TAGHENRBENRZ 7 R FWEERE

—. ST EFRIEEMIEE

L1 S EFELS 55T

ST EME—METRFRENSEIT FENENRZ RS, R O0ETHAES MRS EMmIE-
BEAEEEHITRG. SERAEFFR, SENFARILISERZEERF, EBIMRAELINK-
HARSE W o

S EF R OSEEIE: SMERAE. BRBNRZRE, EETESNMBRHNKENEXR (hE-
) , BIMRNZIABZFMMSERREER, KESOAE, XIMREVRICEMENIHETE-
HAEM T, @IS =X HERE 1 & Wamo

MAEEERE, FUHEFMERTIBIFAERLIAFINENKRI, HizdBRESEMRZ: BEK-
HMEBRXRANAZFNESESIERS, AMRBTEIHRINBESSERXIES, (-
MERBHEHERBSRGEE. BESEE, FHNELQFRF.

1.2 MEFICSEEN R 5 FE

MBI ESAITENNZ ORISR, HEngleMGrangerF19874FRY, ATFHAIETRNERTIZ-
B ATEEF R KA X R, HiZORBBRE: MRMMEFREFVINAMASEFIRN, BACiE-
TEMEXZR.

IEXRZNBFEENN: FTFRIOEEIFETIXYL, MEHEUATEE, WellFEEnEXR:
L XtRYtERZ2I(1) (AFFR, B—REDBFFR)

2. FEEZTERaMPB, FREMEAEZt=aXt+BYLEI(0) (FiR)
Engle-Granger@ ¥ /ARG E X RIEHSE, HPBA:

1. —%: OLS[El3, {HittREYt=a+pXt+et

2. 5= FADFIala|MiEctRERI(0) (Ff)

ENRZZEA T ENRABENIEA, BIUTANTBUEREIZHAN . Bihik. HEXR-
Wi, MEFFIRE. REESEM. XENT. NKREE, HiZOZER: EFERMHEBNESX-
, HEMNNMBRRE"EETE"N, ENRGEE, shas, FENBEYIFHTE,



1.3 ZHhipEFIREEE

RIEARTZIER, FitEFIREAI LIS LU IR

RETHENRS . XERLENFTENRE, SEIHHH LHEEBBMUNREHITRIN, -
MRERK (BFHLEHE) HERREHTEN, BENENEERTIWRLR (FaMARR-
)« FERFERBARMHRSE,

HAGS Fﬁiﬁﬁﬂﬁﬂﬁ BEEHENNERMERN, BRENF AR —RERMAERZEAHELZIE-
BN EZRF]; BERMEFNFRARMAREAEXNIERMZBEINNEZLRF, NEHMNEHEY-
EEFEEF.

INCHIZEFRR. TEEE-AENNEEEN. ZAEFMAABA=MEMZENCRXAIHER-
=, sLEIA/BHIB/CRCRITRLHA/CRIEIETCR, MRSHHKRINCRARMEFEEN=E, 2-
EZEF (BERRXH) NEfE )\1EE§3*3FE+)\|—J§3*3FE FAFRERIRF,

MEZEEHEFER. SEERZAEN. ZAEANNSTEN. BEXSMENFBRRR ST aE-
1 %, 2025FHE B RCEXSDEXZ BN E &= lik3.5%. —AENEE—RZAAEE =MnzE-
MBI Z R, TAFEFARISEIN0.15-0.3%M RN, H KRR AHAS-8%.

—. ZHRSFERR

2.1 RETHR NS R

RETHRBT+HIRZHIE, SRENGRBA SR, REHRE, ARISEKEXERE (10%) , -
BN ARFIRIEIIRD20%, XEREREMEH LK TEAE—EREARZIRG], UMLEEERED.

REXZHAEE:
o A& Fnzl1.2-3, EWARBTIVEERFL2
o EDTERE: FTHZ1 (SEHETURED)
o BR&: 5201
o BRMERA: —f#90.1%-0.2%
M F1000F AEHMR, FTERFEENZHARECHIRS:
o BB AEREE SN ERNEET RIS SRAEN1%
o BREAES%RULERGE, SXMERFEIZRESTNI%
© PEFHEREEI00HK



2.2 BiGTThH R BN 5 Rl 7

HAGT iR ATHORBHIE, SREUSREE, sEREFEHRRETRENE. BERSAESIITE-
# (BH5-101F) , ARZASE—NE, XaPF, HEESOEHRENEINE, RAEFEEEIHH-
HITF TR E,

HAST 17 ST IR € IR LA LET 1784«

o LB GA 1. mERMTAZFAFERENI2000F; FE. AIRA3000F

o MBINEMIZHZFR: RE. BEFRM T AZTPEERINN5000F

o FESREAGERZ: PR30S N AR CIREN/N50003F

AT R ZRAENRR, Tl —RAEEZNBRAIRZENTOZ—EE, BRAMEFKREIFRSH.

2.3 SNCHHR BN S R
TR LRBANSRES, OHRBRBIT66HIZET. INCHHIIZORIET 24 MeES-
25 (T Eoll. SHRINEESEE) NSt (EERTAETEESR) .

INERZERBERIIETR, B11:50-1:500, /NAFAHEHNAR S, BFINSHERBK. INCHT-
SR KEERE], TCEMETEHRTIAERXRAE,

INCRZ B AELE:

o mE: REEHMFIYL2-1.5%
o A% BF4-8%T

o BR EKEhI IR ANAS-1074

2.4 MEEHHHZ AN S R
MEHTHHRT X 24N LERMRN T, KARAERNT BRENRZEE, EOERENE-

AJRETE R RIEHE L IMEIZURED. MR M TSR 5 E£9500-1000125%7T, FEpEERELLR M-
« UXGEFE R, AR R LK,

o RHFHHE: @FE0.1%-0.2%
o RIMEA: BRXZAAME



o PGB EL FAFIETIE] . BUR T KIRFEMAIREIE R

BERHIERNR, PEANSENERTRR. RIBN5FRIEE, PEARBTEIRFRES-
ST E NI S BRI,

2.5 ZFHEEENKILL
ARG EEREEREES:

RETHLE. FEXNKRETINEFURSZKRETBEE, RE QEFTOERFURIZEENE (-
H1T) ), PARABEBHTEFARZSFEZRILESFAEIREEXER, SEKPEAREE. XZMIR-
HERF, HEX"ARE. BXH"EXR. MBMRZRTERNNE, BRFESHIR. MBEHR-
BIHAZI300E LA LHBEKF 2 B HHK. MBELRSIHERI200002 L EHRINE NS 50

HEhiLE: (MEmHREFUXZEEME (417 ) B2025F10898EMT, EXREFNUIZ-
ZEFLAHTERRIR, ERERAUHITIEFUR S, HIEARNIRATENESINZ S,

SINCHIHEE: ISCHZEEREESRP ORI REE, MEEFCA. XERINFAE, K-
EAREFERBTFN.

MEEHEE: FEB2021FLEERMEENRZFAUR, BIRITRALM™EAETEE, 2025-
FPANFEWCFENERSHET LR, BRIEEERATNERETRS, HttERGEEEZRRBRA, W-
RREEMICAEZRME B EE R R ZRENL000R T, BARIHED niNB s mAEI 1R THIRILKYC-

o

=. REILITS5RAREM

3.1 thE#I 5 %5 Pythonskii

3.1.1 Engle-Grangerf&# %

Engle-Grangerf & £ BT MY EIF YN E X RNEHMGE, LITEPythonZIE:

import numpy as np

import pandas as pd

from statsmodels.tsa.stattools import adfuller, coint
from statsmodels.regression.linear_model import OLS
import matplotlib.pyplot as plt



#IGBEPRNFE
plt.rcParams['font.sans-serif'] = ['DejaVu Sans']
plt.rcParams['axes.unicode_minus'] = False
def adf_test(series, name):

"""ADFER ARG

result = adfuller(series)
print(f'{name}AIADFIRIGLER . ')
print(f'ADFZE1tTE: {result[0]:.4f}")
print(f'pf&: {result[1]:.4f}')
print(f'IG5R1E(1%): {result[4]["1%"]:.4f}')
print(f'I&5RE (5%): {result[4]["5%"]:.4f}")
print(f'I&5RE(10%): {result[4]["10%"]:.4f}')
if result[1] <0.05:

print("{ELRRIL, FFIEFRE")

else:
print("&ZZERKRI%, FIIRIFFRZHN")
print("="*50)

def engle_granger_cointegration_test(seriesl, series2, namel, name2):
"""Engle-Grangerf L A D EIGTE" "

# 55— OLS[E]Y3

model = OLS(series1, series2).fit()

beta = model.params[0]

alpha = model.params|[0] if len(model.params) > 1 else 0

residuals = model.resid

print(f"\n{name1}3t{name2}fJOLSEI/ILER: ")
print(f"[E]Y35FE: {namel} = {alpha:.4f} + {beta:.4f} X {name2}")

# BT FREADFIRL
adf_test(residuals, "% EFF")

return beta, alpha, residuals

# RBIEGE: FaMARBRNHRNIE (2020-20234F)

# XEFERENEEET

np.random.seed(42)

dates = pd.date_range('2020-01-01', '2023-12-31", freq='D")

n =len(dates)

# £ hEFS

log_pricel = np.cumsum(np.random.normal(0, 0.02, n)) + 10

log_price2 =0.85 * log_pricel + np.cumsum(np.random.normal(0, 0.01, n)) + 2
df = pd.DataFrame({



'Date': dates,

'log_maotai': log_pricel,

'log_wuliangye': log_price2

)

df = df.set_index('Date")

# KIS IE IR IR

adf_test(df['log_maotai'], 'log_maotai')
adf_test(df['log_wuliangye'], 'log_wuliangye')

# HITIHERL

beta, alpha, residuals = engle_granger_cointegration_test(
df['log_maotai'], df['log_wuliangye'], 'log_maotai', 'log_wuliangye'
)

# R EE

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

plt.plot(residuals, label="Residuals’, linewidth=1)

plt.axhline(y=residuals.mean(), color="r', linestyle='--', label=f'Mean: {residuals.mean():.4f}')
plt.axhline(y=residuals.mean() + 2 * residuals.std(), color="g’, linestyle="--', label='"Mean + 2¢")
plt.axhline(y=residuals.mean() - 2 * residuals.std(), color='g', linestyle='--', label='"Mean - 2¢")

plt.title('Residuals of Cointegration Test', fontsize=14)
plt.xlabel('Date', fontsize=12)

plt.ylabel('Residuals’, fontsize=12)

plt.legend()

plt.grid(True, alpha=0.3)

plt.tight_layout()

plt.show()

#ITEWERRSITE (FAstatsmodelsiycoint&21)
print("\nfEAstatsmodels.cointi#{THEKIL: ")
coint_stat, p_value, _ = coint(df{'log_maotai'], df['log_wuliangye'])
print(f' ThEQ I ITE: {coint_stat:.4f}")

print(f'pf&: {p_value:.4f}")

if p_value <0.05:

print("{ELRRI%, MEIIEEDEXR")

else:

print("#EZRRERIKL, WFEINFEFEDEXRR")

3.1.2 Johansent@i (ZT &)

Johansent@I8i& B F12 1% e 75 Z Bl thE X R, LU TFEPythonstil:



from statsmodels.tsa.vector_ar.vecm import coint_johansen

def johansen_cointegration_test(data, det_order=0, k_ar_diff=1):
""" JohansenthEEIQIE"""

# PR R data@—DataFrame, &% MEEFS

# det_order: -1 RZTHEMD, 0RTBEIN, 1RTEMEBE

# k_ar_diff: 7HEMER

result = coint_johansen(data, det_order, k_ar_diff)

print("JohansenthEQILER: ")

print("="*60)

print(f' T4t 24058 )

foriin range(len(result.lrl)):

print(f'r < {i}: it 2 = {result.Ir1[i]..4f}, [&FR{E(5%) = {result.cvt[i, 1]:.4f}, p{& = {result.-
pvalueli]:.4f}")

print(f\n&RAHEEKRIE: ')

foriin range(len(result.lr2)):

print(f'r ={i}: 512 = {result.Ir2[i]:.4f}, 1552 {E(5%) = {result.cvt[i, 2]:.4f}, p{&E = {result.-
pvalueli]:.4f}")

print(f"\ntHE# (r)B&it{E: {result.ncoint}')
print(f'thERZE: ')
print(result.evec)

return result

# Al W= ARFHHEXR (RINEE)

np.random.seed(42)

dates = pd.date_range('2020-01-01', '2023-12-31", freq='D")

n =len(dates)

# £ =PHEFT

log_pricel = np.cumsum(np.random.normal(0, 0.02, n)) + 10

log_price2 =0.85 * log_pricel + np.cumsum(np.random.normal(0, 0.01, n)) + 2
log_price3=0.7 * log_pricel + 0.6 * log_price2 + np.cumsum(np.random.normal(0, 0.008, n)-
)+1

df_multi = pd.DataFrame({

'‘Assetl": log_pricel,

'‘Asset2": log_price2,

'Asset3': log_price3

)

# #1TJohansenti s



result = johansen_cointegration_test(df_multi, det_order=0, k_ar_diff=2)

# IEENhEE X R

r=result.ncoint # &Rk

coint_vectors = result.evec[;, :r] # thE@=

print(f"\nthExzR: ")

foriinrange(r):

vec = coint_vectors[:, i]

print(f'hEmE{i+1}: Assetl & EK = {vec[0]:.4f}, Asset2 2%k = {vec[1]:.4f}, Asset3 &%k = {vec[-
2]:.4f}")

3.2 EEM R 57 RIgIRIT S5 5L;

3.2.1 T EFFIER

MEFTEREERNZZ1Z0, TETREHE!

1. 8] E: Spread =Price_A-B X Price_B, HHRi@IOLS[E])IEFE!
2. i+8HZ-Score:. Z=(Spread - Mean(Spread)) / Std(Spread)

3. BEEYIFERE . BT HEF = (half-life) i TEHERIHE

BIF ZPython3ZIf:

def calculate_spread(prices_a, prices_b, hedge_ratio):
"MHEMHE""

return prices_a - hedge_ratio * prices_b

def calculate_z_score(spread, window=20):

"+ EZ-Score"""

spread_mean = spread.rolling(window=window).mean()
spread_std = spread.rolling(window=window).std()
z_score = (spread - spread_mean) / spread_std

return z_score
def calculate_half_life(spread):
"I RIER]IF=E

spread_lag = spread.shift(1)

spread_diff = spread - spread_lag

spread_lag = spread_lag.dropna()

spread_diff = spread_diff.dropna()

# INSAR(1)1EE



model = np.polyfit(spread_lag, spread_diff, 1)
rho = model[0]
half_Llife = -np.log(2) / rho if rho < 0 else float('inf')

return half_life, rho

# . BEFFEMARRBRE X Z RS

# £ Z B A BBV SEINEL IR

spread = calculate_spread(df['log_maotai'], df['log_wuliangye'], beta)
z_score = calculate_z_score(spread, window=252)
half_life, rho = calculate_half_life(spread)
print(f"NZERFFIFIT: ")

print(f":31&: {spread.mean():.4f}")

print(f"#xE&EZ: {spread.std():.4f}")
print(f"Z-Scoret3{E: {z_score.mean():.4f}")
print(f"39{&[EV3FF=HA: {half_life:.0f} X")
print(f"AR(1) &%%(rho): {rho:.4f}")

# L HINEFZ-ScoreE

fig, (ax1, ax2) = plt.subplots(2, 1, figsize=(12, 10))

# NEE

axl.plot(spread, label='Spread', linewidth=1)

axl.axhline(y=spread.mean(), color="r", linestyle='--', label=f'Mean: {spread.mean():.4f}')
axl.axhline(y=spread.mean() + 2 * spread.std(), color="g’, linestyle="--!, label="Mean + 20")

axl.axhline(y=spread.mean() - 2 * spread.std(), color="g’, linestyle='--, label="Mean - 20")
axl.set_title('Price Spread', fontsize=14)

axl.set_xlabel('Date’, fontsize=12)

axl.set_ylabel('Spread', fontsize=12)

axl.legend()

ax1l.grid(True, alpha=0.3)

# Z-Score®

ax2.plot(z_score, label="Z-Score', linewidth=1)

ax2.axhline(y=0, color="r', linestyle="--', label="Mean’)
ax2.axhline(y=2, color="g', linestyle="--', label="'Upper Threshold (+20)')
ax2.axhline(y=-2, color="g', linestyle='--', label='Lower Threshold (-20)')

ax2.set_title('Z-Score of Spread’, fontsize=14)
ax2.set_xlabel('Date’, fontsize=12)
ax2.set_ylabel('Z-Score', fontsize=12)
ax2.legend()

ax2.grid(True, alpha=0.3)

plt.tight_layout()

plt.show()



322 R BIESENSECUEE

HEFMERSIMZ-Score, AILLERRZES:

def generate_trading_signals(z_score, entry_threshold=2.0, exit_threshold=0.5):
uuugzﬁjzf—x%,f%—%nuu

signals = pd.DataFrame(index=z_score.index)

# LSS Z-ScoreffF-2

signals['buy'] = z_score <-entry_threshold

# EHES: Z-Scorem T2

signals['sell'] = z_score > entry_threshold

# FB{=5: Z-Score[m]F)-0.5%)0.52 8]
signals['close'] = abs(z_score) < exit_threshold

# B (1AM=, 1A%, O”8FE)
positions =[]
current_position =0

fori, row in signals.iterrows|():

if row['buy'] and current_position == 0:
current_position=1 # %

elif row['sell'] and current_position == 0:
current_position =-1 # =

elif row['close'] and current_position !=0:
current_position=0 # E

positions.append(current_position)
signals['position'] = positions

return signals

def calculate_portfolio_value(initial_capital, prices_a, prices_b, positions, hedge_ratio):
"B ARASNHE"""

portfolio_value =]

holdings_a =]

holdings_b =]

fori, (price_a, price_b, position) in enumerate(zip(prices_a, prices_b, positions)):



ifi==0:

# IR IRES
portfolio_value.append(initial_capital)
holdings_a.append(0)
holdings_b.append(0)

continue

# It BFCHE (REFHIZPNL)

if position ==1: # #{ZA, M=B

size = initial_capital / (price_a + hedge_ratio * price_b)
holding_a =size

holding_b = -size * hedge_ratio

elif position ==-1: # f{ZA, %8B

size = initial_capital / (price_a + hedge_ratio * price_b)
holding_a =-size

holding_b =size * hedge_ratio

else: # £

holding_a=0

holding_b =0

# IHEASNE

value = holding_a * price_a + holding_b * price_b
portfolio_value.append(value)
holdings_a.append(holding_a)
holdings_b.append(holding_b)

return pd.DataFrame({
'portfolio_value': portfolio_value,
'holdings_a": holdings_a,

'holdings_b': holdings_b

})

tERRZES

signals = generate_trading_signals(z_score, entry_threshold=2.0, exit_threshold=0.5)
#ITBRZASNE (Rig¥IREE1007)
portfolio = calculate_portfolio_value(
initial_capital=1000000,
prices_a=df['log_maotai'],
prices_b=df['log_wuliangye'],
positions=signals['position'],
hedge_ratio=beta



# 1T E U=
returns = portfolio['portfolio_value'].pct_change()
cumulative_return = (portfolio['portfolio_value'].iloc[-1] / portfolio['portfolio_value'].iloc[0]-
-1) * 100
print(f"XZ4t1t+: ")
print(f" 232 5% E: {len(signals[signals['position'] != 0])}")
print(f"Z x4 {len(signals[signals['position'] == 1])}")
print(f" =% %4 {len(signals[signals['position'] == -1])}")
print(f" iU =: {cumulative_return:.2f}%")
print(f"E U= {cumulative_return / (len(df) / 252):.2f}%")
I SRBS UL AR i 2%
plt.figure(figsize=(12, 6))
plt.plot(portfolio['portfolio_value'], label="Portfolio Value', linewidth=2)
plt.title('Portfolio Value of Pair Trading Strategy’, fontsize=14)
plt.xlabel('Date', fontsize=12)
plt.ylabel('Value (RMB)', fontsize=12)
plt.legend()
plt.grid(True, alpha=0.3)
plt.tight_layout()
plt.show()
LHIRZES
plt.figure(figsize=(12, 6))
plt.plot(z_score, label="Z-Score', linewidth=1)
plt.axhline(y=2, color="r!, linestyle='--', label="Entry Threshold (+20)')
plt.axhline(y=-2, color="r', linestyle="--', label="Entry Threshold (-20)")
plt.axhline(y=0.5, color="g', linestyle='--', label="Exit Threshold')
plt.axhline(y=-0.5, color='g', linestyle='--', label="Exit Threshold')
#IREENES (REBMELEEK)
buy_signals = signals[signals['buy']]
for date, _in buy_signals.iterrows():
plt.annotate(", xy=(date, -2.5), xytext=(date, -2.3),
arrowprops=dict(arrowstyle=""", color='g', lw=2))
#iricEHES (LAEMETE)
sell_signals = signals[signals['sell']]
for date, _in sell_signals.iterrows():
plt.annotate(", xy=(date, 2.5), xytext=(date, 2.3),
arrowprops=dict(arrowstyle="v', color="r", lw=2))
plt.title('Trading Signals Based on Z-Score', fontsize=14)
plt.xlabel('Date', fontsize=12)
plt.ylabel('Z-Score', fontsize=12)
plt.legend()



plt.grid(True, alpha=0.3)
plt.tight_layout()
plt.show()

3.3 CH+IEESERN PRI A

N FRESMWERMBSIMEN R, CHEERITEREN R EEMZEFBK, C++I§ﬁii% ZIDR 5
ZHE. MREEMENRE WS 58%) « MELENSKERS (WHEE. W&LEE) HWRE

o

AT R—MERAICHECX 3L 57 SRBSHESRR ) -

#include <iostream>

#include <vector>

#include <cmath>

#include <algorithm>

#include <numeric>

#include <deque>

using namespace std;

/] BXMNI&EIRLEN

struct PriceData {

double price_a; // AFFANTE

double price_b; // BEF=EBINE

long timestamp; // BY &) &

5

/] BEXHAZ 5 SRBR

class PairTradingStrategy {

private:

int window_size; // it BEMIMEZERE QAR
double entry_threshold; // N\iZEME (tREEEED
double exit_threshold; // HiZHE (FREEEER)
double hedge_ratio; // XHLEZ

deque<double> spreads; // #hZ&BA%!
deque<double>z_scores; // Z-ScorefA%!

public:

PairTradingStrategy(int window_size = 252,
double entry_threshold = 2.0,

double exit_threshold = 0.5,



double hedge_ratio = 1.0)

: window_size(window_size),
entry_threshold(entry_threshold),
exit_threshold(exit_threshold),
hedge_ratio(hedge_ratio) {}

/| TEMNE
double calculate_spread(double price_a, double price_b) {
return price_a - hedge_ratio * price_b;

}

/] 18 Z-Score

double calculate_z_score(double spread) {
if (spreads.size() < window_size) {
spreads.push_back(spread);

return 0.0; // B3EARE, iR[EI0

}

/] EFE AR
if (spreads.size() > window_size) {
spreads.pop_front();

}
spreads.push_back(spread);

[/ HEHE

double mean = accumulate(spreads.begin(), spreads.end(), 0.0) / spreads.size();

/| T BINEE

double variance =0.0;

for (double s : spreads) {

variance += (s - mean) * (s - mean);
}

double std = sqrt(variance / spreads.size());

if (std ==0) {
return 0.0; // B R REE1R
}

return (spread - mean) / std;

}



/| ERRZES

int generate_signal(double price_a, double price_b) {
double spread = calculate_spread(price_a, price_b);
double z_score = calculate_z_score(spread);

// iBRZ-Score
if (z_scores.size() > window_size) {
z_scores.pop_front();

}

z_scores.push_back(z_score);

/| ERRIES

if (z_score <-entry_threshold) {

return 1; // %A, =B

} else if (z_score > entry_threshold) {
return -1; // #=A, %B

} else if (abs(z_score) < exit_threshold) {
return 0; // &

}else {

return -2; // RIFHEICGAL
}

}

/] IRERER BV 1T EK4R

void get_statistics(double& mean, double& std, double& current_z_score) {
if (spreads.empty()) {

mean = 0;

std =0;

current_z_score =0;

return;

}

mean = accumulate(spreads.begin(), spreads.end(), 0.0) / spreads.size();

double variance =0.0;
for (double s : spreads) {
variance += (s - mean) * (s - mean);

}

std = sqrt(variance / spreads.size());

if (z_scores.empty()) {



current_z_score =0;

}else{

current_z_score = z_scores.back();
}

}

5
/] TR Z AT

class TradingSimulator {

private:

PairTradingStrategy strategy;
double initial_capital;

double current_capital;

double holdings_a; // ZAFFAFE
double holdings_b; // ZF=BiFE

public:

TradingSimulator(double initial_capital,
int window_size =252,

double entry_threshold = 2.0,

double exit_threshold = 0.5,

double hedge_ratio = 1.0)

: strategy(window_size, entry_threshold, exit_threshold, hedge_ratio),
initial_capital(initial_capital),
current_capital(initial_capital),
holdings_a(0),

holdings_b(0) {}

[ BT
void execute_trade(double price_a, double price_b, long timestamp) {
int signal = strategy.generate_signal(price_a, price_b);

switch (signal) {

case 1: // %A, =

if (holdings_a == 0 && holdings_b ==0) {

/| HTEFCHE

double size = current_capital / (price_a + strategy.get_hedge_ratio() * price_b);
holdings_a = size;

holdings_b = -size * strategy.get_hedge_ratio();

current_capital = 0;

cout <<"ENES: %A " << holdings_a <<" F, =B " << -holdings_b << " F" << end|;
}



break;

case-1: // Hi=A, #ZB

if (holdings_a == 0 && holdings_b ==0) {

/| HTEFCHE

double size = current_capital / (price_a + strategy.get_hedge_ratio() * price_b);
holdings_a = -size;

holdings_b =size * strategy.get_hedge_ratio();

current_capital=0

cout << "FEHEFS: 135( SA " <<-holdings_a <<" F, #1%B " << holdings_b << " F" << end|;

}
break;

case0: // &

if (holdings_a !=0 || holdings_b !=0) {

current_capital = holdings_a * price_a + holdings_b * price_b;
holdings_a =0;

holdings_b =0;

cout <<"FBES: F, HEIEE: " <<current_capital <<endl;

}
break;

case -2: [/ REFEL
break;

}

}

/| IRERHFIASINE
double get_portfolio_value(double price_a, double price_b) {
return holdings_a * price_a + holdings_b * price_b + current_capital;

}

/] SREVRBR S EX

double get_hedge_ratio() const { return strategy.get_hedge_ratio(); }

int get_window_size() const { return strategy.get_window_size(); }

double get_entry_threshold() const { return strategy.get_entry_threshold(); }
double get_exit_threshold() const { return strategy.get_exit_threshold(); }

5

int main() {

/| EINAEEIE (B

vector<PriceData> historical_data ={



{100.0, 50.0, 1609459200},
{101.0, 50.5, 1609459260},
{102.0, 51.0, 1609459320},
/| BEEEIE...

s

/] ¥R R ZiEIAES
TradingSimulator simulator(1000000, 252, 2.0, 0.5, 2.0);

// B

for (const auto& data : historical_data) {

simulator.execute_trade(data.price_a, data.price_b, data.timestamp);

double portfolio_value = simulator.get_portfolio_value(data.price_a, data.price_b);

cout << "BY[E]: " << data.timestamp << " Z#FFA: " << data.price_a << " #&F*B: " << data.price-
b

<<" AEME: " << portfolio_value << endl;

}

return 0O;

}

3.4 Python5C++E&{RIZSCIN

TERFFHNENRZRSH, BEXAPythonfiTIREEHA L. HiES. AL, BN, CHRazEZt-
R EEM ST ENREME, UTE2/MPython5C++RXERIGEA!

fE£Mpybind1l (#F)

# C++X15 (example.cpp)

#include <pybind11/pybind11.h>
#include <vector>

namespace py = pybind11,

/] B Z-Scoref9C++32E (EbPythoniR)
std::vector<double> calculate_z_scores_cpp(
const std::vector<double>& spreads,
int window_size

)1

std::vector<double> z_scores;

if (spreads.size() <window_size) {
return z_scores;



}

for (size_t i =window_size - 1; i < spreads.size(); ++i) {
auto window_end = spreads.begin() +i + 1;
auto window_start = window_end - window_size;

double mean = std::accumulate(window_start, window_end, 0.0) / window_size;

double variance =0.0;

for (auto it = window_start; it |=window_end; ++it) {
variance += (*it - mean) * (*it - mean);

}

double std = std::sqrt(variance / window_size);

if (std ==0) {

z_scores.push_back(0.0);

}else{

z_scores.push_back((spreads|i] - mean) / std);
}

}

return z_scores;

}

/] AR EIPython

PYBIND11_MODULE(example, m) {
m.def("calculate_z_scores", &calculate_z_scores_cpp,
"IHHEZ-ScoresfyC++3CIL",

py::arg("spreads"), py::arg("window_size"));

}

‘miFfE, 7EPythoniAA:

import example

import numpy as np

import pandas as pd

# £ R HIE R

np.random.seed(42)

spreads = np.random.normal(0, 1, 1000000).tolist()

# fEFC++LIMITEZ-Score

z_scores_cpp = example.calculate_z_scores(spreads, window_size=252)



# 3FEEPythonSCINHYIRE

import time

# Python323]

def calculate_z_scores_python(spreads, window_size):
z_scores =[]

if len(spreads) <window_size:

return z_scores

foriinrange(window_size - 1, len(spreads)):

window = spreadsl[i - window_size+1:i+1]

mean = np.mean(window)

std = np.std(window)

if std==0:

z_scores.append(0.0)

else:

z_scores.append((spreadsli] - mean) / std)

return z_scores

# Mt 148

tl =time.time()

z_scores_python = calculate_z_scores_python(spreads, 252)
t_python =time.time() - t1

t2 = time.time()

z_scores_cpp = example.calculate_z_scores(spreads, 252)
t_cpp =time.time() - t2

print(f"Python#EHY: {t_python:.4f}#)")

print(f"C++#£8Y: {t_cpp:.4f}#)")

print(f"M4£8E32Ft: {t_python / t_cpp:.2fHZ")

# IELER—HE
np.testing.assert_allclose(z_scores_python, z_scores_cpp, rtol=1e-5, atol=1e-5)
print("&ERIEIEEL! ")

fEFACython:

Cython@F—fPython5C+HRXEMAT, BRI LUEPythonfXBHEIAEMNCT B, UT2—1-
CythonLIMAYER XS 22 5 SRR& - 51 -

# pair_trading.pyx

import numpy as np
cimport numpy as np

cdef extern from "math.h":
double sqgrt(double x)



def calculate_spreads(double[:] prices_a, double[:] prices_b, double hedge_ratio):
llllll_l_l_gb/l\%r‘%—ﬁunuu

cdefint n=len(prices_a)

cdef double[:] spreads = np.zeros(n, dtype=np.double)

foriinrange(n):
spreads[i] = prices_ali] - hedge_ratio * prices_bli]

return spreads

def calculate_z_scores(double[:] spreads, int window_size):
"+ EZ-ScoreFE""

cdefint n =len(spreads)

cdefinti,j

cdef double mean, variance, std

if n <window_size:
return np.array([], dtype=np.double)

cdef double[:] z_scores = np.zeros(n - window_size + 1, dtype=np.double)

foriinrange(window_size - 1, n):
mean = 0.0

forjinrange(i - window_size + 1,i+ 1):
mean += spreads|j]

mean /= window_size

variance =0.0

forjinrange(i - window_size + 1,i+1):

variance += (spreads[j] - mean) * (spreadsl[j] - mean)
std = sqgrt(variance / window_size)

if std==0:

z_scores[i- window_size +1]=0.0

else:

z_scores[i - window_size + 1] = (spreadsli] - mean) / std

return z_scores

RIRFETEPython R {ER



import pyximport

pyximport.install()

import pair_trading

# 4 BN #dE

np.random.seed(42)

prices_a = np.random.normal(100, 5, 1000000)
prices_b = np.random.normal(50, 2, 1000000)

#ITBEMNE

spreads = pair_trading.calculate_spreads(prices_a, prices_b, 2.0)
#3TEZ-Score

z_scores = pair_trading.calculate_z_scores(spreads, 252)
print(f"Z-Scoret3J{&: {np.mean(z_scores):.4f}")
print(f"Z-Score¥r/EE: {np.std(z_scores):.4f}")

3.5 FEIHIGEF RN ALINER
FEHINENRBRERALN LEEEEER, TEANEUTHE:
RETIIREMNZZERNER:

o FEEZETHIRBRE, TEIMEANTEE, RERITFEEAE
o MERARE (F8%-15%) , BEERKEPEERSMA
o FIEKEKEIRE], FELIBKKENNRZ1EE

o FEREHL. FFIBREFEMHX A X RIS

BT EFSERNES:

o ZRTHOR S, AIUERMBERZ RS

o FEZERISHNENSAER

o MG BEIHAR, FELNIEELS (rollover) piz

o FENBREEHAGHRMER

INCHHEFISEME S

° M\, REZETENXIRIIMES

o BIIMR S, REMEHIXICEIE

o BEAMEIREFLE (swaprate) , XERINCEFNEEMZS

o FRAIKMMMREERBKR, FEMURZMA



MEEHEANLRER:

o TX2UNRR S, BEFESREE

© NERXZFAZEFEREENE, FEXRNRNS MR ZRINE
o FELEMBZIERMIZ S HIARTIE]

© REMALENER, BEXHHE. RIE. WEHEF
UTFR— T EmHENERESR:

class MultiMarketArbitrage:

def __init__(self, markets, instruments, strategy_type='pair_trading'):
self.markets = markets # mi7%Iz (@0['stock’, 'futures', 'forex'])
self.instruments = instruments # X ZX%IR

self.strategy_type = strategy_type

# IR B HIAPIERE

self.connectors = {}

for market in markets:

self.connectors[market] = self._get_market_connector(market)

def _get_market_connector(self, market):
" IRIETIZ R ELR CIME N YRS

if market == 'stock":

return StockMarketConnector()

elif market =="futures':

return FuturesMarketConnector()

elif market == 'forex':

return ForexMarketConnector()

elif market == 'crypto":

return CryptoMarketConnector()

else:

raise ValueError(f" R Z3FHH1HER: {market}")

def get_realtime_prices(self):
"IRENFR A R 5 ST HYSEEF AR

prices = {}

for market in self.markets:

for instrument in self.instruments[market]:

try:

price = self.connectors[market].get_price(instrument)



prices[(market, instrument)] = price

except Exception as e:
print(f"3KEY{market}fi7{instrument}N &L K: {e}")
return prices

def execute_arbitrage(self, prices):

" HATER SRR

if self.strategy_type =="pair_trading":

# BEX R 52 4E

for market in self.markets:

for pair in self.instruments[market]:

# fRigpairg (A, B)EY7c4A

a, b=pair

ifain prices and b in prices:

spread = prices[a] - 2 * prices[b] # {RI&xHHEEE 2
z_score = self.calculate_z_score(spread)

if z_score <-2:

# MZA, =B

self.buy(a, 100)

self.sell(b, 200)

elif z_score > 2:

#=A, HZB

self.sell(a, 100)

self.buy(b, 200)

elif self.strategy_type == "triangular":
t =AREFNZiE

pass

def buy(self, instrument, quantity):

"MHATENRE (FERIEGZIIM) "

market, symbol = self._parse_instrument(instrument)
self.connectors[market].buy(symbol, quantity)

def sell(self, instrument, quantity):

"MHRITELIRE (FERIESRZIIM) "

market, symbol = self._parse_instrument(instrument)
self.connectors[market].sell(symbol, quantity)

def _parse_instrument(self, instrument):

nn lIﬁg*ﬁ_ﬁ% Rq-%:—tﬁll nn



# RIS "market:symbol"
parts = instrument.split(":')
return parts[0], parts[1]
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2. A AEC L RIER E B R MSIHE

3. RATWAPE X, XS BRI NHRS

4. BEREXFIBARI—TARITRERS

INCHinS SR

1. FELEMx (EUR/USD. USD/JPYEE) &HEE1I60%

2. REHMITH30%

3. KX EEH10%

4. IRIBA B XAURHIE D B LHR S
NZGIH 53 S

1. EmmAh (BTC. ETH) £70%

2. 1M 520%

3. BEMH10% ((EREMH)

4. EENRBFRDEFC, BRETFENK
UTR—MraRTEAES:

class SmartExecutionAlgorithm:

def __init__(self, total_amount, market_type, instrument,
max_impact=0.005, max_holding=0.01,
window_size=252, min_volume=1000000):

BREMITEAAIIA1

S

total_amount: X Z&& (5T)
market_type: 1538 ('stock!, 'futures’, 'forex!, 'crypto')
instrument: 32 5 s fd

max_impact: &z AHiZHE (0.005%5:0.5%)
max_holding: sz K#FFELEfI (0.015%RR1%)
window_size: i+E I EHBHE A KN
min_volume: /WX ZEEXK
self.total_amount = total_amount
self.market_type = market_type
self.instrument = instrument



self.max_impact = max_impact
self. max_holding = max_holding
self.window_size = window_size
self.min_volume = min_volume

# AR 1Lh L 23R

self.historical_data = self.get_historical_data()

def get_historical_data(self):
"IRENA SR EGER It R TR
# XEFREREARTIHLINEIRIAE
data={

'volume': pd.Series(), # B3 EF5
'price': pd.Series(), # N1&FES!
'spread': pd.Series() # EEMNE

}

return data

def calculate_optimal_split(self):

"R RMIES AR

if self. market_type == 'stock":

# REThiak 2 1ZE

avg_volume = self.historical_data['volume'].rolling(window=self.window_size).mean()
current_volume = self.historical_data['volume'].iloc[-1]

FIHBRAKRERARZE (Rl HIIRREN5%)
max_single = min(current_volume * 0.05, self.total_amount / 10)

#ITERERFD IR

num_splits = max(1, int(self.total_amount / max_single))

# T BEBRZZEM

amounts = [self.total_amount / num_splits] * num_splits

# IRIERRED RIEE

volume_distribution = self.calculate_volume_distribution()
foriin range(num_splits):

amounts[i] = amounts[i] * volume_distribution(i]

return amounts



elif self. market_type == 'futures':

# BTtk 21248

# ZERIEEMFF RS

margin_ratio = 0.1 # fRI&10%RIEE
max_position = self.get_position_limit()

# TR ACHE

max_contracts = min(

int(self.total_amount * margin_ratio / self.historical_data['price'].iloc[-1]),
max_position * 0.5 # FEBIFFEIRERY50%

)

# D3IRES
return [max_contracts / 3, max_contracts / 3, max_contracts / 3]

elif self. market_type == 'forex":

# SNCHIgtR 721258

# IRIER RN XBmEhER o

time_zones =['asia’, 'europe’, 'us']

liquidity_weights =[0.2, 0.4, 0.4] # {RIGKGNFIEE RN E S

amounts =]
for weight in liquidity_weights:
amounts.append(self.total_amount * weight)

return amounts

elif self. market_type =="crypto":

# IR LEhhizik 71848

# EZIR G ZiERSD

exchanges = ['binance’, 'huobi', 'okex’, 'coinbase']

amounts = [self.total_amount / len(exchanges)] * len(exchanges)

return amounts

def calculate_volume_distribution(self):
""HEHRERESE"""

# IRIE L HIRITES BRI E L

# RiHREl— MK E AR Z BB TR

return [0.05, 0.08, 0.12, 0.15, 0.18, 0.15, 0.12, 0.08, 0.05]



def get_position_limit(self):

" IREF PRSI

if self. market_type == 'futures":

# XEEERBEAKGEMREFCIES]
position_limits = {

'IF': 5000, # FP#R300RZIEHATE

'IC'": 1200, # FIE500REFEHALE

'RB': 2000, # 122 NHEATE

}

return position_limits.get(self.instrument, 0)

return float('inf') # EfttrhiHTiFC RS

def execute(self):

"RITRR B S

amounts = self.calculate_optimal_split()

print(f"\nFriaH1T{self. market_typelmiiz{self.instrument}fi¥{selftotal_amount/10000:.0-
fIAx5%:")
print(f"#k5 A{len(amounts) R IT:")

for i, amount in enumerate(amounts):
#t XBEEELNAAKNTRIZIE
print(f"S&{i+1}Px: X FE&N{amount/10000:.1f}575")

# RN F R —ER B8]
import time

time.sleep(5) # [BIFESFIHIT—R

print("RXZHITFEM! ")

# N 5E B
if _name__=="_main__":
# BREH1iH1000H53 5

stock_algo = SmartExecutionAlgorithm(
total_amount=10000000,
market_type='stock’,
instrument='600519.SH', # =MFE&
max_impact=0.005,

max_holding=0.01

)

stock_algo.execute()



# BRI 1110005 X 5

futures_algo = SmartExecutionAlgorithm(
total_amount=10000000,
market_type="'futures’,
instrument='IF2403', # ;P& 300A&35HAT
max_impact=0.003

)

futures_algo.execute()

h. LEESKLEERER
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| (MongoDB) || (Redis) || (WebSocket) |

DR F5ER
1. $iEE
- [ASEEIETENE: FERMongoDBEMER LITIREUE
© EEIEETT . ERRedisTFESSITTE, B/SIEEED
- BUBRIR: @IAPHEORENE HIAEUE
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- SNCH7: BIINCELHAPI (J0XM. OANDA)

- MNZ|ERT: BIRZFRAPI (f0Binance. Huobi)
3. BRI ARt

- FERSREEE

- BIREEMET

- XEIRSEIENETE

- BWRERSR

5.2 XZIEEMERSEAN

AETZHNR ZiEOEFEEEZ MRS REMREE

R EThiHIEO%ERE:

o HEFIFFHAPI: $R{HEPython SDKFIHTTP API, Z#5ABR. ETFS, J#SAEXTERIK
o RIFIEHCATSRS: Thaka A, EaTULEE, ATk

o ERIEFMATICRER: ZRZMIR%, HEelRE
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N 53 hiE %
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° Huobi API: X#FZMIMNELEMRS

o OKXAPI: #temERXFRS

° Bybit API: T AVHERGIRR SR



UTFR— M —HIRFZEOMKRRA:

class TradinglInterface:

def __init__(self, market_type, api_key, api_secret, account_id):
self.market_type = market_type

self.api_key = api_key

self.api_secret = api_secret

self.account_id = account_id

self.connected = False

def connect(self):
"EREIRSZEO

if self. market_type == 'stock":
# REMIZERIZE

print(f"iEzZIREMHIFIZO: {self.account_id}")
self.connected = True

elif self. market_type == 'futures':
# BT iR ZE

print(f"EZEIHARH7IEO: {self.account_id}")
self.connected = True

elif self. market_type == 'forex":

# INCTHhIERZE
print(f"ZEERSNCHIHIEO: {self.account_id}")
self.connected =True

elif self. market_type =="crypto":

# INZRBEth hiziEiziZ g
print(f"EFRINZ 52 HIEO: {self.account_id}")
self.connected = True

def disconnect(self):

"R FRERE

if self.connected:

print(f"#rFF{self. market_type}tiziE#E")
self.connected = False

def get_balance(self):

nn ”ﬁﬁymﬁ)ﬁ %g}\" nn

if not self.connected:

raise Exception("REZER Z1E0O")



if self. market_type == 'stock":

# TIHRE K REN

return {

'cash': 5000000, # R] A&

'positions': {

'600519.SH": {'"quantity': 1000, 'cost': 1700000},
'600887.SH": {'quantity': 2000, 'cost': 1500000}
}

}

elif self. market_type == 'futures':

# EIHALT K P REN

return {

'available_margin': 8000000, # A]F{FIEE
'used_margin': 2000000, # BERRILE
'positions': {

'IF2403": {'contracts': 10, 'pnl': 500000}

}

}

def place_order(self, symbol, order_type, quantity, price=None):
IIIIII‘F%IIIIH

if not self.connected:

raise Exception("FREZIIR H1EO")

order_id = self.generate_order_id()

print(f" F&: {symbol}, 2£8!: {order_type}, #E: {quantity}")
if price:
print(f"#4&: {price}")

return {

'‘order_id": order_id,
'status': 'submitted’,
'symbol': symbol,
'type': order_type,
‘quantity': quantity,
‘price': price

}

def generate_order_id(self):

"""ﬂiﬁiﬂﬁ—'\ﬂ-g%'m"



import time
import random
return f"{int(time.time() * 1000){random.randint(1000, 9999)}"

def get_order_status(self, order_id):

BT AR

# BITERES

statuses = ['submitted’, 'filled', 'partial’, 'cancelled']
return random.choice(statuses)

def cancel_order(self, order

(FEAILER)



