
1 1 Ï

2019 c 1 �

uÀ���ÆÆ�(g,�Æ�)
Journal of East China Normal University (Natural Science)

No. 1

Jan. 2019

©©©ÙÙÙ???ÒÒÒ: 1000-5641(2019)01-0105-10

ÄÄÄuuuKNL¯̄̄ØØØ???nnnììì²²²������¿¿¿111ÝÝÝþþþ{{{555UUU`̀̀zzz

�m·1, ëÊ!1, 4C�1, �¥�1, Ü �1, ë�±2

(1. ÜS>f�E�Æ >fó§Æ�, ÜS 710071; 2. =A�(¥I)k�úi, �® 100013)

Á�: Äu Intel 1�� Xeon Phi �Ò� Knights Landing(KNL) ¯Ø?nì²�, |^

MPI+OpenMP ·Ü?§üÑé¿1Ýþ{(Method of Moments, MoM)?1
`z. |^

OpenMP ?§EâÚ KNL �O�]
, Jp
 CPU(Center Processing Unit) ¦^Ç; �§

�Ú\, �ÌÝ~�
Ý
W¿L§¥?§m�P{È©; �u� KNL � 512  ¥þ°Ý`

³, ÏL�þz`z?�ÚJp
Ì�(���1�Ç; éO��8.!CPU |^Çp�Ý


¦)L§, ÏLÚ\� OpenMP ?§üÑ, ~�
 MPI(Message Passing Interface) Ï&�

m, \�
¦). ê�(JL², ÏL3 KNL ¯Ø?nì²�þ�`z, �±4�/J,Ýþ

{O�E,>^¯K��Ç.

'�c: ¯Ø?nì; MPI+OpenMP; ¿1Ýþ{; �þz

¥ã©aÒ: TN820 ©zI�è: A DOI: 10.3969/j.issn.1000-5641.2019.01.012

Optimization of parallel method of moments based on KNL

many-core processors

GU Zong-jing1, ZHAO Xun-wang1, LIU Ying-yu1, LIN Zhong-chao1,

ZHANG Yu1, ZHAO Yu-ping2

(1. School of Electronic Engineering, XiDian University, Xian 710071, China;

2. Intel (China) Limited, Beijing 100013, China)

Abstract: The parallel method of moments (MoM) is successfully optimized using the

MPI+OpenMP hybrid programming strategy, based on the second-generation Intel Xeon

Phi many-core processor platform, codenamed Knights Landing (KNL). Using OpenMP

programming technology, the utilization rate of the CPU (Center Processing Unit) is

increased, and the computing resources of KNL are fully utilized. The introduction of

threads substantially reduces the inter-process redundant integrals in the filling matrix

process. In order to give full play to the advantage of KNL’s 512-bit vector width, the

efficiency of the loop structure is further enhanced through vector optimization. For

the matrix solution process, which typically requires intensive computation and high
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CPU utilization, MPI (Message Passing Interface) communication time is reduced and

the solution process is accelerated by introducing an OpenMP programming strategy.

Numerical results show that the efficiency of solving complex electromagnetic problems by

parallel MoM is greatly improved through optimization on the KNL many-core processor

platform.

Keywords: many-core processor; MPI+OpenMP; parallel method of moments

(MoM); vectorization
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�XO�ÅEâ���uÐ, �épÝ¿1ó�K1
�O��«#.?nì, =¯Ø

?nì, ��Ù8¤��þO�ü�, ÐyÑr��êâ?nUå, 3p5UO�+�u�

X�5�­���^. �DÚÏ^õØ?nì�', ¯Ø?nìäk¤�$!õÑ��wÍ

`³. Ó�Ù`³�3u8¤�Ø%êþ�ÑÓÏÏ^õØ?nì��êþ?, 3?nO�

�8.!êâ�8.?Ö�,~X¦)Ýþ{)¤�EêÈ�Ý
, U
ÐyÑr��`³.

Cc5, IS®keZ|^¯Ø?nì\�Ýþ{�©z[1-3], ¿���
�Ð�¤J.

�´, ù
©z¥|^�¯Ø?nìÑ´���?nìÑy�, X CPU/MIC É�¿1Ýþ

{�ïÄ, d CPU ��?Ö©�ÚêâDÑ, Ó��KIÜ©O�?Ö, òp¿uÝ��è

ã3 MIC(Many Integrated Core) �?nì�1, ��\�¿1Ýþ{�8�[3]. �´, CPU

� MIC �?n�m�Ï&Ñ´ÏL PCI-E(Peripheral Component Interconnect Express) �

�¢y�, Ï&�Ç�ú, ��
O�5U�J,; ¦+ MIC �?nìäkÕá�S�Ú

�;, �Nþ��Ñ��, ÏdÉ��ÓO�U)û�¢S¯KÉ��?nì�;Nþ�

��[4]. �éþã¯K, Intel u 2016 cíÑ
�#���rKØ?nì, �Ò�“ä¬�

º”(KNL), ÏL�Øé PCI-E o���6, Jø�p��*Ð5, Aé�2��ó�K1Ú

��. ¤±, ¿1Ýþ{3 KNL ¯Ø?nì²�þ�O�Ú`zäkép�ïÄd�.

KNL ¯Ø?nì´ Intel Ä±;��épÝ¿1ó�K1
�O��ÕágéÄ�Ì

?nì: U�.8¤e�Jø
'aq²�p�õ�ü�O�Uå, k�~�
O�¤�;

S�Ú(��8¤���Ý/J,
S�Nþ, ¿Äg¢y
S��p�pëEâ�8¤,

��5�¿1Ú¥þzÑÖJø
k�²�.

�
¿©|^ KNL �¯ØO�]
±9u�Ù�°�¥þ°Ý`³, �©Äu KNL

¯Ø?nì²�é¿1Ýþ{§SmÐ
`zó�[5-7]; ÏL�û�^�O�(J�é',

�y
`z�{��(5; |^ KNL O�8+, �ý
��þ�L 20 ���Å�.�Ñ�

A5, §S`z��5Uk��J,. ���Ñ�´, ¿1Ýþ{3 KNL ¯Ø?nì²�þ

�O�Ú`zdcÿ��kúm�©z��.

1 ¿1Ýþ{

1.1 Ý
W¿©Û

�©¥Ýþ{æ^�Ä¼ê� RWG(Rao-Wilton-Glisson)Ä¼ê, ´y82�¦^��

«Ýþ{Ä¼ê, §�½Â3äkú�>�ü���n�/þ, ��[?¿/GÔN�L¡

>!^6©Ù, æ^³�7�{���Ýþ{Ý
�§[8]

ZI = V, (1)
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Ù¥, Z L«��� N × N �{|Ý
, I Ú V þ´ N × 1 ���þ, �ö©OL«>6�

�þÚ-y>Ø��þ. Z ¥Ý
���S	ü�¡È©�d��pdÈ©5Cq�Ñ

Z±±

mn =
jkη

4π

lmln
4AmAn

∫∫
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ds′ds

=
jkη

4π
lmln
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7
∑
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7
∑
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4

k2
)
e−jkR

R
− v±n

7
∑

t=1

7
∑

s=1

W (t)W (s)rt

e−jkR

R

− v±m

7
∑

t=1

7
∑

s=1

W (t)W (s)r′s
e−jkR

R
+ v±mv±n

7
∑

t=1

7
∑

s=1

W (t)W (s)
e−jkR

R

]

. (2)

ª(2)¥pdæ�:ê� 7 �, rt Ú r′s ©O�|n�/Ú
n�/þ�æ�:, W (t) Ú

W (s) �æ�:éA���, v±m Ú v±n ©O´1 m Ú n ^ú�>éA�º:�I, R = |rt−r′s|.

éu¿1Ýþ{, du MPI ©ÙªS�¿1üÑ�Ú\¬¦?§m�)P{È©.

1.2 P{O�

3Ý
W¿L§¥, �Ó�È©O��ØÓ?§�Eõg�1, ¡�P{È©. Xã

1 ¤«, b��ú�>?Ò�¿©�n�/���éA'X, ú�>�ê� N . ã 2 ´ò

N ×N�Ý
��Uì��¬Ì���ª©Ù��� MPI J[ÿÀ��� 3× 2!©¬��

� 2× 2 �Ý
©Ù�¹, µ¥�êi�L���¢Ú. XJ�'% (7,2) Ú (7,3) ü�Ý
�

�, K¬^�ã 1 ¥n�/ KI ��­È©, ã 2 ¥ (7,2) ©��
?§ P00 þ, (7,3) ©��


 P01 ?§þ, ùü?§Ñ�O�ù�È©, E¤P{O�.
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Fig.1 Correspondence between triangle and

common edge number
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Fig.2 2D block-cyclic distribution

�âþã©Û��, Ý
W¿L§¥� MPI ?§�õ, ?§m�)�P{È©O�þ

��, K�
Ý
W¿��Ç.

1.3 Ý
¦)

æ^ LU ©)�{éEêÈ�Ý
?1¦), LU ©)L§�¹ panel �©)!panel 1

�#Ú trailing �#ù 3 �Ü©[8-9]. b�Ý
��� N × N!©¬Ý
���� nb × nb!

?§��ÀJ� Pr × Pc, O�Åux�g�E�Ï&ò´� α, ux��Ý
����m�
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β, K�g5ux L �Ý
��¤I��Ï&�m (T ) �

T = α + βL. (3)

±V°ÝEêÝ
 LU ©)�~, ë�©z [8], �Ñ panel �©)!panel 1�#!

trailing �#�Ï&�m©O�

Tpanel,Column,comm = 2αnb log2 Pr + 2βn2
b log2 Pr, (4a)

Tpanel,Row,comm = (Pc − 1)
(

α +
n2

b

2
β
)

, (4b)

Ttrailing,comm = (Pc − 1)
(

α +
(N − knb)nb

Pr

β
)

+ (log2 Pr − 1)
(

α +
(N − knb)nb

Pc

β
)

. (4c)

dª (4a)–ª (4c) �±wÑ, ?§�� Pr × Pc!©¬Ý
��� nb × nb!Ý
�ê N

û½
Ý
¦)L§� MPI Ï&m�. XJU
ü$ LU ©)L§�Ï&�m, K¬�ÌJ

,Ý
¦)��Ç[10].

2 O�²�{0

�©¦^� KNL ¯Ø?nì?Ò� 7210 ({¡ KNL7210), æ^ Slivermont ��e�Ú

1� 14 nm ó², ?nìÄ�ªÇ� 1.3 GHz, Pk 64 Ø, zØ|±o�§, =oO 256 ��

§. z�?nìk 32 �Ø¡, z�Ø¡dü�Ø|¤, ¿�� 1 MB �?��, z�Ø%S�

1ü� 512  °� VPU (Vector Processing Units), �±Ó�?n 8 �V°Ý2:½ö 16 �

ü°Ý2:$�, �°�¥þ°Ý, Jp
pÝ¿1O�5U�IO.

ü� KNL7210 UJø�L 3 TFlops �V°Ý2:?n5U½�u 6 TFlops �ü°Ý

2:?n5U. ��S��� 384 GB, S�a.� DDR4-2133, ��S��°� 102 GB/s,

Ó�8¤ 16 GB p�°S�-MCDRAM(Multi-Channel DRAM), ��S��¯�8.�ó

�K1Jøp� 500 GB/s ��±YpS��°[11].

3 `züÑ©Û

3.1 �þz`z©Û

�
¿©u� KNL7210 �°�¥þ°Ý`³, ?�ÚJpÌ�(���1�Ç, éú

ª (2) ¥�pdê�È©L§?1�þz`z[9,12], \�Ý
W¿L§. ã 3 �Ñ
�þz

L§���è.

¿1Ýþ{�þz`zc�, |^ü� KNL7210, O���þ� 58 652 ��Å�.�

Ñ�A5, 5U�J,�¹XL 1 ¤«.

dL 1 �±�Ñ, �þz�Ý
W¿�ÇJ, 11.09%. ¤±, 3 KNL ¯Ø?nì²�

?1�þz`zéJ,§S�Ç�'­�.

3.2 MPI+OpenMP ·Ü?§

�âc©©Û�Ý
W¿�{±9�3�¯K, nÜ�Ä¢yêâ�ÛÜ5!Jp

Cache ·¥Ç[13-15]
!ü$P{È©O�þ±9¿©|^ KNL7210 �O�]
�^�, 3

MPI ?§SÜ|^ OpenMP ��S��?§�ªmé��§, ¼��`5U[16].
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//PROGRAM:

INPUT epsi(:),eta(:),zeta(:),wk(:)

OUTPUT(fm,fn,fmn) !  

!Dir$ attributes align : 64 ::epsi,eta,zeta,wk

Do m=1, NG !  

split-array(rm(:))  !  

!Dir$ simd reduction(+:rnG1,rnG2,rnG3,G)  

Do n=1,NG !  

compute(rnG1,rnG2,rnG3,G)

Enddo !  

join-array(rg(:))  !  

compute(f,fm,fn,fmn)

Enddo  !  

!epsi(:),eta(:),zeta(:) wk(:)

ã 3 Ý
W¿�þz`z��è

Fig. 3 Pseudo-code of vector optimization for the filling matrix

LLL 1 ÝÝÝ


WWW¿¿¿���þþþzzz`̀̀zzz(((JJJ

Tab. 1 Results of vector optimization for the filling matrix

?§�� Ý
W¿/s Ý
W¿�ÇJ,/%

`zc 8×8 766.94 —

�þz`z 8×8 681.87 11.09

ã 4 �Ñ
Ý
W¿L§`z����è.

éuO��8.!êâ�8.�Ý
¦)Ü©, CPU |^Çp, ¦)�Ý�?nì�Ôn

Øêk'[17]. 3ØUC LU ©)�{�Ä:þ, ü$©)L§�Ï&�m, ò¬�ÌJ,Ýþ{

¦)>^¯K��Ç. ©Ûª(4a)–(4c)�±�Ñ panel �©)Ú panel 1�#L§¥Ï&�mÚ

?§�� Pr × Pc ¤�'�(Ø. trailing �#L§¥Ó��31�Ú��Ï&, ��B?Ø, ò

�âª (4a)–ª (4c) ©Û trailing �#L§�Ï&�m���©ÛXeüª.

coefficient1 =
Pc − 1

Pr

+
log2 Pr − 1

Pc

, (5a)

coefficient2 = Pc + log2 Pr − 2. (5b)

dª (5a) Úª (5b) �±wÑ, coefficient1 �1�� (log2 Pr − 1)/Pc ��u 1, �Ä1��

(Pc − 1)/Pr Ú Pr 6 Pc ^�[8], �Ñ� Pr Ú Pc ���, coefficient1 ����; Ó�, coefficient2

���´�X Pr Ú Pc �~�
~�. ÏL©Û�±�Ñ, Ý
¦)L§�Ï&�m�X Pr Ú

Pc �C�
Cá, ¤±¦)L§�ÏLÚ\�§5~� MPI ?§ê, ��~� LU ©)Ï&m

��8�.

4 ê��~

Äk3ü� KNL7210 þ©Û�Å�..�Ñ�A5, �û�^� FEKO �O�(Jé',

�y§S`z��(5[18]; Ùg, 3 KNL7210 8+(8 � KNL7210 |¤)þ©Û��þ�L 20
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���Å�. / �Ñ�A5, ïÄ§S`z�38+þ5U�J,.

Z(mm,nn) = Z(mm,nn) + delta_ Z(mm,nn) 

CALL omp_set_number_threads(number_threads) !

!$OMP PARALLEL !

!$OMP DO private(variable) !DO

!$OMP collapse(2) !

!$OMP schedule(static, NumFieldTriangles) !

Do pp = 1, NumFieldTriangles !

Do qq = 1, NumSourceTriangles !

compute_interactions(p,q) ! (p,q)

Do e = 1, 3 !

mm = edge_num(p,e) ! p mm

If (mm.NE. -1 .and. nn is on this process) then ! mm

Do f = 1, 3 !

nn = edge_num(q, f ) ! q nn

If (nn.NE.-1 .and. mm is on this process ! nn

!

!

 

  !

 !

 !

! DO

!

p = FieldTriangleList(pp)

q = SourceTriangleList(qq)

Endif

Enddo

Endif

Enddo

Enddo

Enddo

!$OMP END DO

!$OMP END PARALLEL

ã 4 Ý
W¿ MPI+OpenMP `z��è

Fig. 4 Pseudo-code of optimization using MPI+OpenMP for the filling matrix

4.1 �Å�..�Ñ�A5

�Å.>^�ý�.Xã 5(a) ¤«, \�²¡ÅªÇ� 500 MHz(÷ÅÞ��), 4z��

�R�4z, O�ÙVÕ RCS(Radar-Cross Section)[19]. T�.�¿©� 39 102 �n�/, ú

�>�ê� 58 652, �{|Ý
���58 652×58 652. O����Å� 3D VÕ RCS (JXã

5(b) ¤«. ã 6 �Ñ
�Å� xoy ¡Ú xoz ¡� 2D VÕ RCS (J, ��§S`z��O�

(J�û�^� FEKO ��ý(J¬Ü, ?
y²
§S3 KNL7210 ¯Ø?nìþ`z��

(5.
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(b) 3D bistatic RCS of aircraftⅠ(a) Model of aircraft  
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Fig. 5 Model of aircraft.and 3D bistatic RCS
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Fig. 6 2D bistatic RCS of aircraft.

3T�~¥, L 2 �Ñ
¿1Ýþ{`zc�ÙÝ
W¿L§¥�oÈ©gêÚ?§m

�)�P{È©�¹. dL 2 �êâ��, §S`zcP{'~� 70.18%, ²wpu`z�P

{È©¤Ó'~, ù¬��K�Ý
W¿��Ý. L 3 �Ñ
¿1Ýþ{`zc��Ü©�O

��m�¹. dL 3 �±wÑ, æ^ 4 � MPI ?§!Ý
W¿ÚÝ
¦)©Omé 64 Ú 16

� OpenMP �§�, �ýT�.��Ç�Z, '`zc\�
 2.62 �, Ù¥Ý
W¿\�


5.81 �. duT�.�O�5���, Ý
¦)L§�Ï&�m�á, ¤±, �ýT�.�Ý


¦)L§�\��JØ²w.

LLL 2 ÝÝÝ


WWW¿¿¿LLL§§§ÈÈÈ©©©gggêêêÿÿÿÁÁÁ

Tab. 2 Integral numbers of the filling matrix

?§ê8 ?§�� �§ê8 oÈ©gê P{gê P{'~/%

G1 1 1 1 1 529 435 664 0 0

`zc 64 8×8 1 5 129 137 924 3 599 702 260 70.18

`z�

2 1×2 128/32 2 293 527 768 764 092 104 33.32
4 2×2 64/16 3 439 353 316 1 909 917 652 55.53
8 2×4 32/8 4 069 270 002 2 539 834 338 62.41
16 4×4 16/4 4 814 555 769 3 285 120 105 68.23

5: �§ê8��¥, m/nL«Ý
W¿ÚÝ
¦)3z�!:©Omé m Ú n � OpenMP �§.

LLL 3 $$$111���mmmééé'''

Tab. 3 Comparison of running time

?§�� �§ê8 Ý
W¿/s Ý
¦)/s o�m/s o\��ê

`zc 8×8 1 766.94 255.27 102 2.21 —

`z�

1×2 128/32 230.20 285.76 515.96 1.98

2×2 64/16 131.91 258.49 390.40 2.62

2×4 32/8 153.16 261.16 414.32 2.47

4×4 16/4 177.24 259.23 436.47 2.34

5: �§ê8��¥, m/n L«Ý
W¿ÚÝ
¦)3z�!:©Omé m Ú n � OpenMP �§.

4.2 �Å�./�Ñ�A5

�Å�./��ý�.Xã 7(a) ¤«, ²¡\�ÅªÇ� 450 MHz (÷ÅÞ��), 4z�

��R�4z, O�ÙVÕ RCS. T�.�¿©� 151 452 �n�/, ú�>�ê� 227 178, �

{|Ý
��� 227 178×227 178. O����Å� 3D VÕ RCS Xã 7(b) ¤«. ã 8 �Ñ


�Å� xoy ¡Ú xoz ¡� 2D VÕ RCS (J.
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(a) 

(a) Model of aircraft  

(b) Ⅱ 3D RCS 

(b) 3D bistatic RCS of aircraftⅡ 

z

x y

z

x y

ã 7 �Å/�ý�.9 3D VÕ RCS (J

Fig. 7 Model of aircraft/and 3D bistatic RCS
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Fig. 8 2D bistatic RCS of aircraft/

L 4 �Ñ
T�~Ý
W¿L§¥�oÈ©gêÚ?§m�)�P{È©�¹. dL 4 �

êâ��, §S`zcP{'~� 73.77%, þpu`z�P{È©¤Ó�'~. Ý
¦)Ü©m

é OpenMP �§�, ~�
 MPI ?§ê; �âúª(7)�Ñ~�
Ï&�m, \�
Ý
¦)L

§. L 5 �Ñ
¿1Ýþ{`zc��Ü©�O��m�¹, Ù¥Ý
W¿ÚÝ
¦)z�!

:¦^ 4 � MPI ?§!©Omé 64 Ú 16 � OpenMP �§, �±¼��`5U. T�~¥?§

Ú�§��`©�üÑÚþ~¥�O�]
©�üÑ��. ¤±, �©¥�O�]
©�üÑé

8�Ýþ{3 KNL X�þ�`zäk­��/�Ú��¿Â. dL 5 ��, `z�Ý
W¿�

Ý\� 13.27 �, Ý
¦)�Ý\� 1.26 �, o��ýO��Ý\�
 3.62 �. §S`z�3

KNL7210 8+þ�$15U��
²wJ,.

5 (Ø

�©Äu KNL7210 ¯Ø?nìO�²�, é¿1Ýþ{?1
`z, ÏLÚ\ OpenMP

��S��¿1?§üÑ, wÍ~�
Ý
W¿L§�P{È©O�þ, ü$
Ý
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Tab. 4 Integral numbers of the filling matrix

?§ê8 ?§�� �§ê8 oÈ©gê P{gê P{'~/%

G1 1 1 1 22 937 708 304 0 0

`zc 512 16×32 1 87 453 385 158 64 515 676 854 73.77

`z�

8 2×4 256/64 61 178 300 578 38 240 592 274 62.51

16 4×4 128/32 71 538 061 156 48 600 352 852 67.94

32 4×8 64/16 76 226 472 670 53 288 764 355 69.91

64 8×8 32/8 81 222 150 025 58 284 441 721 71.76

128 8×16 16/4 84 157 313 530 61 219 605 226 72.74

5: �§ê8��¥, m/n L«Ý
W¿ÚÝ
¦)3z�!:©Omé m Ú n � OpenMP �§.

LLL 5 $$$111���mmmééé'''

Tab. 5 Comparison of running time

?§�� �§ê8 Ý
W¿/s Ý
¦)/s o�m/s o\��ê

`zc 16×32 1 7 977.94 3 079.69 11 057.63 – –

`z�

2×4 256/64 1 124.01 3 261.46 4 385.46 2.52

4×4 128/32 715.20 3 231.76 3 946.96 2.80

4×8 64/16 601.36 2 449.08 3 050.44 3.62

8×8 32/8 810.63 2 947.81 3 758.44 2.94

8×16 16/4 1 243.13 3 081.21 4 324.35 2.56

5: �§ê8��¥, m/n L«Ý
W¿ÚÝ
¦)3z�!:©Omé m Ú n � OpenMP �§.
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