREYE (X F 30 LU
monotonic_violations = ©
for i in range(1l, len(adjusted_mort_smoothed)):

if pred_ages[i] > 30 and adjusted_mort_smoothed[i] < adj

usted_mort_smoothed[i-1]:

618.
-1] * 1.01

619.

620.

621.

adjusted_mort_smoothed[i] = adjusted_mort_smoothed[i

monotonic_violations += 1

if monotonic_violations > @:
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622. print(f" FRIFHIEIE: {monotonic_violations}ANHEH4 5k 1 5

623.
624. print(f" & HEGIETHIE

: {adjusted_mort_smoothed.min():.6f} - {adjusted mort_smoothed.max():.6f}")
625. else:

626. print(" BAHKIEWMHPIRIES, REFEGTI")

627.

628. print("\n80 % LI LAET R M! ")

629. return True

630.

631. def extrapolate_to_120(self):

632. "UrAMESR 120

633. print("IE{ESMESR 120 5 ... ")

634.

635. for gender in ['M', 'F']:

636. print(f"4b#{gender}EsME. .. ")

637.

638. current_ages = self.predictions_2025[gender]['ages"']

639. current_mortality = self.predictions_2025[gender][ 'mortality_smo
othed']

640.

641. # )& 120 2 1) FE/TIY

642. extended_ages = np.arange(0, 121)

643. extended_mortality = np.zeros(121)

644.

645. # X THGFERENE, (T E

646. for i, age in enumerate(extended_ages):

647. if age in current_ages:

648. idx = np.where(current_ages == age)[0][0]

649. extended_mortality[i] = current_mortality[idx]

650.

651. # X171+ 90 £LI L, [t/ Gompertz-Makeham Sf7

652. if self.gompertz_params[gender] is not None:

653. gm_params = self.gompertz_params[gender]['params']

654.

655. # S 90-120 %

656. for age in range(91, 121):

657. if age in extended_ages:

658. idx = age # /A% extended_ages iz 0-120

659. # /1] Gompertz-Makeham #2751

660. extended_mortality[idx] = self.gompertz_makeham(age,

*gm_params)
661.
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662. # WH ERAH (ST 80%)

663. extended_mortality[idx] = min(extended_mortality[idx
1, ©.8)

664. else:

665. # QIR Gompertz-Makeham 24, (/IS E

666. last_valid_age = int(current_ages[-1])

667. last_mortality = current_mortality[-1]

668.

669. # IR

670. if len(current_mortality) >= 10:

671. growth_rate = np.mean(np.diff(np.log(current_mortality[-
10:1)))

672. else:

673. growth_rate = 0.1 # 247K

674.

675. for age in range(last_valid_age + 1, 121):

676. years_ahead = age - last_valid_age

677. extended_mortality[age] = last_mortality * np.exp(growth
_rate * years_ahead)

678. extended_mortality[age] = min(extended_mortality[age], ©
.8)

679.

680. # W TIFEREE (0-FIHRDER) , 1L/

681. min_age = int(current_ages[©0])

682. if min_age > ©:

683. # BRI T 0 ¥

684. for age in range(@, min_age):

685. ratio = age / min_age

686. extended_mortality[age] = extended_mortality[min_age] *
ratio

687.

688. # mANEL]

689. extended_mortality = self.whittaker_henderson_smooth(extended_mo
rtality, lambda_param=500)

690.

691. # DIREIIEZIR (30 LD

692. for i in range(31, 121):

693. if extended_mortality[i] < extended_mortality[i-1]:

694. extended_mortality[i] = extended_mortality[i-1] * 1.005

695.

696. # DRI G 1E

697. extended_mortality = np.maximum(extended_mortality, le-6)

698.

699. self.extrapolated_120[gender] = {
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700.
701.
702.
703.
704.
705.
706.
707.
708.
709.
710.
711.
712.
713.
714.
715.
716.
717.
718.
719.
720.
721.
722.
723.
724.
725.
726.
727.
728.
729.
730.
731.
732.
733.
734.
735.
736.
737.
738.
739.
740.
741.
742.

def

def

'ages': extended_ages,

'mortality': extended_mortality

print("120 & HMETERMR! ")

generate_results_table(self):
nn llq;}&éé:m/&*%n un

results = []

for gender in ['M', 'F']:
ages = self.extrapolated_120[gender]['ages’']
mortality = self.extrapolated_120[gender][ 'mortality']

for i, age in enumerate(ages):
results.append({
"MEF]": gender,
ERY . age,
'2025 SETMAETH . mortality[i]
)

return pd.DataFrame(results)

create_visualizations(self, save_path="Task 2"):
" T
print("IEfEAER AT MALEER. . ")

# O RF H R
os.makedirs(save_path, exist_ok=True)

# 1. LBz o
fig, axes = plt.subplots(2, 2, figsize=(15, 12))

for i, gender in enumerate(['M', 'F']):
# LI FE R

matrix = self.mortality_matrix[gender]

# EFE LK FER oGS
key_ages = [30, 50, 70, 90]
for age in key_ages:
if age in matrix.index:
values = matrix.loc[age].values

years = matrix.columns.values
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743. axes[i, ©].plot(years, values, marker='o', label=f'{age}

%", linewidth=2)

744.
745. axes[i, 0].set_title(f'{gender}t/j AT 4%, fontsize=14)
746. axes[i, 0].set xlabel( ")
747. axes[i, @].set_ylabel('JLT-%")
748. axes[i, ©].legend()
749. axes[i, ©].grid(True, alpha=0.3)
750.
751. # Lee-Carter /24
/528 if gender in self.lee_carter_params:
753. lc_params = self.lee_carter_params[gender]
754.
755. # b(x) Z4H
756. axes[i, 1].plot(lc_params[‘'ages'], lc_params['bx"'], 'b-
', linewidth=2)
757. axes[i, 1].set_title(f'{gender}{f Lee-Carter {1 b(x) 24
', fontsize=14)
758. axes[i, 1].set_xlabel('4F#t")
759. axes[i, 1].set_ylabel('b(x)")
760. axes[i, 1].grid(True, alpha=0.3)
761.
762. plt.tight_layout()
763. plt.savefig(f'{save_path}/historical_analysis.png', dpi=300, bbox_in
ches="tight")
764. plt.close()
765.
766. # 2. 2025 FMZERE
767. fig, axes = plt.subplots(1l, 2, figsize=(15, 6))
768.
769. for i, gender in enumerate(['M', 'F']):
770. pred_data = self.predictions_2025[gender]
771.
772. axes[i].plot(pred_data['ages'], pred_data[ 'mortality 1c'],
773. 'b--', label='Lee-Carter Tijll
', linewidth=2, alpha=0.7)
774. axes[i].plot(pred_data['ages'], pred_data[ ‘mortality combined'],
775. 'g:', label="#HAG IR ", linewidth=2, alpha=0.7)
776. axes[i].plot(pred_data['ages'], pred_data[ '‘mortality smoothed'],
777. 'r-', label="{2Z]J5illl', linewidth=3)
778.
779. # I LA
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780.
781.
782.
783.
784.
785.
786.
787.
788.
789.
790.
791.
792.

793.
794.
795.
796.
797.
798.
799.
800.
801.
802.
803.
804.
805.

806.
807.
808.
809.
810.
811.
812.
813.
814.
815.

816.

817.

818.

hist 2021 = self.mortality matrix[gender][2021]
axes[i].plot(hist_2021.index, hist_2@21.values,
"ko-', label='2021 45:f5', alpha=0.5, markersize=3)

axes[i].set_title(f'{gender}!t 2025 FIET-HKTMl', fontsize=14)
axes[i].set_xlabel(' ")

axes[i].set_ylabel('JET % ")

axes[i].set_yscale('log")

axes[i].legend()

axes[i].grid(True, alpha=0.3)

plt.tight_layout()

plt.savefig(f'{save_path}/prediction_2025.png', dpi=300, bbox_inches
="tight")

plt.close()

# 3. 120 LM RA
fig, axes = plt.subplots(1l, 2, figsize=(15, 6))

for i, gender in enumerate(['M', 'F']):

ext_data = self.extrapolated_120[gender]

axes[i].plot(ext_data[ 'ages'], ext_data[ 'mortality'],
'r-', linewidth=3, label='#4Mf% 1205 ")

# 1Frid 90 25 R4k
axes[i].axvline(x=90, color='blue', linestyle='--
', alpha=0.7, label='|RA%i¥Eil%A")

axes[i].set_title(f'{gender}HI01 ¥ /M4 120 ¥ ', fontsize=14)
axes[i].set_xlabel('4F#%")

axes[i].set_ylabel('JL1-%")

axes[i].set_yscale('log")

axes[i].legend()

axes[i].grid(True, alpha=0.3)

# IRIFRE R BT

axes[i].text (45, ext_data['mortality'][45], 'M4FEiH
', fontsize=10, alpha=0.7)

axes[i].text(75, ext_data['mortality'][75], '#ZHM
', fontsize=10, alpha=0.7)

axes[i].text(105, ext_data[ 'mortality'][105], 'AMfEXA]
', fontsize=10, alpha=0.7)
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819. plt.tight_layout()

820. plt.savefig(f'{save_path}/extrapolation_120.png', dpi=300, bbox_inch
es="tight")

821. plt.close()

822.

823. # 4. HHHLRK

824. fig, axes = plt.subplots(2, 1, figsize=(12, 10))

825.

826. for i, gender in enumerate(['M', 'F']):

827. # Gompertz-Makeham . 75 4CH

828. if self.gompertz_params[gender] is not None:

829. gm_data = self.gompertz_params[gender]

830. fit_ages = gm_data['fit_ages']

831. fit_rates = gm_data['fit_rates']

832. predicted_rates = self.gompertz_makeham(fit_ages, *gm_data[’
params'])

833.

834. axes[i].scatter(fit_ages, fit_rates, alpha=0.6, label='35fr%
5", s=30)

835. axes[i].plot(fit_ages, predicted_rates, 'r-',

836. label=f'Gompertz-Makeham i\
4 (R2={gm_data["r_squared"]:.3f})', linewidth=2)

837.

838. axes[i].set_title(f'{gender}t Gompertz-Makeham 1R A 20 R
', fontsize=14)

839. axes[i].set_xlabel(' ik’

840. axes[i].set_ylabel('ZLT-%")

841. axes[i].set_yscale('log")

842. axes[i].legend()

843. axes[i].grid(True, alpha=0.3)

844.

845. plt.tight_layout()

846. plt.savefig(f'{save_path}/model fitting.png', dpi=300, bbox_inches="
tight')

847. plt.close()

848.

849. print ("I ERAERER! ")

850.

851. def run_complete_analysis(self):

852. "UEAT R TR

853. print ("R FEREFIAET IR I A Hr. . ")

854. print("="*60)

855.

856. # 1. ZCHEWIECAI AP
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857. self.load_and_prepare_data()

858.

859. # 2. 2025 FTM

860. self.predict_2025 mortality()

861.

862. # 3. 80 LU AT F#E

863. self.adjust_80plus_with_international_data()
864.

865. # 4. 120 ZHMHE

866. self.extrapolate_to_120()

867.

868. # 5. LRRGERFNS

869. results_df = self.generate_results_table()
870.

871. # 6. GIEIHIE

872. self.create_visualizations()

873.

874. # 7. IRFZER

875. results_df.to_csv('Task 2/mortality_predictions_2025.csv', index=Fal

se, encoding="'utf-8-sig")

876.

877. print("="%*60)

878. print("/rHrseR! SR CORAFR] Task 2 k")
879.

880. return results_df

881.

882.

883. if __name__ == "__main__":

884. # (/s p)

885. predictor = MortalityPredictor (" [iEf 1 %04 Y JEOREG ™A AET % . x1sx™)
886. results = predictor.run_complete_analysis()
887.

888. # MLl R

889. print("\n T gs EoRn )

890. print(results.head(20))

6. HEIVPE 5 AEMERIE (2025 SRR DFET- RN
BURGTE |5 & S S AT bR
PR DA ST T ASL Y 9 R A R S0 45 B

a U A W N R

import pandas as pd
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10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
25.
26.
27.
28.
29.
30.
31.
32.
33.
34.
35.
36.
37.
38.
39.
40.
41.
42.
43,
44.
45,
46.
47.
48.
49.
50.

import numpy as np
import matplotlib.pyplot as plt

from scipy import stats

from sklearn.metrics import mean_squared_error, mean_absolute_error, r2_score

import warnings

warnings.filterwarnings('ignore")

# W F
plt.rcParams['font.sans-serif'] = ['SimHei', 'DejaVu Sans']

plt.rcParams['axes.unicode_minus'] = False

class ModelvValidator:
def __init__ (self, predictor):

IR ARG e 2%

Parameters:

predictor: MortalityPredictor S/l

self.predictor = predictor

self.validation_results = {}

def cross_validation_analysis(self):
nn lliyg@iiE%*ﬁ‘n un
print("HATEXEAES .. ")

validation_results = {}

for gender in ['M', 'F']:
print(f"4iE{gender} A . .. ")

matrix = self.predictor.mortality_matrix[gender]

years = matrix.columns.values

# OB TR R G
errors_lc = []

errors_gm = []

for test_year in years[-3:]: # JIiulil)73
# ZLE: % test_year SMITITEEG

train_years = [y for y in years if y != test_year]

train_matrix = matrix[train_years]

# & Lee-Carter 7Y
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51.
52.
53.
54.
55.
56.
57.
58.
59.
60.
61.
62.
63.
64.
65.
66.
67.
68.
69.
70.
71.
72.
73.

74.
75.

76.
77.
78.
79.
80.
81.
82.
83.
84.

85.
86.

87.
88.
89.

log_mort = np.log(train_matrix.values)

ax

np.mean(log_mort, axis=1)

centered_matrix = log_mort - ax.reshape(-1, 1)

u,
bx
kt
kt

S

, Vt = np.linalg.svd(centered_matrix, full_matrices=False)
Ul:, @] / np.sum(U[:, ©])

s[@] * vt[e, :]

kt - kt[e]

# T test_year
# JTHELE ST

train_years_array = np.array(train_years)

slope = np.polyfit(train_years_array, kt, 1)[0]

kt_pred = kt[-1] + slope * (test_year - train_years[-1])

# I EIIE T

log_mort_pred = ax + bx * kt_pred

mort_pred_lc = np.exp(log_mort_pred)

# LhrlE
mort_actual = matrix[test_year].values

# i ERE

valid_mask = np.isfinite(mort_actual) & np.isfinite(mort_pred_1

if np.sum(valid_mask) > o:

red_lc[valid_mask])

mse_lc = mean_squared_error(mort_actual[valid_mask], mort_p

errors_lc.append(mse_1lc)

# X/ 7T Gompertz-Makeham, {Z/H & i #1795 iF
if len(train_matrix.columns) > 5: # #7777 0E4017

t_mort)

m_result[ ‘params’'])

recent_mort = train_matrix.iloc[:, -1].values

ages = train_matrix.index.values

# 7 Gompertz-Makeham

gm_result = self.predictor.fit_gompertz_makeham(ages, recen
if gm_result is not None:

mort_pred_gm = self.predictor.gompertz_makeham(ages, *g

if np.sum(valid_mask) > o:

mse_gm = mean_squared_error(mort_actual[valid_mask]

, mort_pred_gm[valid_mask])
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90. errors_gm.append(mse_gm)

91.

92. validation_results[gender] = {

93. "lc_mse': np.mean(errors_1lc) if errors_lc else np.nan,

94. ‘gm_mse': np.mean(errors_gm) if errors_gm else np.nan,

95. 'lc_errors': errors_lc,

96. 'gm_errors': errors_gm

97. }

98.

99. self.validation_results['cross_validation'] = validation_results

100. print ("2 XIHETER! ")

101.

102. def residual_analysis(self):

103. RIS

104. print("#ATERES .. .")

105.

106. residual_results = {}

107.

108. for gender in ['M', 'F']:

109. if gender in self.predictor.lee_carter_params:

11e. lc_params = self.predictor.lee_carter_params[gender]

111. matrix = self.predictor.mortality_matrix[gender]

112.

113. # BRI F

114. reconstructed_log = (lc_params['ax'].reshape(-1, 1) +

115. np.outer(lc_params['bx'], lc_params[ 'kt"']
))

116. reconstructed = np.exp(reconstructed_log)

117.

118. # IR

119. residuals = np.log(matrix.values) - reconstructed_log

120.

121. # HELZT

122. residual_stats = {

123. ‘mean': np.mean(residuals),

124. 'std': np.std(residuals),

125. "skewness': stats.skew(residuals.flatten()),

126. 'kurtosis': stats.kurtosis(residuals.flatten()),

127. "shapiro_p': stats.shapiro(residuals.flatten())[1] if re
siduals.size < 5000 else np.nan

128. }

129.

130. residual_results[gender] = {

131. 'residuals': residuals,
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132. 'stats': residual_stats,

133. ‘reconstructed’: reconstructed

134. }

135.

136. self.validation_results[ 'residuals'] = residual_results

137. print("FRESHTIER! ")

138.

139. def biological plausibility_check(self):

140. R A R R A

141. print("HATEMFGEMERE. ")

142.

143. plausibility_results = {}

144,

145. for gender in ['M', 'F']:

146. ext_data = self.predictor.extrapolated_120[gender]

147. ages = ext_data['ages']

148. mortality = ext_data[ 'mortality’]

149.

150. checks = {}

151.

152. # 1. HHERE (30 ZLLL)

153. age_30_idx = np.where(ages >= 30)[0]

154. if len(age_30_idx) > 1:

155. mortality 3@plus = mortality[age_30_idx[0]:]

156. ages_30plus = ages[age_30_idx[0]:]

157.

158. # IR IR D)

159. violations = @

160. for i in range(1, len(mortality_3@plus)):

161. if mortality_3@plus[i] < mortality_3@plus[i-1]:

162. violations += 1

163.

164. monotonicity_ratio = 1 - violations / (len(mortality_3@plus)
- 1)

165. checks[ "monotonicity_3@plus'] = monotonicity_ratio

166.

167. # 2. SEHIIL L FE A

168. checks['min_mortality'] = np.min(mortality)

169. checks[ "max_mortality'] = np.max(mortality)

170. checks[ 'max_mortality 120'] = mortality[120] if len(mortality) >
120 else mortality[-1]

171.

172. # 3. FRERKEARE

173. # I FEIECFEESE (CHRED
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174. if len(mortality) > 2:

175. first_diff = np.diff(mortality)

176. second_diff = np.diff(first_diff)

177. checks[ "acceleration_mean'] = np.mean(second_diff)

178. checks[ 'acceleration_positive ratio'] = np.sum(second_diff >

0) / len(second_diff)

179.

180. # 4. SRR

181. # (EHTIE R [y 25

182. international_benchmarks = {

183. 'M': {'age_65"': 0.015, 'age_85': 0.08, 'age_100': 0.3},

184. '"F': {'age_65': 0.010, 'age_85': 0.06, 'age_100': 0.25}

185. }

186.

187. benchmark_checks = {}

188. for age_label, benchmark_rate in international_benchmarks[gender
].items():

189. age_num = int(age_label.split('_")[1])

190. if age_num < len(mortality):

191. predicted_rate = mortality[age_num]

192. ratio = predicted_rate / benchmark_rate

193. benchmark_checks[age_label] = {

194. 'predicted': predicted_rate,

195. 'benchmark': benchmark_rate,

196. 'ratio’: ratio

197. }

198.

199. checks['international_comparison'] = benchmark_checks

200.

201. plausibility_results[gender] = checks

202.

203. self.validation_results['plausibility'] = plausibility results

204. print("AEYEE MR ETH! ")

205.

206. def model_performance_metrics(self):

207. "R R R SR AR

208. print("TFESERIPERERAR. .. ")

209.

210. performance_results = {}

211.

212. for gender in ['M', 'F']:

213, if gender in self.predictor.lee_carter_params:

214. lc_params = self.predictor.lee_carter_params[gender]

215. matrix = self.predictor.mortality_matrix[gender]
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216.
217.
218.
219.

))

220.
221.
222.
223.
224.
225.
226.
227.
228.
229.

ted_log.flatten())

230.

cted_log.flatten())

231.
232.
233.
234.
235.
236.
237.

_log.var()

238.
239.
240.
241.
242.
243.
244,
245,
246.
247.
248.
249.
250.
251.

252.

253.
254.
255.

# Lee-Carter B AIL/ZE
reconstructed_log = (lc_params['ax'].reshape(-1, 1) +

np.outer(lc_params['bx'], lc_params['kt']

actual_log = np.log(matrix.values)

# 115 R?
ss_res = np.sum((actual_log - reconstructed_log) ** 2)
ss_tot = np.sum((actual_log - np.mean(actual_log)) ** 2)

r_squared_lc = 1 - (ss_res / ss_tot)

# I FHHMIGHR

mse_lc = mean_squared_error(actual_log.flatten(), reconstruc

mae_lc = mean_absolute_error(actual_log.flatten(), reconstru

performance_results[gender] = {
"lee_carter': {
'r_squared': r_squared_lc,
‘mse': mse_lc,
‘mae’: mae_lc,

'explained_variance': lc_params['kt'].var() / actual

# Gompertz-Makeham 1£55
if self.predictor.gompertz_params[gender] is not None:
gm_data = self.predictor.gompertz_params[gender]
performance_results[gender][ 'gompertz_makeham'] = {
'r_squared': gm_data['r_squared'],

'parameters’': gm_data[ 'params’]

self.validation_results['performance’'] = performance_results

print ("HRERETEAR TS SERL! ")

def create_validation_visualizations(self, save_path="Task 2"):
G E A AL
print ("ARIGIE TR, L)
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256. # 1. FEZEA

257. if 'residuals' in self.validation_results:

258. fig, axes = plt.subplots(2, 2, figsize=(15, 12))

259.

260. for i, gender in enumerate(['M', 'F']):

261. if gender in self.validation_results['residuals']:

262. residuals = self.validation_results['residuals'][gender]

["residuals']

263.

264. # TERTE

265. im = axes[i, ©].imshow(residuals, cmap="'RdBu_r', aspect=
'auto')

266. axes[i, 0].set_title(f'{gender}{# Lee-Carter M5 7 # )]
)

267. axes[i, 0].set_xlabel('4F{r")

268. axes[i, @].set_ylabel('4Fit")

269. plt.colorbar(im, ax=axes[i, @])

270.

271. # S H

272. axes[i, 1].hist(residuals.flatten(), bins=50, alpha=0.7,
edgecolor="black")

273. axes[i, 1].set_title(f'{gender} k% /34ii")

274. axes[i, 1].set xlabel('’7&Z{H")

275. axes[i, 1].set_ylabel('#7i%")

276. axes[i, 1].grid(True, alpha=0.3)

277.

278. # IBWIEE P42

279. x = np.linspace(residuals.min(), residuals.max(), 100)

280. y = stats.norm.pdf(x, np.mean(residuals), np.std(residua
1s))

281. y =y * len(residuals.flatten()) * (residuals.max() - re
siduals.min()) / 50

282. axes[i, 1].plot(x, y, 'r-', label='IEZ:/rAf
', linewidth=2)

283. axes[i, 1].legend()

284.

285. plt.tight_layout()

286. plt.savefig(f'{save_path}/residual_analysis.png', dpi=300, bbox_
inches="tight")

287. plt.close()

288.

289. # 2. FWFEIEIEREE

290. if 'plausibility' in self.validation_results:

291. fig, axes = plt.subplots(1l, 2, figsize=(15, 6))
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292.

293.
294.
295.
296.

for i, gender in enumerate(['M', 'F']):

if gender in self.validation_results['plausibility']:

# [FERXT A

int_comp = self.validation_results['plausibility'][gende

r]['international_comparison']

297.

298.
299.
300.

ages = []
predicted

benchmark

301.

302.
303.
304.
305.
306.

[l
[l

for age_label, data in int_comp.items():

age_num

= int(age_label.split('_")[1])

ages.append(age_num)

predicted.append(data[ 'predicted'])

benchmark.append(data[ 'benchmark'])

307.

308.
309.
31e.

if ages:

X = np.arange(len(ages))

311.

312.

313.

314.

315.
316.
317.
318.
319.

320.
321.
322.

width =

axes[i]
MM, alpha=0.8)

axes[i]
frz#%", alpha=0.8)

axes[i]

axes[i]

axes[i]

axes[i]

axes[i]
' for age in ages])

axes[i]

axes[i]

axes[i]

323.

324.
325.

326.

plt.tight_layout()

plt.savefig(f'{save_

_inches="tight")
plt.close()

327.

328.
329.
330.

# 3. BRI

0.35

.bar(x - width/2, predicted, width, label="'7i

.bar(x + width/2, benchmark, width, label='[H

.set_xlabel( '}

.set_ylabel('ZET2% ")
.set_title(f'{gender}ETill4E RS EPrSHEXTE ")
.set_xticks(x)

.set_xticklabels([f'{age}¥

.legend()
.grid(True, alpha=0.3)
.set_yscale('log")

path}/plausibility_check.png', dpi=300, bbox

if 'performance' in self.validation_results:

fig, axes = plt.subplots(1l, 2, figsize=(12, 5))
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331.

332. genders = []

333. r2_1lc = []

334. r2_gm = []

335.

336. for gender in ['M', 'F']:

337. if gender in self.validation_results['performance’]:

338. perf = self.validation_results[ 'performance'][gender]

339. genders.append(gender)

340. r2_lc.append(perf['lee_carter']['r_squared'])

341. if 'gompertz_makeham' in perf:

342. r2_gm.append(perf[ 'gompertz_makeham']['r_squared'])

343, else:

344. r2_gm.append(0)

345.

346. x = np.arange(len(genders))

347. width = 0.35

348.

349. axes[@].bar(x - width/2, r2_lc, width, label='Lee-
Carter R?', alpha=0.8)

350. axes[@].bar(x + width/2, r2_gm, width, label='Gompertz-
Makeham R2', alpha=0.8)

351. axes[0].set_xlabel('E%H|")

352. axes[@].set_ylabel('R2 {f')

353, axes[0].set_title( ' BAUAREER L")

354, axes[0].set_xticks(x)

355. axes[@].set_xticklabels(genders)

356. axes[0].legend()

357. axes[0].grid(True, alpha=0.3)

358.

359. # MSE X/1L

360. mse_lc = []

361. for gender in genders:

362. if gender in self.validation_results['performance’]:

363. mse_lc.append(self.validation_results[ 'performance’][gen
der]['lee_carter']['mse'])

364.

365. axes[1].bar(genders, mse_lc, alpha=0.8, color='orange')

366. axes[1].set_xlabel('E%5]")

367. axes[1].set_ylabel('MSE")

368. axes[1].set_title('Lee-Carter BEIRITRMIRE")

369. axes[1].grid(True, alpha=0.3)

370.

371. plt.tight_layout()
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372.

373.
374.
375.
376.
377.
378.
379.
380.
381.
382.
383.
384.
385.
386.
387.
388.
389.
390.
391.
392.
393.

394.

395.
396.
397.

398.
399.
400.
401.
402.
403.
404.
405.
406.
407.
408.
409.
410.

plt.savefig(f'{save_path}/model_performance.png', dpi=300, bbox_
inches="tight")
plt.close()

print (K AT AL BRSS! )

def generate_validation_report(self):
T SRR
report = []
report.append("="*60)
report.append (" JE T2 TR I TE R 5 )
report.append("="*60)

# 1. MRS
report.append("\nl. FLAIPERERSE™)
report.append("-" * 30)

if 'performance’ in self.validation_results:
for gender in ['M', 'F']:
if gender in self.validation_results['performance’]:
perf = self.validation_results[ 'performance’'][gender]
report.append(f"\n{gender}{f:")
report.append(f" Lee-Carter J#
M R2: {perf['lee_carter']['r_squared']:.4f}")
report.append(f" Lee-Carter ¥
. MSE: {perf['lee_carter']['mse']:.6f}")

if 'gompertz_makeham' in perf:
report.append(f" Gompertz-Makeham f#
M R2: {perf['gompertz_makeham']['r_squared']:.4f}")

# 2. LWEEIMEITIY
report.append("\n\n2. ZEV)EEFMEIEAE")
report.append("-" * 30)

if 'plausibility’ in self.validation_results:
for gender in ['M', 'F']:
if gender in self.validation_results['plausibility']:
plaus = self.validation_results[ 'plausibility’][gender]
report.append(f"\n{gender}i:")

if 'monotonicity 3@plus' in plaus:

mono_ratio = plaus['monotonicity_3@plus']
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411.

412.
413.

report.append(f" 30 % DL i
P : {mono_ratio:.2%} (RUFHI{E>95%)")

report.

append(f" /LT

#: {plaus['min_mortality']:.6f}")

414.

report.

append(f" f AAETS

#: {plaus['max_mortality']:.6f}")

415.
416.
417.

418.
419.
420.
421.
422.

if 'max_mortality_120' in plaus:
report.append(f" 120 LT
#: {plaus['max_mortality 120']:.6f}")

# [
if ‘'international_comparison' in plaus:
report.append(" [EFRXfLEL:™)

for age_label, data in plaus['international_comparis

on'].items():

423.
424.
425.
e
426.

% = {ratio:.2f} ({status})")

427.

428.

429.

430.

431.

432.

433.

434,

435,
["stats']

436.

437.
=0)")

438.

439,
f=0)")

440.
fEi=0)")

441.

442,

# 3. HET

age = age_label.split(' ')[1]
ratio = data['ratio']

status = "H#H" if 0.5 <= ratio <= 2.0 else "X

report.append(f"  {age}¥: Tiill/Z

report.append("\n\n3. FEZE5HT")
report.append("-" * 30)

if 'residuals' in self.validation_results:

for gender in ['M', 'F']:

if gender in self.validation_results['residuals']:

res_stats = self.validation_results['residuals’'][gender]

report.

report.

report.

report.

report.

if not

append(f"\n{gender}MEX =St ")
append(f" ¥JMH: {res_stats['mean']:.6f} (FAE{H

append(f" #rifEZ: {res_stats['std']:.6f}")
append(f" fW/E: {res_stats['skewness']:.4f} (F#H

append(f" U4 : {res_stats['kurtosis']:.4f} (F#H

np.isnan(res_stats['shapiro_p']):
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443, normality = "IEZ
" if res_stats['shapiro_p'] > 0.05 else "JEIL#&"

444, report.append(f" IESMERL p
fi: {res_stats['shapiro_p']:.4f} ({normality})")

445,

446. # 4. XRIUFAR

447. if 'cross_validation' in self.validation_results:

448. report.append("\n\n4. 3 XIGIELERE")

449. report.append("-" * 30)

450.

451. for gender in ['M', 'F']:

452. if gender in self.validation_results['cross_validation']:

453, cv_results = self.validation_results['cross_validation']
[gender]

454, report.append(f"\n{gender}{f:")

455,

456. if not np.isnan(cv_results['lc_mse']):

457. report.append(f" Lee-Carter -1
MSE: {cv_results['lc_mse']:.6f}")

458.

459, if not np.isnan(cv_results['gm mse']):

460. report.append(f" Gompertz-Makeham “F-1J
MSE: {cv_results['gm mse']:.6f}")

461.

462. # 5. EEIFLRY

463. report.append("\n\n5. FARIEAE S

464 . report.append("-" * 30)

465. report.append("\n B EIFLE ")

466.

467. # JTERTIFRE

468. overall quality = "REif"

469.

470. if 'performance’ in self.validation_results:

471. avg_r2 = np.mean([self.validation_results[ 'performance’][g]['lee
_carter']['r_squared']

472. for g in ['M', 'F'] if g in self.validation_res
ults[ 'performance']])

473. if avg_r2 < 0.8:

474, overall quality = "t

475. elif avg r2 > 0.95:

476. overall quality = "ft75"

477.

478. report.append(f" #{&Fi&E: {overall_quality}")

479.
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480.
481.
482.
483.
484,
485.
486.
487.
488. def
489.
490.
491.
492,
493,
494,
495,
496.
497.
498.
499,
500.
501.
502.
503.
504.
505.
506.
8') as f:
507.
508.
509.
510.
511.
512.
513.
514.

515. if __name__ ==

report.append("\n i :")

report.append(" 1. AP S DL T )
report.append(" 2. WEiTNSE RS SLERII AR ZE")

report.append(” 3. FEIMBEE (T HAMD . BERAELS) 15gm)
report.append(" 4. FEILTNX E PLEACAS ENE)

return "\n".join(report)

run_full_validation(self):
AT R AR
print("FFUGTER A ILIGIE. .. ")
print("="*50)

# ATTE I
self.cross_validation_analysis()
self.residual_analysis()
self.biological_plausibility_check()

self.model_performance_metrics()

# AT

self.create_validation_visualizations()

# IR

report = self.generate_validation_report()

# RIRET

with open('Task 2/validation_report.txt', 'w', encoding='utf-
f.write(report)

print("="%*50)
print ("HRIGIESER ! R CR/7E] Task 2/validation_report.txt")

return report

__main__":

516. # mHEiE{rmortality _predictor.py

517. from mortality_predictor import MortalityPredictor

518.

519, predictor = MortalityPredictor (" [l 1 %04 ] JEOREG = AAET % . x1sx")
520. predictor.run_complete_analysis()

521.

522. validator = ModelValidator(predictor)
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523. validation_report = validator.run_full validation()
524.
525. print(validation_report)

7.2025-2125 B4R N\ 0K BAFE T R A TR R

i, """

2. Long-Term Mortality Trend Forecast (2025-2125)

3. Core module implementing the forecasting methodology described in the report
4, """

5.

6. import numpy as np

7. import pandas as pd

8. from scipy.optimize import curve_fit

9. from scipy.interpolate import splrep, splev

10. import matplotlib.pyplot as plt

11. import os

12. import sys

13.

14. # Add parent directory to path to import Task 2 modules

15. sys.path.append('../. ./ 2 4 5 / o3t 5 ')

16. try:

17. from mortality_predictor import MortalityPredictor

18. except ImportError:

19. print("Warning: Could not import MortalityPredictor from Task 2")
20.

21.

22. class LongTermMortalityModel:

23. e

24. Long-term mortality trend projection model (2025-2125)

25.

26. This model extends the short-term projections from Task 2 to create
27. a 100-year forecast with gradually slowing improvement rates.
28. e

29.

30. def __init_ (self, data_path=None, task2_predictor=None):

31. e

32. Initialize the long-term mortality model

33.

34. Parameters:

35. meeeeeee---

36. data_path : str

37. Path to the mortality data Excel file

38. task2_predictor : MortalityPredictor
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39.
40.
41.
42.
43,
a4,
45,
46.
47.
48.
49.
50.
51.
52.
53.
54.
55.

56.
57.
58.
59.
60.

61.
62.

63.
64.
65.
66.
67.
68.
69.
70.
71.
72.
73.
74.
75.
76.
77.
78.
79.

rate

Pre-initialized predictor from Task 2 (optional)
self.data_path = data_path
self.predictor = task2_predictor
self.projections = {}

self.life_expectancy = {}

# Key model parameters

self.projection_start_year = 2025

self.projection_end_year = 2125

self.projection_years = list(range(self.projection_start_year,

self.projection_end_year + 1, 5))

# Model parameters for the lLong-term improvement curves
self.improvement_params = {
M {

'initial_rate': 0.015, # Initial annual mortality improvement

‘asymptotic_rate': 0.003, # Long-term "floor" improvement rate

'half_life_years': 30, # Years until improvement rate halves

vement rate

wly

¥

e
'initial_rate': 0.012, # Women start with slightly Lower impro
'asymptotic_rate': 0.0025, # But maintain a steady floor
‘half_life_years': 35, # Women's improvement declines more slo

}

# Initialize projections dictionary structure

self._initialize_projections()

def _initialize_projections(self):

Initialize data structures for projections

for gender in ['M', 'F']:

self.projections[gender] = {
'mortality_rates': {}, # Year -> age -> rate mapping
‘improvement_rates': {}, # Year -> age -> improvement rate

'kt_values': {}, # Year -> kt value for Lee-Carter

self.life_expectancy[gender] = {
‘at_birth': {}, # Year -> e(9)
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80.
81.
82.
83.
84.
85.
86.
87.

88.
89.
90.
91.
92.
93.
94.
95.
96.
97.
98.

99.

100.
le1.
102.
103.
104.

105.
106.
107.

108.

109.
1le.
111.
112.
113.
114.
115.
116.
117.
118.

‘at_65": {}, # Year -> e(65)

def initialize_from_task2(self):

Initialize the model using Task 2's short-term projection
if self.predictor is None:
if self.data_path is None:

raise ValueError("Either data_path or task2_predictor must be p

rovided")
print("Initializing short-term model from Task 2...")
self.predictor = MortalityPredictor(self.data_path)
self.predictor.run_complete_analysis()
print("Extracting 2025 projections as baseline...")

lity']

for gender in ['M', 'F']:
if gender in self.predictor.extrapolated_120:
# Get the full age range (©-120) mortality rates for 2025
baseline_ages = np.arange(0, 121)

baseline_rates = self.predictor.extrapolated_120[gender][ 'morta

# Fix any rates that are too high (>0.9) in the base data
for i, rate in enumerate(baseline_rates):
if rate > 0.9:
# Apply sigmoid transformation to keep rates below 1

baseline_rates[i] = 0.9 + ©.099 * (1 / (1 + np.exp(-

(rate - 0.9) * 10)))

# Store as the starting point for Llong-term projection

self.projections[gender][ 'mortality rates'][self.projection_

start_year] = {

ates)

age: rate for age, rate in zip(baseline_ages, baseline_r

def improvement_decay_ function(self, time, gender):

Model the decay of mortality improvement rates over time

Parameters:

time : int or array

Years from projection start (0 = 2025)
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119.
120.
121.
122.
123.
124.
125.
126.
127.
128.
129.
130.
131.
132.
133.
134.
135.
136.
137.
138.
139.
140.
141.
142.
143.
144.
145.
146.
147.
148.
149.
150.
151.
152.
153.
154.
155.
156.
157.
158.
159.
160.
161.
162.

def

gender : str

'M' or 'F'

Returns:
float or array
Mortality improvement rate at the given time
params = self.improvement_params[gender]
initial = params['initial_rate']
asymptotic = params['asymptotic_rate']

half_life = params['half_life_years']

# Exponential decay with floor
decay_factor = np.exp(-np.log(2) * time / half_life)

return asymptotic + (initial - asymptotic) * decay_factor

age_specific_improvement_pattern(self, age, gender, year_offset):

Create age-specific mortality improvement patterns

Parameters:
age : int

Age (0-120)
gender : str

'‘M' or 'F'
year_offset : int

Years from projection start (0 = 2025)

Returns:
float

Age-specific mortality improvement factor
# Base improvement rate from the decay function

base_rate = self.improvement_decay_function(year_offset, gender)

# Age-specific modifiers

if age < 10:
# Child mortality improvements will continue strongly
mod = 1.2

elif age < 40:

# Young adult improvements moderate
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163. mod = 0.8

164. elif age < 65:

165. # Middle age improvements average

166. mod = 1.0

167. elif age < 85:

168. # Senior improvements above average initially

169. mod = 1.1 * max(0.5, (1 - year_offset/80)) # Declining effect o
ver time

17e. else:

171. # Very elderly improvements below average and declining over tim
e

172. mod = 0.7 * max(0.3, (1 - year_offset/60))

173.

174. return base_rate * mod

175.

176. def _apply_gompertz_correction(self, age, rate):

177. e

178. Apply Gompertz correction to ensure mortality rates behave properly

at high ages

179.

180. Parameters:

181. 0 meeeeee----

182. age : int

183. The age

184. rate : float

185. The mortality rate

186.

187. Returns:

¥, 0 ocosssses

189. float

190. The corrected mortality rate

191. e

192. # For ages below 86, no correction needed

193. if age < 80:

194. return rate

195.

196. # For ages 86+, ensure rates follow reasonable Gompertz pattern
197. # without exceeding theoretical maximum

198. if rate > 0.6:

199. # Use sigmoid function to asymptotically approach 1
200. # as age 1increases and mortality gets higher

201. sigmoid_factor = 1 / (1 + np.exp(-(rate - ©.85) * 15))
202. return 0.6 + 0.399 * sigmoid_factor

203.
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204.
205.
206.
207.
208.

209.
210.
211.
212.
213.
214.
215.

216.

217.
218.
219.

220.
221.
222.
223.
224.
225.
226.
227.
228.

229.

230.
231.
232.
233.

234.
235.

236.
237.
238.

retu

def proj

prin

Project mortality rates forward for 100 years

rn rate

ect_forward(self):

t(f"Projecting mortality rates from {self.projection_start_year}

to {self.projection_end_year}...")

for

s']:

seline_year}. "

[baseline_year]

et, gender)

ment:.4f}")

0)

prev_year][age]

gender in ['M', 'F']:

print(f"\nGenerating projections for gender: {gender}")

# Get baseline mortality rates from 2025

baseline_year = self.projection_start_year

if baseline_year not in self.projections[gender][ 'mortality_rate
raise ValueError(f"No baseline mortality for {gender} in {ba

"Run initialize_from_task2() first.")

baseline_mortality = self.projections[gender][ 'mortality rates']

ages = sorted(baseline_mortality.keys())

# Project for each 5-year interval

for i, year in enumerate(self.projection_years[1:], 1):
self.projections[gender][ 'mortality_rates'][year] = {}

self.projections[gender]['improvement_rates'][year] = {}

year_offset = year - self.projection_start_year

base_improvement = self.improvement_decay_function(year_offs

print(f" Year {year}: Base improvement rate = {base_improve

# Apply improvements by age

for age in ages:

# Previous timepoint's mortality rate (may be 5 years ag

prev_year = self.projection_years[i-1]

prev_rate = self.projections[gender][ 'mortality rates'][

# Calculate age-specific improvement over 5 years

age_improvement = self.age_specific_improvement_pattern(

age, gender, year_offset)
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239.

240.
241.
242.
243.
244,
245,
246.
247.
248.
249.
250.
251.
252.

253.
254.
255.

256.

257.
258.
259.
260.
261.
262.
263.
264.
265.
266.
267.
268.
269.
270.
271.
272.
273.

274.
275.
276.

five_year_factor = (1 - age_improvement) ** 5 # Compoun

d for 5 years

# Apply improvement (reduction)
new_rate = prev_rate * five_year_factor
# Ensure sensible Lower bounds
if age < 5:
new_rate = max(new_rate, 0.0001)
else:
min_rate = 0.0001 * (1.05 ** (age - 5))
new_rate = max(new_rate, min_rate)
# Apply Gompertz correction for high ages
new_rate = self._ apply_gompertz_correction(age, new_rate
)
# Store results
self.projections[gender][ 'mortality rates'][year][age] =
new_rate
self.projections[gender]['improvement_rates'][year][age]
= 1 - five_year_factor
# Calculate life expectancy
self.calculate_life_expectancy(gender)
def calculate_life_expectancy(self, gender):
"""Calculate period life expectancy for each projection year"""
print(f"Calculating life expectancy for {gender}...")
for year in self.projection_years:
mortality = self.projections[gender][ 'mortality rates'][year]
ages = sorted(mortality.keys())
rates = [mortality[age] for age in ages]
# Create life table
Ix = [100000] # Radix of 100,000 Lives
for q in rates:
1x.append(1x[-

1] * (1 - min(q, 1.0))) # Add survivors to next age

# Calculate expectation of Llife
T = sum(1x) # Total person-years lLived by the cohort
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277. ex = [sum(1x[i:]) / 1x[i] if 1x[i] > @ else @ for i in range(len

(Ix)-1)]
278.
279. # Store results
280. self.life_expectancy[gender]['at_birth'][year] = ex[0]
281. if 65 in ages:
282. idx_65 = ages.index(65)
283. self.life_expectancy[gender]['at_65"'][year] = ex[idx_65]
284.
285. # Print summary
286. start_year = self.projection_years[0]
287. end_year = self.projection_years[-1]
288. print(f" Life expectancy at birth in {start_year}: {self.life_expec

tancy[gender]['at_birth'][start_year]:.2f} years")

289. print(f" Life expectancy at birth in {end_year}: {self.life_expecta
ncy[gender]['at_birth'][end_year]:.2f} years")

290. print(f" Gain in e(@) over projection period: {self.life_expectancy
[gender]['at_birth'][end_year] - self.life_expectancy[gender]['at_birth'][start
_year]:.2f} years")

291.

292. def run_projection(self):

293. """Run the full projection process"""

294. self.initialize_from_task2()

295. self.project_forward()

296. return self.projections, self.life_expectancy

8.2025-2125 B4Rk A\ 0K BAFE T 2B AT 247

Long-Term Mortality Trend Forecast (2025-2125)

Main execution script to run the long-term mortality projections

import os
import sys

import numpy as np

O 00 N O U1 A W N B

import pandas as pd

=
()

. import matplotlib.pyplot as plt

=
=

. from datetime import datetime

[
w N

. # Add parent directory to path
. sys.path.append('../../l@ 2 k5 /0t 5 ")

B R R
a Ul b

. # Import local modules
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17.
18.
19.
20.
21.
22.

23.
24.
25.

26.
27.
28.
29.
30.
31.
32.
33.
34.
35.
36.
37.
38.
39.
40.
41.
42.
43,
44,
45,
46.
47.
48.
49.
50.
51.
52.
53.
54,

55.
56.
57.

from long_term_mortality_model import LongTermMortalityModel

from visualization import MortalityVisualizer

# Configure paths
CURRENT_DIR = os.path.dirname(os.path.abspath(__file_ ))

DATA DIR = os.path.join(CURRENT DIR, '..', '..', ‘.., " [ 1 5] FOR b
FETIR x1sx')
OUTPUT_DIR = CURRENT_DIR

def format_mortality table(projections, years=[2025, 2075, 2125], ages=[0, 20,

40, 60, 70, 80]):

Format mortality data into a presentable table

Parameters:
projections : dict
The projection results from the model
years : list
Years to include in the table
ages : list

Ages to include in the table

Returns:
pandas.DataFrame
Formatted table of mortality rates

data = []

for age in ages:

row = {'Age': age}

for gender in ['M', 'F']:

gender_label = 'Male' if gender == 'M' else 'Female’

for year in years:
if year in projections[gender][ 'mortality rates']:

if age in projections[gender][ ‘mortality_rates'][year]:

rate = projections[gender][ 'mortality rates'][year][age

row[f'{gender_label} {year}'] = rate

data.append(row)
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58.

59. # Create DataFrame and format

60. df = pd.DataFrame(data)

61.

62. # Format mortality rates as percentages

63. for col in df.columns:

64. if col = 'Age':

65. df[col] = df[col].map('{:.6f}".format)
66.

67. return df

68.

69. def format_life_expectancy_table(life_expectancy, years=None):
70. won

71. Format life expectancy data into a presentable table

72.

73. Parameters:

/o —  cososcooses

75. life_expectancy : dict

76. The life expectancy results from the model

77. years : list

78. Years to include in the table (default: all available years)
79.

80. Returns:

81.  --------

82. pandas.DataFrame

83. Formatted table of life expectancy values

84. e

85. if years is None:

86. years = sorted(life_expectancy['M']['at_birth'].keys())
87.

88. # Filter to include only some years 1if too many

89. if len(years) > 10:

90. years = [years[0]] + [y for y in years if y % 25 == 0] + [years[-1]]
91.

92. data = []

93.

94. for year in years:

95. row = {'Year': year}

96.

97. for gender in ['M', 'F']:

98. gender_label = 'Male' if gender == 'M' else 'Female’
99.

100. if year in life_expectancy[gender]['at_birth']:
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le1. row[f'{gender_label} e(0)'] = life_expectancy[gender]['at_bi
rth'][year]

102.

103. if 'at_65"' in life_expectancy[gender] and year in life_expectanc
y[gender]['at_65"']:

1e4. row[f'{gender_label} e(65)'] = life_expectancy[gender]['at_6
5'][year]

105.

106. # Calculate gender gap

107. if 'Male e(@)' in row and 'Female e(@)' in row:

1e8. row[ 'Gender Gap'] = row['Female e(0)'] - row['Male e(0)']

109.

110. data.append(row)

111.

112. # Create DataFrame and format

113. df = pd.DataFrame(data)

114.

115. # Format Llife expectancy values with 2 decimal places

116. for col in df.columns:

117. if col != 'Year':

118. df[col] = df[col].map('{:.2f}"'.format)

119.

120. return df

121.

122. def save_projection_to_csv(projections, life_expectancy, output_dir):
123. .

124. Save projection results to CSV files

125.

126. Parameters:

127. mmeeeme----

128. projections : dict

129. The projection results from the model
130. life_expectancy : dict

131. The life expectancy results from the model
132. output_dir : str

133. Directory to save the files

134.

135. Returns:

138,  oocossss

137. list

138. Paths to the saved files

139. e

140. os.makedirs(output_dir, exist_ok=True)
141. saved_files = []
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142.
143.
144.
145,

146.
147.
148.
149.
150.
151.

152.
153.
154.
155.
156.
157.
158.
159.
160.
161.
162.
163.
164.
165.
166.
167.
168.
169.
170.
171.
172.
173.
174.

175.
176.
177.
178.
179.
180.
181.
182.

# Save mortality rates table

mortality_table = format_mortality_table(projections)

mortality path = os.path.join(output_dir,

V')

'mortality projection_table.cs

mortality_table.to_csv(mortality_path, index=False)

saved_files.append(mortality path)

# Save Llife expectancy table

life_exp_table = format_life_expectancy_table(life_expectancy)

life_exp_path = os.path.join(output_dir,

'life_expectancy_projection.csv

life_exp_table.to_csv(life_exp_path, index=False)

saved_files.append(life_exp_path)

# Save detailed projections by gender

for gender in ['M', 'F']:

gender_label = 'male' if gender == 'M' else 'female’

# Extract all mortality rates by year and age

data = []

for year in sorted(projections[gender][ 'mortality rates'].keys()):

mortality = projections[gender][ 'mortality_rates'][year]

for age in sorted(mortality.keys()):

data.append({

'Year': year,

[

'Age': age,

'Mortality Rate': mortality[age]

1}

# Create and save DataFrame

df = pd.DataFrame(data)

detailed_path = os.path.join(output_dir, f'detailed_{gender_label} p

rojection.csv')

df.to_csv(detailed_path, index=False)
saved_files.append(detailed_path)

print(f"Saved {len(saved_files)} projection files:")

for file in saved_files:
print(f" - {file}")

return saved_files
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183.

184. def generate_summary_report(model, output_dir):

185. e

186. Generate a summary report of the long-term projection

187.

188. Parameters:

189. = ----m------

190. model : LongTermMortalityModel

191. The model containing projections

192. output_dir : str

193. Directory to save the report

194.

195. Returns:

1868, = coooseoss

197. str

198. Path to the saved report

199. e

200. report = []

201. report.append("="*70)

202. report.append("LONG-TERM MORTALITY TREND FORECAST (2025-2125)")

203. report.append("="*70)

204. report.append("")

205.

206. # 1. Overview

207. report.append("1. OVERVIEW")

208. report.append("-"*50)

209. report.append("This report presents a century-
long mortality projection for the")

210. report.append("insured population, based on the 2010-
2021 experience data and")

211. report.append("extending the short-term model (Lee-Carter + Gompertz-
Makeham)")

212. report.append(“through 2125.")

213. report.append("")

214.

215. # 2. Methodology

216. report.append("2. METHODOLOGY")

217. report.append("-"*50)

218. report.append("The projection methodology follows these key principles:"
)

219. report.append(" - Initial mortality patterns from Task 2's 2025 project
ion"

220. report.append(" - Exponential decay of improvement rates over time")
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221. report.append(" - Age-

specific improvement patterns with higher rates for younger ages")

222. report.append(" - Modified Gompertz-Logistic pattern for elderly ages")

223. report.append(" - Focus on ages 0-
100 where data quality is most reliable")

224. report.append(" - Persistent gender gap throughout the projection perio
d")

225. report.append("")

226.

227. # 3. Key Parameters

228. report.append("3. KEY PARAMETERS")

229. report.append("-"*50)

230. report.append("Long-term improvement parameters:")

231.

232. for gender in ['M', 'F']:

233, gender_label = 'Male' if gender == 'M' else 'Female’

234, params = model.improvement_params[gender]

235.

236. report.append(f" {gender_label}:")

237. report.append(f" - Initial annual improvement rate: {params['initi

al_rate']*100:.2f}%")
238. report.append(f" - Long-

term asymptotic rate: {params['asymptotic_rate']*100:.2f}%")
239. report.append(f" - Half-

life of improvement decay: {params['half_life_years']} years")
240.

241. report.append("")

242.

243, # 4. Key Results

244. report.append("4. KEY RESULTS")

245, report.append("-"*50)

246.

247. # Life expectancy at birth in 2025 and 2125

248. start_year = model.projection_years[0]

249, end_year = model.projection_years[-1]

250.

251. report.append(f"Life expectancy at birth:")

252. for gender in ['M', 'F']:

253, gender_label = 'Male' if gender == 'M' else 'Female’

254. ed_start = model.life_expectancy[gender]['at_birth'][start_year]
255, e0_end = model.life_expectancy[gender][ ' 'at_birth'][end_year]
256. gain = e@_end - e@_start

257.

258. report.append(f" {gender_label}:")
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259. report.append(f" - {start_year}: {e0_start:.2f} years")

260. report.append(f" - {end_year}: {e@_end:.2f} years")

261. report.append(f" - Century gain: +{gain:.2f} years")

262.

263. report.append("")

264. report.append("Gender gap in life expectancy at birth:")

265. gap_start = model.life_expectancy[ 'F']['at_birth'][start_year] - model.l
ife_expectancy['M"']['at_birth'][start_year]

266. gap_end = model.life_expectancy['F']['at_birth'][end_year] - model.life_
expectancy['M"']["at_birth'][end_year]

267. report.append(f" - {start_year}: {gap_start:.2f} years")

268. report.append(f" - {end_year}: {gap_end:.2f} years")

269.

270. report.append("")

271. report.append("Mortality rates at key ages (2125):")

272. key_ages = [0, 20, 40, 60, 70, 80]

273.

274. for gender in ['M', 'F']:

275. gender_label = 'Male' if gender == 'M' else 'Female’

276. report.append(f" {gender_label}:")

277.

278. mortality 2125 = model.projections[gender][ 'mortality_rates'][end_ye
ar]

279. for age in key_ages:

280. rate = mortality 2125[age]

281. report.append(f" - Age {age}: {rate:.6f}")

282.

283. report.append("")

284.

285. # 5. Conclusion

286. report.append("5. CONCLUSION")

287. report.append("-"*50)

288. report.append("The century-
long projection demonstrates steadily improving")

289. report.append("mortality rates for both genders, with females maintainin
g")

290. report.append("their survival advantage. Improvement rates gradually slo
w")

291. report.append("over time, reflecting biological constraints and diminish
ing")

292. report.append("returns from medical advances.")

293. report.append("")

294, report.append("The results show a plausible path for mortality developme
nt,")
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295. report.append("with no abrupt changes. The mortality pattern follows a")

296. report.append("modified Gompertz-
Logistic model that ensures rates remain")
297. report.append("biologically plausible while preserving the exponential")
298. report.append("age-pattern relationship.™)
299. report.append("")
300. report.append("Note: The analysis focuses on ages ©-

100 where data quality")

301. report.append("is most reliable. Projections beyond age 100 should be")

302. report.append("interpreted with appropriate caution due to data sparsity
")

303. report.append("")

304.

305. # 6. Generated Files

306. report.append("6. GENERATED FILES")

307. report.append("-"*50)

308. report.append("Data tables:")

309. report.append(" - mortality_projection_table.csv")

310. report.append(" - life_expectancy_projection.csv")

311. report.append(" - detailed _male_projection.csv")

312. report.append(" - detailed_female_projection.csv")

313. report.append("")

314. report.append("Visualizations:")

315. report.append(" - life_expectancy_trend.png")

316. report.append(" - mortality_curves.png")

317. report.append(" - improvement_rates.png")

318. report.append(" - age_improvements_2075.png")

319. report.append(" - advanced_age mortality.png")

320. report.append(" - mortality surface_M.png")

321. report.append(" - mortality_surface_F.png")

322. report.append("")

323.

324. # Save the report

325. report_path = os.path.join(output_dir, 'long_term_projection_report.txt’
)

326. with open(report_path, 'w', encoding='utf-8') as f:

327. f.write('\n'.join(report))

328.

329. print(f"Generated summary report: {report_path}")

330.

331. return report_path

332.

333. def main():

334. print("="%*70)
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335.
336.
337.
338.
339.
340.
341.
342.
343.
344.
345.
346.
347.
348.
349.
350.
351.
352.
353.
354.
355.
356.
357.
358.
359.
360.
361.
362.
363.
364.

365.
366.
367.
368.
369.
370.
371.
372.
373.
374.
375.
376.
377.

print("LONG-TERM MORTALITY TREND FORECAST (2025-2125)")
print("="*70)

# Record start time
start_time = datetime.now()

print(f"Started at: {start_time.strftime('%Y-%m-%d %H:%M:%S"')}")

# Check if the data file exists

if not os.path.exists(DATA_DIR):
print(f"Error: Data file not found at {DATA_DIR}")
print("Please check the path and try again.")

return

try:

# Initialize the model

print("\nInitializing model...")

model = LongTermMortalityModel(data_path=DATA_DIR)

# Run the projection

print("\nRunning 10@-year projection...")

projections, life_expectancy = model.run_projection()

# Generate visualizations

print("\nGenerating visualizations...")

visualizer = MortalityVisualizer(model, save_dir=OUTPUT_DIR)

vis_paths = visualizer.generate_all visualizations()

# Save projection results to CSV

print("\nSaving projection data...")

data_paths = save_projection_to_csv(projections, life_expectancy, OU
TPUT_DIR)

# Generate summary report
print("\nGenerating summary report...")

report_path = generate_summary_report(model, OUTPUT_DIR)

# Display execution time

end_time = datetime.now()

duration = end_time - start_time
print("\nExecution completed successfully!")
print(f"Duration: {duration}")

print("="%*70)

except Exception as e:
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378. print(f"\nError during execution: {str(e)}")

379. import traceback

380. traceback.print_exc()
381.

382. if __name__ == "_ _main__":
383. main()
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