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Ô¹þ�I�<ÚLã. PM2.5 �@�´E¤ÒGUí��8��. ØÓu PM10 (�á\

�âÔ), PM2.5 ´��í¥�»�u½�u 2.5����âÔ, áu[�âÔ. 2013c�

c, ¥I3�íÀ/�âÔ�¡�iÿé�Ì�´ PM10. 2013c 1� 1F, ¥I��Ü

m©�ªò PM2.5 �\�íiÿ�I¥, PM2.5 ¤�
��­��iÿ�íÀ/§Ý�
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)Ô�-��þ¬�) PM2.5. PM2.5 Ø=¬K��¸, E¤�íÀ/, �­��´�Ïá

\ PM2.5 ¬é<NE¤4���³, $�¬O\�kÚ�¾VÇ. mÐ'u PM2.5 �êâ

©ÛkX�~­��¿Â, ��£n PM2.5Jø�â.

PM2.5ÉXí�!§Ý!�Ý!º��éõÏ�K�, �Ù)¤Å�E,. PM2.5CÏ

É�
2�'5, X©z [1–3]. Ù¥, �X�'u PM2.5 �ïÄÁãlêâ©Û��Ý)

º PM2.5 �5Æ, X©z [4, 5]. ¦�±�®�¥%¢½�ïÄé�, é�í�þ?1þz
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©Û, Ì�ïÄ
º�!º�!üY!ÁGøæ!APEC!��W�é PM2.5 �K�, '

�
A�¢½�G! PM2.5 �Ì�A�ÚÄ�ª³. ÙïÄ¤J�<�n) PM2.5, @£

PM2.5 ��Ï��'XJøë�. ¦�±z�¢½�À/�ïÄé�, mÐ
¢½ÛÜÀ

/©Û. ¯¢þ, �¢½� PM2.5À/¿Ø´�pÕá�, du/n(�!²L(��Ï�

K�, Ó�/n(�Ú²LuÐ«�S¢½�m� PM2.5 À/7,�3�½��pK�,

'X�®/«� PM2.5 À/�U¬É�à����/« PM2.5 À/�K�. Ïd, PM2.5

êâ©ÛI�����mÐ, I�ïÄ�I��S PM2.5 À/��ä(�, l
�k�£

n PM2.5Jø�Ï.

mÐ PM2.5 À/�£nI�ïÄA�'�¯K. Äk, ·�I�(@ PM2.5 À/
/

«. ��/, �ÏÀ/î­�«�ké��U´À/
«�. 3À/
(@�, �mÐ­:

£n. Ùg, I�
) PM2.5 À/3�I��Skvk«�A�, ¥IIè¡È�, �3ó

�©Ù!<�©Ù!±9///n(���É. Ïd, PM2.5 À/7,¬�3¤Ï�É, Ù

©Ùäk(�A�. �
�k�£n PM2.5, IU«!©¬!©(��½£n�ü. �©�

3lêâ©Û��Ý, ÄuCc5uÐ�DÕã�.�{, ïÄ¥I�¬¢½ PM2.5 À/

��ä(�, �n) PM2.5 À/Ú PM2.5 �£nJøÚOë�Ú�Ï. ·�Â8
l 2014

c 1� 1F� 2017c 12� 31F¥IÌ�¢½�F²þ PM2.5 ßÝêâ. du�l!e

�!��� PM2.5 êâ¿�úm, ·�Â8
�)Ø�l!e�!���	� 22��¬

¢½!4��`½!5�g£«Ä?, � 31�¢½� PM2.5 ßÝêâ. êâ5
u¥I�

í�þ3�iÿ©Û²�∗.

ò 31��¬¢½� PM2.5À/©Ow�X1, X2, . . . , X31ù 31��ÅCþ, ¿b�Ù

éÜ©Ù�õ� Gaussian©Ù, =X = (X1, X2, . . . , X31) ∼ N(0,Σ). ò 2014� 2017c

� PM2.5 À/êâÀ�l©Ù N(0,Σ)¥Ä����. ·�8�´Äu 31�¢½ 2014�

2017c� PM2.5 êâ, ÆSÑ�¢½ PM2.5 À/�ä(�, �)�ä�¥%:, 9�¢½

�m PM2.5 À/��«(�. ã�. [6–8] ´lêâ¥�O�ä(��k�óä. §´�a

^ã (Graph)5�ÀzL«�ÅCþéÜVÇ©Ù��., �2�A^uïá�«�p�

^�ü��m/¤��ä(�, XÄÏN��ä!�x��ä!���ä�, l
�ïÄ

Ún)Cþ�m��p'XJø
óäÚë� [9]. �©¥, ·�ò�O¦^ãÚ�ä5£

ãCþ�m�ë�'X. ã�.�Ì��¤���!: (Nodes)Ú> (Edges), Ù¥!:�

�ÅCþéA, >�Cþ�m�^��6 (Conditional Dependence)'XéA. äN/, ^

��| G = (V,E)L«��ã, Ù¥, V = 1, 2, . . . , p©O�L!:Cþ X1, X2, . . . , Xp,

E ⊆ V × V �L>�8Ü. ê��Å5� [6–8] ´ã�.òã�©ÙéXå5�xù. éu

Gaussianã�., -Θ = (Σ)−1 = (θij)i,j=1,2,...,31, Kdõ�Gaussian©Ù�5�, θij = 0

�du Xi � Xj ^�Õá, Ó��du!: iÚ!: j Ã>�ë [6–8]. Ïd, �ï 31�

�¬¢½� PM2.5 À/¤/¤��ä(��du�O���Ý
�_ Θ. �êâØÑl

∗https://www.aqistudy.cn/
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Gaussian©Ù�, Gaussianã�.���¼ê�±)º���ëêΘ������Ý


�_� BregmanÑÝ, �ä(�E,éAuΘ. éuΘ��O, 3X8p�êâ�¿��

µe, ®k�þ'up�ã�.�ïÄ¤J, X©z [10–17]�. þãã�.nØ9�{�

�aA^¯KJø
kå�óä.

ÄuDÕã�.�{¿(Ü PM2.5À/£n�'�¯K, ·�Ì��
Xeó�:

1) ÄuÃIÝã�.uy PM2.5 À/�¥%: (Hub). (JL², PM2.5 À/î­�

¢½Ó��´ PM2.5 À/�ä�¥%:, lÚO¿Â5ù, ´�Ù{¢½ PM2.5 À/�p

K��õ�¢½.

2) Äu©¬é�ã�.©Û PM2.5 À/�©«(�. (JL², PM2.5 À/�3²w

�«¬A�, Ó�«¬SÜ�¢½ PM2.5À/��pK�ruØÓ«¬�¢½ PM2.5À/

��pK�. ,	, ¤�¢½«¬�/n �kép���5.

§2. PM2.5 ¢½À/ª³©Û

Cc5, I[�?Ü�þ\�åÝ£n PM2.5À/, Ñ�õ��ü��, í1!U~ü

8I?Ö, �!©ÛC 4c�I�¬¢½ PM2.5 À/ª³, ÏL'�C 4c PM2.5 ²þß

Ý`²À/Czª³.

·�ÚO
�I 2014c� 2017c 4c�c²þ PM2.5ßÝ, äN(J�L 1. (Jw

«, 3 2014� 2017c 4c¥, �I PM2.5²þßÝÅceü, Ù¥ 2015c�' 2014ce

ü 11.94%, 2016c�' 2015ceü 5.57%, 2017c�' 2016ceü 9.35%, `²ù 4c

cÙ´ 2015c PM2.5 À/£nk�½�J. AO´ÀÜ�°, PM2.5 À/ßÝþk�Ìe

üª³. �´, ØÓu�I PM2.5 ²þßÝeü�ª³, �'u 2014c, k 4�¢½ 2015

c� PM2.5 ²þßÝþ,, Xã 1(a)¤«, ©O´x²!.i!þ°!ÕA, Ù PM2.5 ²

þßÝ©OO\
 7.83%!4.97%!1.97%!0.94%. 
�'u 2015c, k 10�¢½ 2016

c� PM2.5 ²þßÝ� 2015ck¤O\, Xã 1(b)¤«, Ù¥ÜSþ,
 24.25%, ÕA

þ,
 15.63%, ¿°7àþ,
 15.56%, �[Bþ,
 14.49%, ��þ,
 11.11%, .

iþ,
 10.80%, =²þ,
 7.68%, Üwþ,
 2.31%, H�þ,
 2.20%, ¤Ñþ,


1.52%. Äuþã(J, ·�uy 2015c�'u 2014c, PM2.5 ²þßÝO\�¢½��


�O\ÌÝ�, �Ü©¢½ÑÓ�I�eüª³��. �´ 2016c�'u 2015c, 3�

I PM2.5 ßÝeü��ª³e, kõ� 10��¬¢½ PM2.5 ßÝþ,, AO/, ¥IÜ�

/«Ê��¬ÜS!ÕA!¿°7à!=²!Üw PM2.5 ßÝ�Üþ,, 
ÜSþ,ÌÝ

��. 
 2017c�'u 2016c, =k 4��¬¢½� PM2.5 ßÝþ,, Xã 1(c)¤«, M

�T!�ÚÓA!ÜS!¿°7à©Oþ,
 10.93%!7.26%!1.45%!0.92%.

±þ©Û`²�I PM2.5 ²þßÝÅceü, PM2.5 À/£nÐ�¤�. �,Ü�Ü

/«3 2017cÀ/��
�), �duÙ3 2016À/î­, �E,I�?�Ú'5.
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L 1 �¢½oc PM2.5 ²þßÝ (µg/m
3
)üS

2014c 2015c 2016c 2017c

üS ¢½ PM2.5 ¢½ PM2.5 ¢½ PM2.5 ¢½ PM2.5

1 �[B 122.99 x² 93.97 �[B 98.69 �[B 81.46

2 LH 89.94 LH 89.16 x² 78.55 ¿°7à 73.37

3 x² 87.14 �[B 86.20 LH 75.40 ÜS 72.62

4 U9 86.53 �® 79.91 ¿°7à 72.70 x² 70.90

5 �® 84.56 !� 71.50 ÜS 71.58 LH 64.34

6 ÉÇ 81.78 M�T 69.54 �® 69.30 �� 64.27

7 Ü� 79.96 U9 68.92 U9 68.54 U9 60.40

8 ÜS 75.78 ÉÇ 68.84 �� 66.40 M�T 56.73

9 �â 73.90 Ü� 65.13 ¤Ñ 62.68 �® 56.65

10 H® 73.82 �S 64.94 Ü� 57.35 Ü� 55.28

11 M�T 72.81 ¿°7à 62.91 ÉÇ 56.94 ¤Ñ 52.59

12 ¤Ñ 72.72 ¤Ñ 61.74 ÕA 54.76 �â 51.82

13 !� 72.00 �â 60.20 �â 54.32 ÉÇ 51.81

14 �� 68.06 �� 59.76 ­� 53.87 !� 49.17

15 �S 65.47 ÜS 57.61 !� 53.79 =² 47.91

16 ¿°7à 64.08 H® 56.20 =² 53.68 �S 45.59

17 ­� 62.88 É² 55.25 M�T 51.14 ÕA 44.34

18 Üw 61.46 ­� 53.94 Üw 48.66 ­� 43.71

19 É² 61.42 þ° 53.42 É² 48.62 �ÚÓA 43.43

20 =² 58.40 =² 49.85 H® 47.78 É² 42.91

21 þ° 52.39 Üw 47.56 �S 46.23 H® 40.75

22 H� 51.21 ÕA 47.36 þ° 44.59 H� 40.19

23 Hw 48.32 �ÚÓA 42.37 H� 42.74 þ° 38.64

24 2² 47.79 H� 41.82 �ÚÓA 40.49 Üw 38.10

25 ÕA 46.92 Hw 40.62 B� 36.70 Hw 34.80

26 B� 45.56 2² 38.49 Hw 36.57 2² 34.53

27 �ÚÓA 43.94 B� 37.74 2² 35.96 B� 31.58

28 &² 32.51 &² 28.79 &² 27.79 &² 27.02

29 4² 32.03 4² 28.17 .i 27.39 4² 25.90

30 .i 23.55 .i 24.72 4² 27.30 °� 19.49

31 °� 22.39 °� 21.36 °� 21.17 .i 18.86

(a) 2015cé' 2014c (b) 2016cé' 2015c (c) 2017cé' 2016c

ã 1 ��c° PM2.5 À/é'^/ã. (a)!(b)!(c)©Ow«
 2015c' 2014c!2016

c' 2015c!2017c' 2016c PM2.5 À/þ,��¬¢½Ú�I.
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§3. PM2.5 �ä¥%:©Û

�!ÄuÃIÝã�. [18]�ï 31��¬¢½� PM2.5À/¤/¤�ÃIÝ�ä, l


uy PM2.5 À/�ä�¥%: (Hub). ·�Äk0�ÃIÝã�., ,�òÃIÝã�

.A^u PM2.5êâ¿©Û(J.

3.1 ÃIÝã�.

�
uy PM2.5 �ä¥%!:, ·�|^ÃIÝã�. [18] 5ïá PM2.5 À/��ä,

�¶gÂ, T�.¤��ä�ÃIÝ�ä [19]. ÃIÝ�ä�;.A�´�ä¥�Ü©!

:Ýé�, �3Ý�~���ê!:, �ö�¡�¥%:. éu PM2.5 êâ, �ä�¥%

:lÚO�Ý�±@�´�Ù{¢½� PM2.5 �pK��õ�¢½, �ä�¥%:¤é

A�¢½Ø�½Ò´ PM2.5 �À/
¢½, �´Ù¤3«�  Ò´À/î­/«. ÃI

Ýã�.�êÆµeXe: b�z��¢½� PM2.5 �éA���ÅCþ Xi, Ø���

5, ·�b�¢½�ê� p (�© p=� 31). b� X = (X1, X2, . . . , Xp) ∼ N(0,Σ). -

Θ = (Σ)−1 = (θij)i,j=1,2,...,p. ·�8I´�OΘ¦ÙéA�ä�ÃIÝ�. éuÃIÝ�

ä G = (V,E), !:�ÝÑl�Æ©Ù, =

P (d) ∝ d−α,

Ù¥, α > 0 �ºÝëê, d �!:�Ý. �N��ä¥, !: i (i = 1, 2, . . . , p) �Ý di

�
∑
j:j 6=i

I{θij 6=0}, = θ−i = (θi1, . . . , θi,i−1, θi,i+1, . . . , θip)
′ � l0 [�ê. �Ä� l0 �ØëY

59Ù�5�|Ü`z¯K, ^ ‖θ−i‖qq (0 < q < 1)�O di, Ù¥ ‖θ−i‖qq = |θi1|q + · · ·+
|θi,i−1|q + |θi,i+1|q + · · ·+ |θip|q. b�z�!:�Ý´Õá�, K

lnP (G = (V,E)) ∝
p∏
i=1

(‖θ−i‖qq)−α.

ÄuX � ng*ÿ x1,x2, . . . ,xn, Gaussianã�.�éêq,¼ê�

P (x1,x2, . . . ,xn |G) = ln |Θ| − tr(SΣ),

Ù¥, | · |�Ý
�1�ª, tr(·)�Ý
�,, S ������Ý
. (Ü�ä!:Ý�©

Ù&E±9>�DÕk�, ·�JÑ±e�Kz�.:

max
Θ

ln |Θ| − tr(ΘS)− λ
p∑
i=1

ln(‖θ−i‖qq + εi), (1)

Ù¥, λ�N�ëê, ‖θ−i‖qq = |θi1|q+· · ·+|θi,i−1|q+|θi,i+1|q+· · ·+|θip|q, εi > 0 (i = 1, ..., p)

�y Ln��êÜ©�u 0. �Kz�� Ln.Ú Lq .¨v¼ê�EÜ, ��uÚ\�ä!

:Ý�©Ù&E±9>�DÕk�. �. (1)éAu���à`z¯K, ©z [18]¥JÑ


­D�S��{5¦) (1).
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3.2 (J©Û

±c�êâü�, éz�cêâ, ·�©O^�. (1)ïáÃIÝã�., Áãuy

PM2.5 À/��ä¥K�å���¢½. I�5¿�´, �. (1)¥ q��C 0, K ‖θ−i‖qq
��C θ−i � l0 [�ê, l
��C!: i�Ý. ©z [20]ïÄ
 L1/2 3 Lq (0 < q < 1)

�Kz¥��L5, = L1/2' Lq (0.5 < q < 1)�DÕ, 
 L1/2� Lq (0 < q < 0.5)Ø L

«Uå��, Ïd·�À� q = 0.5. ,	, �
�ä��Àz�J±9�
Bu'�, ¦^

éA 120^>�Graphical Lasso [13]��Ð�, ^üÚ­D�S��{¦)�., ¿�ªÀ

� 50^>��ä.

¤� 4��äXã 2¤«, Ù¥·�æ^ØÓôÚ5w«!:Ý�ØÓ, bÚÚùÚ

�L�ä¥Ý��� 3� 5�!: (Hubs), AO/, bÚL«�ä¥Ý���!:, ùÚL

«ØÝ��!:�	�Ý���eZ!:. Ù{!:·�^ÉÚL«.

(a) 2014c (b) 2015c

(c) 2016c (d) 2017c

ã 2 PM2.5 À/�ÃIÝ�ä. (a)!(b)!(c)!(d)©OéA 2014!2015!2016!2017c�

ÃIÝ�ä. 4��ä¥>êþ� 50, bÚÚùÚ�^5L«�ä¥�¥%:, =!:Ý�

�u²þ�!:, Ù{!:^ÉÚL«.
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lã 2·��±w�, ^ÃIÝã�.ïá��äþk²w�¥%:, `² PM2.5 À

/(¢�3K���¢½. �[B!x²!�[B!�[B©O� 2014!2015!2016!2017

c�c PM2.5 À/�ä�Ý���:. d	, 2014c, x²!LH!Ü�!ÉÇ�>�õ

�¢½; 2015c, LH!�[B!�®!!�!M�T�>�õ�¢½; 2016c, x²!L

H!¿°7à�>�õ�¢½; 2017c, ¿°7à!ÜS!x²�>�õ�¢½. lã�

.��n5ù, ù
¢½��Ù¦¢½ PM2.5 À/�pK��õ�A�¢½. �
?�Ú

�yd(J, ·�©Û
 2014� 2017c�c�¢½� PM2.5 ²þßÝü¶ (dp�$),

�L 1. lL 1¥, ·�wÑ, ã�.Ïé�¥%:� PM2.5 À/���¢½pÝ��. 4

��ä��¥%:�[B!x²!�[B!�[B, ©O� 2014� 2017c PM2.5 ²þß

Ý�p�¢½. ,	, 2014c, �.éÑ�¥%:x²!LH!Ü�!ÉÇ� PM2.5 ²þ

ßÝü¶c 7�¢½. 2015c, >�õ�LH!�[B!�®!!�!M�T� PM2.5 ²

þßÝc 6�¢½. 2016c, >�õ�x²!LH!¿°7à� PM2.5ßÝ1 2!1 3!1

4�¢½. 2017c, >�õ�¿°7à!ÜS!x²� PM2.5ßÝ1 2!1 3!1 4�¢½.

�`²�{­è5, ·�©OÄu 2014c� 2017c PM2.5 À/� 4��ä, �gí

Ø�ä¥Ý���!:�­#ïáÃIÝ�ä. �!��m, ·�Ñ�(J. (JL², �

�ä¥Ý1���!:¤�#�ä¥Ý��!:, �ù
�ä�Ý���!:� PM2.5 ²

þßÝd����¢½k�½���5. l
`²ÃIÝã�.�A^uÀ/
/«E

£, ��{äk�½�­è5.

±þ©Û`², �Ù{¢½ PM2.5p�K��õ�¢½ (Hub)  � PM2.5ßÝp�

¢½, Ïd�±ÏL'��¢½ PM2.5 ßÝ5ïþ�¢½ PM2.5 À/�K�å. d�!(

J·�ïÆ�­:£n PM2.5À/î­��)�[B!x²!LH�¢½¤3«�.

§4. PM2.5 �ä«¬©Û

�!·�Äu©«¬ã�. [21] �ï 31��¬¢½� PM2.5 À/¤/¤��ä(�,

l
ïÄ�¢½ PM2.5À/�m�'X±9 PM2.5�©«¬(�. ·�Äk{ü0�¤¦

^�©¬é�ã�., ,��ÑòT�{A^u PM2.5êâ�(J¿?1(J©Û.

4.1 ©¬é�ã�.

1 3!, ·�|^�äÃIÝ�A��ï
 PM2.5 À/��ä, uy
�ä�¥%:

=À/K�å��¢½. éu PM2.5 �ä, Ø
äk¥%:	, du/n(�!²L(�!

í��Ï�K�, �¢½m� PM2.5 p�K�äk©«A�, Ó�«¬SÜ�¢½ PM2.5

À/��pK�ruØÓ«¬�¢½ PM2.5À/��pK�. �
ïÄ�¢½� PM2.5À

/¤/¤��ä�©«(�, ·�æ^ Devijer� Gallopin [21] ¤J�©¬é�ã�., Ù
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¤�(JéA��äk²w�©«¬A�, =�ä�>=�3u«¬SÜ, 
«¬�«¬

�mÃ>�ë.

e¡·�Qã Devijer� Gallopin��{. {ü5`, ÙÄ�g��ü�Ú½: 1�Ú

Äu�Kz�{5Ïé�Zy©; 1�ÚÄu1�Úy©(J��3z�«¬þ, ©O¦

^Graphical Lasso [13]�O�ä. �
Bu`²,·�¤¦^ÎÒ�DevijerÚGallopin [21]

�±��. b� {xi}ni=1 ´l N(0,Σ)¥Ä�� n���. �Ù�����Ý
� S. éu

K� λ, ½ÂXedK� λ�ä��������Ý
,

Eλ = [1{|Sj,j′ |>λ}]16j,j′6p.

�Äy©8Ü

BΛ = (Bλ)λ∈Λ,

Ù¥, Λ� λ���8Ü, Bλ L«d Eλ ¤û½�y©. ùpI�`²�´éu��Ý
,

y©£ã
Ý
�©¬é�(�, =3¬�	, Ý
�¤k��� 0, �"��=�3u¬

SÜ. ,	, ��¬SÜ�CþÚ­#üS¬¤éA�y©þØC. Devijver�Gallopin [21]

½Â
Xe�Kz�., ¢yly©8ÜBΛ¥ÀJ�Z�y©,

B̂ = arg min
B∈BΛ

{
− 1

n

n∑
i=1

ln[f̂B(xi)] + κ
DB

n

}
, (2)

Ù¥, f̂B = N(0, Σ̂B), Σ̂B �ý¢y©� B �, ΣB ���q,�O, �Ò´�����

Ý
��3y© B �þ�Ý
. DB =
K∑
k=1

pk(pk − 1)/2��.��ê, =��ëê��

ê, Ù¥, K �y©¤éA�¬��ê, pk �1 k �f¬¥Cþ�ê. ±þ=� Devijver

� Gallopin�é Graphical Lasso�Ú½�JÑ�U?�{. 3(½y©��, 1�Ú�

Graphical Lassoaq, éuz�f¬, ©O¦^ Graphical Lasso�O�ä. ØÓ�?3u

éuz�f¬, Graphical Lasso¤éA�N�ëê�Ó, 
 Devijver� Gallopin��{�

±ØÓ, O\
�.�(¹5.

4.2 (J©Û

�¢½m PM2.5 À/��ä(�¿Ø´ð½ØC�, 
´�X�mÄ�Cz�. 5¿

�·�ùpïÄ 31�¢½, Ïd�Ä� PM2.5À/êâ�¢�5, ±9;�������

ã�.[Ü(J°ÝØp, ·�À� 2014c� 2017c�z 31U����êâü�, =�

�8. äN/, 2014c 1� 1F� 1� 31F�1����8, 2014c 1� 2F� 2� 1F

�1����8, �gaí. ù�, 2014� 2017c 1 450U (Ù¥ 11Uêâ"�)��)

1 420���8. éuz����8, ·�¦^þã©¬é��.[Ü�ä, Ù¥, 1�Ú¥

¦^ SlopeÀJN�ëê, 1�Ú¥¦^ BICOKÀJN�ëê [21]. �ª�� 1 420�©
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«¬�ä, Ù¥, ¬�¬�m�¢½Ã>�ë, >=�3u«¬SÜ¢½�m. �
!��

m, ·�òÙ¥c 4��ä��«~¥yuã 3. duUí!ó��Ï�K�, 1 420��

ä¥«¬Ø¦�Ó, z��ä��«(��±w�ý¢�«(�����Ø��*ÿ. �


�� PM2.5À/�«¬��N&E, ·�rù 1 420��ä{ü8¤����ä, =é�

Ü�ä���Ý
¦Ú��8¤��\����Ý
, ¤�Ý
éA��Ã�ã. I�`

²�´, ·�òz 31U������8¿òz 31UéA�ä8¤5
u��²þ�g�,

Q|^
ÛÜ&E, q�±��«¬��N&E. ¤�(J'üX©Ûz 31UéA�äÚ

|^�Üêâ�O��©«¬�ä���!¢^. �
uy 31�¢½ PM2.5 À/��«

(�, ·�òModularity�{ [22]A^u8¤����Ý
. I�`²�´, �«�ê��

«uy�ºÝ�', ����«�UkA���«�¤. �
Bu©Û, ·�?1
 3g�

«uy, ��±e�«(J, ¿¥yuã 4.

(a) (b)

(c) (d)

ã 3 PM2.5 ©«¬�ä. (a)!(b)!(c)!(d) ©OéA 1 420 ��ä¥�c 4 ��ä. éuz

��ä, ^Ó«ôÚL«?3Ó��«�¢½.



504 A^VÇÚO 1 35ò

ã 4 �«uy«¿ã. Ù¥, ^Ó«ôÚL«Ó��«S�¢½.

�®!U9!�[B!��|¤���«, ù 4�¢½/?¥I�Ü. T�«¥, �

®ÚU9�m�>�õ, �ö�mk>��äÓ¤k�ä� 84.6%; Ùg´�®Ú�[B!

U9Ú�[B, �ö�mk>�'~©O� 79.5%!73.7%. ù�±)º��®!U9!�

[Bnö�mål�C, � PM2.5�pK�§Ý��. Ú��ë��õ�¢½´�[B, �

ö�mk>��äÓ¤k�ä� 61.5%. ,	, �[B´T�«¥Ý���¢½, ù��[

B?uT�«/n¥%�¯¢¬Ü.

x²!LH!ÜS|¤���«, ù 3�¢½/?¥I¥Ü. T�«¥x²ÚLH�

m�>�õ, �ö�mk>��äÓ¤k�ä� 46.3%; Ùg´x²ÚÜS, �ö�mk>

��äÓ¤k�ä�'~´ 28.0%. ,	, x²�T�«¥Ý���¢½, 
x²3/n 

�þ�Ð uLHÚÜS�m.

M�T!�S!!�|¤���«, ù 3�¢½/?¥IÀ�Ü. T�«¥, �SÚM

�T�m�>�õ, �ö�mk>��äÓ¤k�ä� 75.6%; Ùg´�SÚ!�, �ö�

mk>��äÓ¤k�ä�'~´ 69.3%. d	, �S�T�«¥Ý���¢½, 
�S3

/n �þ�Ð uM�TÚ!��m.

=²!Üw!ÕA!�ÚÓA|¤���«, ù 4�¢½/?¥IÜ�Ü. T�«¥,

ÜwÚ=²�m�>�õ, �ö�mk>��äÓ¤k�ä� 31.3%; Ùg´ÕAÚ¿°

7à, �ö�mk>��äÓ¤k�ä� 29.7%.

þ°!H®!É²!Ü�|¤���«, ù 4�¢½/?¥I¥ÜÚÀÜ. T�«¥,

H®ÚÜ��m�>�õ, �ö�mk>��äÓ¤k�ä� 93.2%; Ùg´H®ÚÉ²,

�ö�mk>�'~´ 72.0%.

H�!ÉÇ!�â|¤���«, ù 3�¢½üü��, /?¥I¥Ü. T�«¥, �
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âÚÉÇ�m�>�õ, �ö�mk>��äÓ¤k�ä� 73.8%; Ùg´�âÚH�, �

ö�mk>�'~´ 69.3%.

¤Ñ!­�!B�!&²!.i|¤���«, ù 5�¢½/?¥IÜHÜ. T�«

¥, ­�Ú¤Ñ�m�>�õ, �ö�mk>��äÓ¤k�ä� 44.8%; Ùg´­��B

�, �ö�mk>'~´ 28.2%. ù 5�¢½¥, Ú.ië��õ�¢½´­�, �=k 45

^>, Ó' 3.2%, Ïdò.iÀ�Õá��«�Ün.

2²!Hw!°�!4²!¿°7à|¤���«, Ù¥c 4�¢½/?¥IHÜ.

T�«¥, 2²ÚHw�m�>�õ, �ö�mk>��äÓ¤k�ä� 41.8%; Ùg´H

w�°�, �ö�mk>'~´ 32.5%. ��5¿�´, ù 5�¢½¥, ¿°7àë��õ

�¢½´Hw, �=k 55^>, Ó'=k 3.9%, =3�Ü©�ä¥, ¿°7àÑ´T�«

¥��á:. (Ü¿°7à�/n �ÚÀ/êâ, ò¿°7àÀ�Õá��«��Ün.

Äu±þ©Û, ·��Ñ PM2.5À/�3²w��«A�, lÚO¿Â5ù, �«SÜ

¢½�m PM2.5À/��pK���uØÓ�«¢½�m PM2.5À/��pK�. 
�¢

½¤?��«�¢½/n �pÝ��, /n ��C�¢½�N´�©�Ó��«, �

«SÜ u/n¥%�¢½N´¤��Ù{�«S¢½ PM2.5�pK��õ�¢½. Äu

�!(Ø, ·�ïÆ£n PM2.5À/I�©«£n, U«ïÄ PM2.5/¤Ån, �½«�£

nAÚ�Y.

§5. ( Ø

�©'5u¥I 31�¬¢½ PM2.5 À/��ä(�ÆS¯K, |^ã�.ïÄ¤J

©O?1
 PM2.5 À/�ä�¥%:©Û!«¬©Û. (JL²: PM2.5 À/î­�¢½

Ó��´ PM2.5 À/�ä�¥%:, =�ä¥K�å���:; PM2.5 À/�ä�3²w

�«¬A�, /n ��C�¢½~~?u PM2.5 À/�ä�Ó�«¬. Äu�ä©Û(

J, ·��Ñ
�­:'5 PM2.5 À/î­«�, Ó��©«©¬£n�ïÆ. ,	, A­

:mÐÜÜ PM2.5À/£nÚ�Ï©Û.

÷�©ó��?�Ú?1XeïÄ:

1) ·���Ä
¥I 31��¬¢½, 
��¬¢½� PM2.5 À/Ó�î­, 
�§

��\\�U¬K����ä�(�. �©�ïÄ�{9�.�?�ÚA^u�õ¢

½PM2.5�ä(��ïÄ. ,	, ·���Ä
F²þ PM2.5ßÝ, �5�òÙ[z���

ßÝ;

2) 3ïÄ PM2.5 �ä�¥%:Ú�«(��, ·�=�Ä
�¢½� PM2.5 ßÝ. �


?�Ú^êâ©Û&Ä¥%:Ú�«(��)��Ï, �Ú\�¢½�Ù¦á5&E,

X/n �!GDP!<���. CÏ'uã�.�ïÄ¤J (X©z [23])�Ú\á5&E

Jø
�ö�5.
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3) �©'5
 PM2.5 À/�Ã��ä. �
?�Ú(½¢½�m PM2.5 À/�ÏJ

'X, �|^k�ã�. (X©z [24])��'ÏJ©Û�{mÐïÄ.

4) PM2.5 ßÝ¬É�í�!§Ý!�Ý��¸Ï��K�. ?�Ú�|^²á5N�

�ã�. (X©z [25])�ï PM2.5 À/�ä(�, ïÄ�Kí�!§Ý!�Ý�Ï�K�

��´Ä¬��~� PM2.5À/�ä¥�>.

±þþ3·�8cïÄ¥.
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[10] MEINSHAUSEN N, BÜHLMANN P. High-dimensional graphs and variable selection with the Las-

so [J]. Ann Statist, 2006, 34(3): 1436–1462.

[11] YUAN M, LIN Y. Model selection and estimation in the Gaussian graphical model [J]. Biometrika,

2007, 94(1): 19–35.

[12] PENG J, WANG P, ZHOU N F, et al. Partial correlation estimation by joint sparse regression

models [J]. J Amer Statist Assoc, 2009, 104(486): 735–746.

[13] FRIEDMAN J, HASTIE T, TIBSHIRANI R. Sparse inverse covariance estimation with the graphical

lasso [J]. Biostatistics, 2008, 9(3): 432–441.

[14] WITTEN D M, FRIEDMAN J H, SIMON N. New insights and faster computations for the graphical

lasso [J]. J Comput Graph Statist, 2011, 20(4): 892–900.

[15] MAZUMDER R, HASTIE T. Exact covariance thresholding into connected components for large-scale

graphical lasso [J]. J Mach Learn Res, 2012, 13: 781–794.

[16] ZHAO T, LIU H, ROEDER K, et al. The huge package for high-dimensional undirected graph esti-

mation in R [J]. J Mach Learn Res, 2012, 13: 1059–1062.

[17] DANAHER P, WANG P, WITTEN D M. The joint graphical lasso for inverse covariance estimation

across multiple classes [J]. J R Stat Soc Ser B Stat Methodol, 2014, 76(2): 373–397.



1 5Ï Ü°, �: ÄuDÕã�.� PM2.5 ©Ù��ä(�ÆS 507

[18] H�, Ü°, ÇøÔ. ÄuÃIÝk��ã�.(�ÆS [J]. ¥I�Æ: &E�Æ, 2016, 46(7): 870–882.

[19] ALBERT R, BARABÁSI A L. Statistical mechanics of complex networks [J]. Rev Modern Phys, 2002,

74(1): 47–97.

[20] XU Z B, ZHANG H, WANG Y, et al. L1/2 regularization [J]. Sci China Inf Sci, 2010, 53(6): 1159–

1169.

[21] DEVIJVER E, GALLOPIN M. Block-diagonal covariance selection for high-dimensional Gaussian

graphical models [J]. J Amer Statist Assoc, 2018, 113(521): 306–314.

[22] BRANDES U, DELLING D, GAERTLER M, et al. On modularity clustering [J]. IEEE T Knowl

Data En, 2008, 20(2): 172–188.

[23] CHENG J, LEVINA E, WANG P, et al. A sparse ising model with covariates [J]. Biometrics, 2014,

70(4): 943–953.

[24] SHOJAIE A, MICHAILIDIS G. Penalized likelihood methods for estimation of sparse high-dimen-

sional directed acyclic graphs [J]. Biometrika, 2010, 97(3): 519–538.

[25] CHEN M J, REN Z, ZHAO H Y, et al. Asymptotically normal and efficient estimation of covariate-

adjusted Gaussian graphical model [J]. J Amer Statist Assoc, 2016, 111(513): 394–406.

Structure Learning of PM2.5 Distribution Using Sparse

Graphical Models

ZHANG Hai GUO Xiao REN Sa DENG Yajing

(School of Mathematics, Northwest University, Xi’an, 710127, China)

Abstract: We consider the structure learning problem of the PM2.5 pollution data over 31 provincial

capitals in China. Specifically, we make use of the graphical model tools to study the hubs and the

community structures of the PM2.5 pollution networks. The results show that the hubs in the PM2.5

pollution networks are always seriously polluted cities, and the PM2.5 pollution networks have significant

community structures which consist of cities which in some sense can be regarded as blocks with similar

cause of pollution. In view of the results, we suggest that the government should strengthen the effort

to treat the seriously polluted areas and western China areas. Moreover, the management of the PM2.5

pollution should be region-dependent.

Keywords: graphical model; network; community; scale-free; PM2.5
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