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Table 1 The results of model effect and robustness test
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N =10, T =500 0.984 0.047 0.597 0.05
N =20, T =500 0.895 0.052 0.484 0.03
N =40, T =500 0.843 0.054 0.587 0.03

N =60, T=500 0.826 0.055 0.432 0.01
N =80, T =500 0.812 0.056 0.536 0
N =100, T =500 0.804 0.044 0.538 0
N =10, T =1 000 0.994 0.049 0.662 0.04
N =20, T =1 000 0.955 0.050 0.632 0.03
N =40, T =1 000 0.907 0.055 0.658 0.02
N =60, T =1 000 0.874 0.053 0.603 0
N =80, T =1 000 0.862 0.054 0.582 0
N =100, T =1 000 0.854 0.055 0.557 0
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Fig. 4 The time-series plot of industry average rate of return
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Table 2 Descriptive statistics of the stock returns of sample energy companies

% S g | BB 4 YA | ARk | IREE 353 ADF #:58 Jarque-Bera 1646

IR IR cM 5 6.2% | -0.0004 | 0.04 | 24.18 | 854.05 | —11.565*"" 53 814 077 ***
EEIBT T IRFRA | NM 8 9.9% | -0.0002 | 0.02 1.48 | 165.46 | —-13.975*** 2014 156 ***
Rl R B sA 12 14.8% | -0.0005 | 0.02 | 0.37 4.74 | -12.068 """ 1695.7***
LB IFR MM 11 13.6% | -0.0006 | 0.04 | 0.53 42.5 -10.797 *** 132 951 ***
AR 06 45 55.6% | -0.0005 | 0.03 0.09 3.62 —-12.531 *** 970.01 ***
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Fig. 5 Full sample risk spillover network, 2014 Q1
P AR /MRS R SRR X R, P H AN AU 5 RN B B R B Lpyegpora = O- 1

E6 2013 Q1—2019 4 ZGXBE 28 IR E
Fig. 6 Systematic risk spillover intensity 2013 Q1—2019 Q4
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Fig.7 2013 Q1—2019 Q4 external spillovers ( left) , risk tolerance level (right) by various industry
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Fig. 8 2013 Q1—2019 Q4 net spillovers by various industry
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Table 3 Descriptive statistics of external spillover effects by industry 2013 Q1—2019 Q4

HE FRifEE /MH P25 EAVE P75 SN
cM 0.504 0.59%4 0.079 0.197 0.316 0.560 3.114
NM 0.971 0.718 0.210 0.441 0.7499 1.335 2.983
MM 0.774 0.475 0.206 0.424 0.585 1.128 2.004
SA 5.940 2.819 0.763 3.089 5.238 8.910 10. 427
oG 2.752 1.431 0.682 1.334 2.893 3.384 6.148

N T RFAEA BRI L W) 0 B T AR g8
PE, #4441 T 2014 Q1—2019 Q49 P AEAFJF
AU i 4 e Y 5 982\ I SRS SR 3 260 ]
TESMREEE bl DLl N REIR T 3 L~ R gt
BEMERRIR A E) " IFRfE BRI HERS < R E M
REVRA T HE A AW A8 AL, X R B T Se i) 4
LB, AN 3R 4 B4 T RHADRE S K
HARGEEE” AT A, b B RS

HEAE A Al AS — RE P A R R Al B T )N
Aalb A T LA AR 2 B XURS i Y X R X i
Hy T RESZ A lb MEASE LA AP A 9K 5l PR 3R A 52 i,
M55 52 25 1 Tl B R 2R 4

i A T A AR S5 A R 5 K R X
Briii i, K B L BT R G i EAERE IR A 7 A
FITPR(06) ISR NFRE SCHFE S REIR
AF(SA) SR HAEE AR —2K

F4 BTERRBHESHES RATMBITIL, i HBEER S RE

Table 4 Top 5 companies with the highest risk spillover by various quarter in terms of industry, intensity of spillover effect and firm size

ARG | L UAHCGRL) | wh | e
2014 Q1 2014 (2

OXY(0G) 3.28 69 275 000 HES(0G) 3.118 41 071 000

DVN(0G) 4.037 52 765 000 CLR(0G) 3.6 14 377 506

HES(0G) 3.291 41 424 000 PXD(0G) 3.439 12 710 000

XEC(0G) 4.251 7 618 635 XEC(0G) 3.187 8 399 007

PDCE(0G) 4.07 2 065 168 LPI( 0G) 3.682 3 181 038

®

2013 AFZR 255 BRSO WOZ S BIFSE I (R X 6] 2 2014 Q1—2019 Q4.
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Table 4 Continues
Al A4 B (A7) i it Al B Al 24 K (A7l ) i i1} Ainall A
2014 Q3 2014 Q4
COP(06) 6.665 118 986 000 COP(06) 12.496 116 539 000
MRO( 06) 9.183 36 700 000 DVN(0G) 13.456 50 637 000
EOG(06) 9.954 34 500 883 HES(0G) 14.614 38 407 000
XEC(06) 8.045 8 644 094 MRO(0G) 14.623 35 983 000
SM(06) 6.531 5 660 746 PTEN(SA) 12.284 5394 011
2015 Q1 2015 Q2
COP(0G) 8.229 110 042 000 HAL(SA) 8.312 30 606 000
HES(0G) 9.713 36 101 000 BKR(SA) 7.978 26 018 000
MRO(0G) 8.621 34736 000 CLR(0G) 7.837 15 409 851
HAL(S4) 9.703 30 587 000 XEC(0G) 6.566 7568 504
BKR(S4) 8. 464 26 926 000 PTEN(SA) 7.123 5049 528
2015 Q3 2015 Q4
XEC(06) 14.26 6 336 362 COP(0G) 10.789 97 484 000
KOS(06) 11.868 3 105 045 0XY(06) 9.085 43 409 000
PDCE(0G) 11.661 2344 310 EOG(06) 8.999 26 970 470
MTDR(0G) 12.237 1280 522 HES(0G) 8.265 34 157 000
CPE(06) 11.835 864 724 PXD(06) 8.52 15 154 000
2016 Q1 2016 Q2
COP(0G) 13.459 99 834 000 HAL(SA) 8.696 27 737 000
HAL(SA) 12.102 33 932 000 HES(0G) 7.745 34 234 000
HP(S4) 13.561 7130 274 DVN(06) 7.905 27 244 000
AROC(S4) 11.98 2 670 840 HLX(SA) 8.281 2314 368
MTDR(0G) 11.593 1 164 152 MTDR( 0G) 7.664 1 086 088
2016 Q3 2016 Q4
COP(0G) 8.334 94 284 000 OVV(0G) 4.501 14 653 000
HES(06) 8.492 34 459 000 SM(06) 3.616 6393 511
HAL(S4) 9.281 26 755 000 FANG(0G) 3.275 5349 680
PTEN(SA) 8.436 3908 873 XEC(06) 4.039 4237724
FANG(06) 8.311 3525 680 CPE(06) 3.175 2 267 587
2017 Q1 2017 Q2
EOG(0G) 5.507 29 211 974 HAL(SA) 8.483 25 325 000
DVN(0G) 7.286 26 134 000 MRO(0G) 7.748 24 241 000
CLR(0G) 5.453 13 826 060 CLR(0G) 8.303 13 871 257
CPE(0G) 5.993 2335 579 GTE(0G) 8.045 1 429 635
LPI(0G) 6.29 1 818 596 RES(S4) 7.725 1 105 885
2017 Q3 2017 Q4
EOG(06) 6.15 28 805 305 DVN(0G) 6.244 30 241 000
DVN(06) 4.649 27 559 000 MRO(06) 4.984 22 012 000
HES(06) 6.008 26 600 000 XEC(06) 3.953 5042 639
MUR(0G) 4.998 10 192 759 PDCE(0G) 4.932 4 420 390
PDCE(0G) 5.83 4307 287 CPE(0G) 5.739 2 693 296
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Table 4 Continues
Al PR (17 i th Al HEAE A £ FR (F74k) i i Al B
2018 Q1 2018 Q2
OXY (0G) 7.673 42 808 000 HES(0G) 4.91 21 464 000
HAL(SA) 7.774 25 191 000 PXD(0G) 6.203 17 449 000
MRO(0G) 9.22 21 634 000 OVV(06G) 5.6 15 128 000
OVV(0G) 8.789 15 110 000 CPE(0G) 6.961 3507 326
MTDR( 0G) 8.835 2 275 705 MTDR(0G) 4.938 2 555 847
2018 Q3 2018 Q4
PXD(0G) 3.384 42 808 000 COP(0G) 11.216 69 980 000
EOG(0G) 3.637 33 637 736 OXY (0G) 10.941 43 854 000
HES(0G) 3.423 21 467 000 XEC(0G) 11.426 6 062 084
FANG(0G) 4.69 9 806 573 CPE(0G) 11.483 3979 173
SM(0G) 4.009 6273 721 NOG(0G) 12.35 1 503 645
2019 Q1 2019 Q2
FANG(0G) 8.299 22 268 000 OVV(0G) 11.146 21 747 000
MRO(0G) 7.099 21 410 000 DVN(0G) 10. 094 16 649 000
MUR(0G) 7.871 11983 117 SM(0G) 10.473 6 391 939
SM(0G) 7.073 6 286 618 CPE(0G) 8.884 3915 497
CPE(0G) 7.177 4108 834 MTDR( 0G) 12.228 3751 451
2019 Q3 2019 Q4
EOG(0G) 7.169 36 542 269 EOG(06) 6.356 37 124 608
MRO(0G) 6.871 20 373 000 MRO(0G) 7.771 20 245 000
PXD(0G) 7.718 18 078 000 PXD(0G) 5.758 19 088 000
HP(SA) 6.231 5897 379 DVN(0G) 5.433 13 717 000
MTDR( 0G) 6.86 3936 639 SM(0G) 5.628 6292 232
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Table 5 Description of explanatory variables

A i ik
ROA HES e /N LU LRI E ) 23
turnover B 2 AN W R 9 7 JR o %

(EES: E /Aol

current_ ratio

In (TA) | BFFREEAA RN CRAZAE R TR EUE SR
Lev (ES) AT N
marpro 2 AN R I PR 2 36
USGDP R ZFE GDP K %
In (oil) WL Jsi ) 52 A X Holi a5 22
export ESEES Flvay bt p i
SP500_ index B 500 e AE4L

MR 6 1Y 1A I3 B 45 58 % T4l 0 55748
A LTS 1) 0 Tl 0 55 22 4, B8
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Table 6 Regression results of various industries and full market

2023 44 H

B R AT it Total CM MM NM SA 0G
To (D) (2) (3) (4) (5) (6)
roA -0.0079** | -0.0176** | -0.008 3** 0.021 3 0.002 9 -0.009 1
(=2.2227) | (=2.3940) | ( -2.4337) (1.4451) (0.216 9) (-1.5010)
0.0199 0.4129 -0.0229 -1.6050* 0.022 3 0.177 0
turnover
(0.6299) (1.6277) (-0.8927) | (-1.7599) (0.471 4) (0.413 6)
. 0.060 8 0.078 2 0.148 4* 0.034 -0.205 4 0.100 4
current_ ratio
(1.557 4) (0.455 3) (1.8207) (0.672 4) (=0.706 9) (0.405 7)
In (T4) 0.659 2*** 0.1122 0.080 4 0.361 4 0.1253 1.323 6"
n
(4.2101) (0.276 8) (0.966 2) (0.997 0) (0.199 5) (4.361 3)
; -0.4153 -0.249 9 0.534 8" 3.2209* 0.911 0 -0.918 2
ev
(-0.9882) | (-0.2597) (1.8263) (1.726 9) (0.534°8) (-0.946 2)
0.004 8* 0.017 8** 0.001 7 -0.002 2 0.000 4 0.009 7**
marpro
(0.058 0) (2.015 4) (0.6879) (-0.2360) (0.040 3) (2.492 7)
0.029 9 -0.0520 -0.034 6 -0.107 3 0.092 5 0.080 6
UsGDP
(0.710 1) (-0.7267) | (-0.8069) | ( -1.2479) (0.413 1) (1.0202)
I (oil) —2.458 8 *** -0.2810 | -0.6256*** | =1.1603"** | -3.7619*"* | —-3.738 7***
n Ol
(-10.7177) | (-0.6801) | (-2.7206) | ( -2.6168) | ( -5.9205) (-7.6874)
-0.8108*** | -0.6460" -0.219 1 —0.738 1% | —1.6349*** | —1.0486**"
export
(-5.3276) | (-1.8603) | (-1.4240) | (-2.2421) | (-3.8287) (-3.4639)
-0.238 0*** -0.036 4 -0.0659"* -0.0112 —0.309 1" | -0.393 7 """
SP500_ index
(-7.8095) | (-0.7032) | (-2.1477) | (-0.1805) | ( -3.8315) (-6.8432)
R? 0.173 8 0.1195 0.140 7 0.146 6 0.2522 0.204 7
F value 26.876 1 1.424 9 3.602 0 2.594 3 8.195 8 16.660 2
FUNIEIERA @5 1 608 120 240 168 264 528
LU O BIERORTE 1% 5% M 10 % G HUKE BB S PR B E RS R

X T2 B AL 1, [ B i 0 6 A0 A% A X
Kol g X BRAER I RAT AL Z SN BT A BE IR W Y

i L A5 ) B B 2 ) 97 ) 5

M. A A7 BEVR H 1
FERRXTER T G R ITRAT B RUBS: it 4945 S
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K, [ s W28 5 T 34 02 5 il JBC S A s e A0 e
AR AR AT R | RS Vi 560 3
%, X SRS R BFFE A R —2L

AR RIAETEFFEE I 5 Bianconi Fl1 Yo-
shino ™ Z A AR 5E — B, B FE T 1ok A 24 A4
FEIZ 64 ZAATFAERBIRA T A /) UREAS i A 1
WURHE 2R WFFEA SRR B, il e i pkE R
B FUBCFIA ST IS a5 R AE AR RE IR > ] 1
B4 AR R B 2R G T ELA U, R TR
Al A DRSS Ui 4 265 DR 8 2 )3 i RS (L
PRSI E— A P PR, /INVA R A e i X
R AT REPE , I HE—2 DA T3 4 ThRIIAR.
3.4 WMERS5HETEM

FETAES B R P 28 S5 10 27 2] B0, % B A
A ik PR TN 4R AT T | X% AT 3 4 AT
PEHT H B e, b T S0 b A T 4 ] A] 42 9K
3, BT LA R T AT S 1 28— 20 R — Pl e

FR BN TN A B 75 00 e 9K Bl AR A
P B SCRT IR B BRE R T IR AR TN AR 5 AR
J5 o3 3 455 TCSHUERL (CL + KNN) M B Rl
(CI + Linear) #4770 ( WL.32 7).

MR A, C1+ KNN (1 0 1 00 A0 2 22 £
F CI + Linear , {HFfi 25 T 25 4 A9 38 011, CI + Line-
ar POEHTE . MOF4a X% 2% (MAE) 53757
BR2E (MSE) RIS F | WP 7 s 0 F0 24 R A
AR A A B ] DX J) A et 1) 580 4 v A ) i 2200115
EFE B G R Y, AE SRS C1 + KNN 5 2
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HaAESH0 F T AR S AR L, O RS S
T AR S HOS ARG I A OGS et Y D0 A FI T 2 R
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Table 7 Model prediction accuracy

R? MAE MSE
RIEISN
CI + KNN CI + Linear CI + KNN CI + Linear CI + KNN CI + Linear
T=T,,H=1 0.805 4 0.586 4 0.041 4 0.040 9 0.008 9 0.018 9
T=T,H=2 0.809 6 0.560 1 0.040 8 0.040 4 0.008 7 0.020 1
T=T,H=3 0.809 6 0.744 0 0.040 7 0.040 2 0.008 7 0.0117
T =T,H=4 0.807 4 0.785 6 0.041 1 0.0412 0.008 8 0.009 8
T=T,6H=5 0.805 2 0.805 2 0.041 7 0.0413 0.008 9 0.008 9
T =T, 6H=6 0.807 4 0.8315 0.041 4 0.040 9 0.008 8 0.007 7
T =T, ,H=7 0.807 4 0.877 4 0.041 2 0.041 0 0.008 8 0.005 6
T =T, H =1 0.879 9 0.536 0 0.015 5 0.032 6 0.002 9 0.0112
T =T,,H =2 0.838 4 0.5775 0.016 1 0.031 0 0.003 9 0.010 2
T="T,,H =3 0.797 0 0.618 9 0.018 0 0.028 6 0.004 9 0.009 2
T="T,, H =4 0.780 4 0.6313 0.019 1 0.029 0 0.005 3 0.008 9
T="T,,H =5 0.792 9 0.797 0 0.018 7 0.028 2 0.005 0 0.004 9
T =T, H =6 0.768 0 0.850 9 0.021 6 0.018 4 0.005 6 0.003 6
T =T, H =7 0.767 9 0.954 4 0.019 5 0.010 1 0.005 6 0.001 1

e PERFIEUBEERI 1=0.03, A = 20% KR8 7, =10, FRA% PR BED 81 ANREAR IR (8] 81 f) 1 2 TR L.
AT DR AR AR R e bk OIS 32 . S S R 402 3 0 o R SR 1Y 20 % 1 80 % , SEFR RS (I B2, v 7 2y 2013 - 01 -
03 £2015-12-31, T, 42013 -01 -03 & 2017 - 12 - 31, #47 L FH.
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Risk spillover analysis and multi factor forecasting based on nonparametric

causal network

WANG Zong-run, ZHOU Ling, MI Yun-long
Business School, Central South University, Changsha 410083, China

Abstract : Risk spillover is the core motive of systemic financial risk generation and evolution. Therefore, it is
crucial to investigate the path and intensity of risk spillover. To compensate for the limitations of traditional
methods in terms of dimensionality and parameters, this paper combines a nonparametric conditional mutual
information test with a causal network structure learning algorithm and proposes a new nonparametric high-di-
mensional causal network construction method to analyze the dynamic linkages and risk transmission mecha-
nisms of volatility spillovers in the financial system. This paper validates the effectiveness and robustness of the
method on a nonlinear synthetic dataset and constructs the optimal prediction subset for multi-factor forecasting
of the series based on the causal topology. The model is also applied to construct a volatility spillover network
of daily stock returns of 81 global energy companies over the period from January 2013 to December 2019 to
measure the dynamic changes in the intensity of risk spillover in both fundamental and investor dimensions and
to perform forecasting analysis. In addition, the determinants of risk premia are explored by combining corpo-
rate financial data and macroeconomic variables and considering business heterogeneity among firms. The find-
ings show that 1) energy firms in the upstream of the energy chain and those with high oil price exposures ex-
hibit larger risk spillover effects and risk tolerance levels. 2) In addition to firm size, the return on corporate
assets, marginal returns and other factors also have impacts on the spillover effect. 3) The risk spillovers of
energy companies differ significantly in business and the spillover drivers also differ, which is of important ref-
erence value in portfolio decision making, regulatory policy design, etc. 4) Although the causal pre-selection
information selection strategy combined with a non-parametric model has better short-term forecasting perform-
ance than the one combined with a parametric model, the advantage of the parametric model is more obvious
as the forecasting step increases.

Key words: causal network ; nonparametric causal network structural learning algorithm; risk spillover; multi-

factor forecasting



