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�TÓM�TẮT

Việc�xây�dựng�các�đặc�tính�và�cấu�trúc�phân�tử�đóng�một�vai�trò�quan�trọng�trong�nhiều�lĩnh�vực�khác�nhau,�

như�khoa�học�vật�liệu,�cảm�biến,�công�nghệ�nano,�thiết�kế�và�khám�phá�thuốc.�Tuy�nhiên,�việc�xây�dựng�cấu�trúc�

phân�tử�trên�một�tập�dữ�liệu�thô,�tập�dữ�liệu�bị�nhiễu�và�thiếu�thông�tin,�là�một�nhiệm�vụ�đầy�thách�thức�nhưng�rất�

quan�trọng.�Thuật�toán�phân�loại�K-Nearest�Neighbors�(KNN)�là�một�thuật�toán�lazy�learning,�có�xu�hướng�tìm�

kiếm�các�điểm�gần�nhất�cho�một�mục�tiêu�trong�toàn�bộ�tập�huấn�luyện.�Tuy�nhiên,�quá�trình�dự�đoán�của�KNN�

khá�mất�thời�gian.�Trong�khi�thuật�toán�cây�tìm�kiếm�K-Dimension�(K-D�tree)�là�một�cây�nhị�phân�đa�chiều,�có�cấu�

trúc�lưu�trữ�cụ�thể�để�biểu�diễn�dữ�liệu�huấn�luyện�một�cách�hiệu�quả�về�mặt�thời�gian.�Từ�các�khía�cạnh�trên,�trong�

bài�báo�này,�chúng�tôi�đã�thử�nghiệm�và�đề�xuất�một�phương�pháp�gọi�là�thuật�toán�cây�tìm�kiếm�KNN-KD�để�xử�

lý�tập�dữ�liệu�thô�về�cấu�trúc�phân�tử�bằng�cách�kết�hợp�các�ưu�điểm�của�KNN�và�cây�K-D.

Từ�khóa:�Xây�dựng�cấu�trúc�phân�tử,�học�máy,�cây�tìm�kiếm�K-Dimension,�K-Nearest�neighbors.
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The�construction�of�molecular�properties�plays�a�signi�cant�role�in�various��elds,�such�as�material�science,�

sensors,� nanotechnology,� drug� design,� and�more.�However,� the� construction� of�molecular� structures� on� a� raw�

dataset,�which�is�noisy�and�incomplete,�is�a�challenging�but�crucial�task.�K-Nearest�neighbor�Classi�cation�(KNN)�

is�a�lazy�learning�classi�cation�algorithm�with�tendency�to�search�the�nearest�neighbors�for�a�target�in�the�entire�

training�set.�Nevertheless,�each�step�of�KNN�is�quite�time-consuming.�In�comparison,�the�K-Dimension�tree�(K-D�

tree)� algorithm� is�a�multi-dimensional�binary� tree,� a� speci�c�storage�structure� for� time-ef�ciently� representing�

training�data.�To�that�respect,�in�this�journal�article,�we�conduct�and�propose�a�method�called�the�KNN-KD�tree�

DO�RU�WKP�WR�SURFHVV�D�UDZ�ODEHOHG�GDWDVHW�RI�WKH�PROHFXODU�SURSHUW�HV�E��FRPE�Q�Q��WKH�DG�DQWD�HV�RI�WKH�.11�

DQG�.�'�WUHH�

Keywords:�Construction�of�molecular�structures,�machine�learning,�K-Dimension�tree,�K-Nearest�neighbors.
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7KH�FRQVWUXFW�RQ�RI�PROHFXODU�VWUXFWXUHV��V�RQH�RI�

WKH�Z�GHVSUHDG��VVXHV�ZKHUH��DU�RXV�DSSURDFKHV�

DUH�DSSO�HG�XV�Q��WUDG�W�RQDO�FKHP�VWU��IRUPXODH�

or� mathematic� computations.� However,� the�

GDWDVHWV� FROOHFWHG� �Q� H[SHU�PHQWV� DUH� QR�V��

DQG� �QFRPSOHWH� IRU� UHFRQVWUXFW�Q�� PROHFXODU�

structures.�In�this�article,�a�raw�chemical�dataset�

RI�&KHP�VWU��DQG�0DWKHPDW�FV� �Q�3KDVH�6SDFH�

�&+�036��� �V� XVHG� WR� SUR�H� WKH� SHUIRUPDQFH�

RI� WKH� �HRPHWU�F�EDVHG� DSSUR[�PDWHG� PDFK�QH�

learning� model,� namely� the� K-Dimension� tree�

�.�'� WUHH�� �Q� WKH� FRQVWUXFW�RQ� RI� PROHFXODU�

structures.�Signi�cantly,� this�journal�article�will�

analyze,� construct� and� visualize� the�molecular�

VWUXFtures�while�we�only�use�the�XYZ�coordinates�

of� atoms� for� training� the�model.�Consequently,�

WK�V� PHWKRG� FDQ� UHGXFH� WKH� FRPSXW�Q�� W�PH�

Z�WK� FRPSDUDEO�� K��K� DFFXUDF�� WR� UXOH�EDVHG�

PHWKRGV�

������RQVW��FWLRQ�RI�PROHF�OD��VW��FW��HV�

7KH� FRQVWUXFW�RQ� RI� PROHFXODU� VWUXFWXUHV� �V�

D� W�S�FDO� �VVXH� �Q� FKHP�VWU�� V�QFH� �W� �PSDFWV�

biomedical� engineering,� drug� discovery,� and�

vaccine�exploration.� In�the� real� scenario,�much�

information�on�the�molecular�properties�is�noisy,�

incomplete,� and� de�cient.�� As� a� demand,� we�

QHHG�PHWKRGV�WKDW��PSUR�H�WKH�H[SORUDW�RQ�RI�WKH�

PROHFXODU�VWUXFWXUHV�WR�GHDO�Z�WK�WKH�VKRUWD�H�RI�

�QIRUPDW�RQ�
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9DU�RXV� DSSURDFKHV� WR� FRQVWUXFW�Q�� WKH�

PROHFXODU� VWUXFWXUHV� DUH� DSSO�HG� Z�WK� PDFK�QH�

OHDUQ�Q��3,4� However,� the� complexity� of�

FRQVWUXFW�Q�� WKH� PROHFXODU� VWUXFWXUHV� �QFUHDVH�

signi�cantly� once� the� bonding� schema� is�

�Q�RO�HG��� 2QH� RI� WKH� VWDWH�RI�WKH�DUW� PHWKRGV�

ZK�FK�DFK�H�H�K��K� DFFXUDF��RQ� WKH�&+�036�

dataset�is�a�hybrid�approach,�namely�soft�graph�

WUDQVIRUPHU� E�� %RVFK� &RUSRUDWH� 5HVHDUFK� DQG�

%RVFK� &HQWHU� IRU� ����� 7K�V� PRGHO� SURFHVVHV�

the�entire�molecule�one�by�one,�simultaneously�

SUHG�FW�Q�� HDFK� RI� WKH� VFDODU� FRXSO�Q�V� �Q� WKH�

PROHFXOH�� �QVWHDG� RI� XV�Q�� D� WUDG�W�RQDO� �UDSK�

model,� their� approach� processes� the� data� as� a�

meta-graph�where�each�atom,�chemical�and�non-

chemical�bonds,�namely�just�pairs�of�atoms,�are�

included�in�the�model,�and�even�triplets�or�quads�

DOO� EHFRPH� QRGHV� IRU� WKH� �UDSK� WUDQVIRUPHU��

'�VWDQFH�PHDVXUHPHQW�EHWZHHQ�DOO�WKH�QRGHV��Q�

the� graph� is� necessarily� de�ned� to� support� the�

model.�For�example,�atom-to-atom�distances�use�

the� actual�distance�between� atoms.� In�contrast,�

DWRP�WR�ERQG� G�VWDQFHV� XVH� WKH� P�Q�PXP�

G�VWDQFH�IURP�WKH�DWRP�WR�WKH�WZR�DWRPV��Q� WKH�

bond,�with�similar�extensions�for�triplets�quads.�

6RPH� RWKHU� PHWKRGV� DSSO�� WKH� %�G�UHFW�RQDO�

(QFRGHU� 5HSUHVHQWDW�RQV� IURP� 7UDQVIRUPHUV�

�%(57��WUD�Q�Q��WR�H[WUDFW�RQO��UDZ�FRRUG�QDWHV�

instead� of� distance,� translational� and� rotational�

invariances,�such�as�MTM�,�Mol-BERT,��%(57�

of�Xin-Yu�et�al.�

0RVW�RWKHU�VWXG�HV�RQ�PROHFXODU�VWUXFWXUHV�

EDVHG� RQ� WKH�&+�03�GDWDVHW�KD�H� IRFXVHG�RQ�

SUHG�FW�Q�� WKH� VFDODU� FRXSO�Q��FRQVWDQW�Z�WKRXW�

KD��Q�� D� SURSHU� ZD�� WR� SURFHVV� DQG� FODVV�I��

the� bond� information.� Hence,� the� success� rate�

RI� ERQG� UHFRQVWUXFW�RQ� �V� QRW� �RRG� HQRX�K�

for� further� steps.� Moreover,� the� running� time�

RI� H[WUDFW�Q�� �QIRUPDW�RQ� IURP� FRRUG�QDWH�

�les� is� time-consuming� due� to� the� enormous-

size� dataset.� Also,� some� approaches� applying�

PXOW�SURFHVV�Q�� PD�� ��HOG� �QFRUUHFW� GDWD�� )RU�

the�above�reasons,�a�high�perceQWD�H�RI�PROHFXOH�

structures� are� not� constructed� correctly,� which�

OHDGV� WR� WKH� IDFW� WKDW� �DU�RXV� PRGHOV� FDQQRW�

�PSUR�H� WKH� DFFXUDF�� �Q� SUHG�FW�Q�� WKH� VFDODU�

coupling� constants.� Consequently,� there� is� a�

QHHG� WR�FUHDWH�DQ� HDV�O��FXVWRPHG�DO�RU�WKP� WR�

�PSUR�H� WKH� VXFFHVV�UDWH�RI�WKH�FRQVWUXFW�RQ�RI�

PROHFXODU�VWUXFWXUHV�

�����K-Nearest�neighbors�algorithm�

.�1HDUHVW� 1H��KERUV� �.11�� DO�RU�WKP� �V�

based� on� the� distance� metric� function,� namely�

Euclidean� distance,� to� calculate� the� distance�

between� the�sample� to�be�classi�ed�x�DQG�HDFK�

sample� in� the� training� set,� sort� the� calculated�

distance,� and� select� the� k� WUD�Q�Q�� VDPSOHV�

closest� to� the� sample� to� be� classi�ed� as� the� k�

QHDUHVW�QH��KERUV�RI�x���I� WKH�VDPSOH�EHORQ��Q��

WR�D� SDUW�FXODU� FODVV�RI� WKH� k� QHDUHVW� QH��KERUV�

is� the�majority,� the� representative� classi�cation�

VDPSOH�x�is�classi�ed�into�the�category.�

�����K-D�tree�algorithm�

.�'�PHQV�RQ� WUHH� �.�'� WUHH�� �V� D� E�QDU��

WUHH� VWUXFWXUH� WKDW� UHFXUV��HO�� SDUW�W�RQV� WKH�

parameter�space�along�the�data�axes,�splitting�it�

�QWR�QHVWHG�RUWKRWURS�F� UH��RQV� �QWR�ZK�FK�GDWD�

points� are� �led.���.�'� WUHH� �V� D� SDUW�FXODU� FDVH�

of�binary�space�partition� trees.� In�detail,� it� is�a�

VSDFH� SDUW�W�RQ�Q��GDWD� VWUXFWXUH� IRU�RU�DQ�]�Q��

SR�QWV� �Q� D� .�'�PHQV�RQDO� VSDFH�� �� QRQ�OHDI�

QRGH��Q�WKH�.�'�WUHH�G���GHV�WKH�VSDFH��QWR�WZR�

parts,� called�half-spaces.�Each�subspace�can�be�

UHFXUV��HO�� G���GHG� �Q� WKH� VDPH� ZD��� 7KH� OHIW�

VXEWUHH�RI�WKDW�QRGH�UHSUHVHQWV�SR�QWV�WR�WKH�OHIW�

of� this� space,� and� the� right� subtree� represents�

SR�QWV�WR� WKH� U��KW�RI� WKH� VSDFH��&RQVWUXFW�Q��D�

.�'�WUHH�RQ�D�.�'�PHQV�RQ�GDWDVHW�UHSUHVHQWV�D�

SDUW�W�RQ�RI�WKH�.�'�PHQV�RQDO�VSDFH�IRUPHG�E��

WKH�.�'�PHQV�RQDO�GDWDVHW�

.�'� WUHHV� DUH� KHOSIXO� �Q� UDQ�H� VHDUFKHV�

DQG� QHDUHVW� QH��KERU� VHDUFKHV�� � 7KH�� DUH� WKH�

PRVW� SRZHUIXO� GDWD� VWUXFWXUHV� IRU� VPDOO� DQG�

PRGHUDWH� QXPEHUV� RI� G�PHQV�RQV� XS� WR� ���

G�PHQV�RQV���� In�general,� structures� of� the�K-D�

WUHH� DWWHPSW� WR� UHGXFH� WKH� UHTX�UHG� QXPEHU� RI�

distance� calculations� by� ef�ciently� encoding�

D��UH�DWH� G�VWDQFH� �QIRUPDW�RQ� IRU� WKH� VDPSOH��
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7KH�FRQVWUXFW�RQ�RI�D�.�'�WUHH� �V�VSHHG��V�QFH�

SDUW�W�RQ�Q�� �V� FRQGXFWHG� RQO�� DORQ�� WKH� GDWD�

axes.�Once�built,�the�nearest�neighbor�of�a�query�

SR�QW� FDQ� EH� GHWHUP�QHG� Z�WK� RQO�� G�VWDQFH�

computation.�Nevertheless,�the�K-D�tree�method�

�V� K��K�VSHHG� IRU� ORZ�G�PHQV�RQDO� QH��KERU�

VHDUFKHV�� �W� EHFRPHV� �QHIIHFW��H� DV� �W� �URZV�

WUHPHQGRXV��7KH�SU�PDU��UHDVRQ��V�WKDW�WKH�UDW�R�

RI�WKH��ROXPH�RI�D�XQ�W�VSKHUH��Q�.�G�PHQV�RQV�

IDOOV� H[SRQHQW�DOO�� FRPSDUHG� WR� D� XQ�W� FXEH� �Q�

K-dimensions.�Thus�at�an�exponential�rate,�many�

FHOOV� KD�H� WR� EH� VHDUFKHG� Z�WK�Q� D� SDUW�FXODU�

radius�of�a�query�point,�say�for�a�nearest-neighbor�

search.� Additionally,� the� number� of� neighbors�

IRU� DQ�� FHOO� �URZV� XS� DQG� H�HQWXDOO�� EHFRPHV�

�QVXUPRXQWDEOH����

�����,PS�RYHG� QHLJKER�� VHD�FK� DOJR�LWKP�

using� a�K-D� tree� to� �nd� multiple� k� nearest�

neighbors�(KNN-KD�tree)

However,� the� nearest� neighbor� searching�

DO�RU�WKP�DSSO�HG�Z�WK�WKH�RU���QDO�.�'�WUHH�FDQ�

only��nd�one�nearest�neighbor.�Consequently,�it�

�V�QHFHVVDU��WR�DGDSW�WKH�RU���QDO�DO�RU�WKP�WR�EH�

more�ef�cient� for�searching� the�molecular�data�

FDOOHG�.11� DSSO�HG�Z�WK� WKH�.�'� WUHH� �.11�

.'�WUHH��13,14��W�FDQ�G�VFR�HU�PXOW�SOH�.�QHDUHVW�

QH��KERUV�RI�D����HQ�TXHU��SR�QW��QVWHDG�RI�MXVW�

�nding�one�nearest�neighbor.�A�bounded�priority�

TXHXH�WKDW�VWRUHV�WKH�O�VW�RI�.�QHDUHVW�QH��KERUV�

WR�HWKHU�Z�WK� WKH�U�G�VWDQFHV� WR�WKH�TXHU��SR�QW�

�V�DSSO�HG��Q�WKH�DGDSWHG�DO�RU�WKP��7KH�K��KHU�

the� priority� value� of� the� point� is,� the� longer�

WKH� G�VWDQFH� IURP� WKDW�SR�QW� WR� WKH� TXHU��SR�QW�

becomes.�A��xed� upper� bound� of� the� bounded�

priority� queue� must� be� de�ned,� which� is� the�

QXPEHU�RI�QHDUHVW�QH��KERUV��7KH�ERXQG��V�XVHG�

to�prune�tree�searches,�so�if�a�series�of�K-nearest�

neighbor�queries�are�required,�it�may�help�supply�

WKH�G�VWDQFH�WR�WKH�QHDUHVW�QH��KERU�RI�WKH�PRVW�

UHFHQW�SR�QW��:KHQH�HU�D�QHZ�SR�QW��V�DGGHG�WR�

the�queue,� if�the�queue� is�at�capacity,�the�point�

Z�WK� WKH� ORQ�HVW� G�VWDQFH� WR� WKH� TXHU�� SR�QW� �V�

HMHFWHG�IURP�WKH�TXHXH���

)LJ��H����%RXQGHG�SU�RU�W��TXHXH�IRU�.11�

For�example,�)��XUH��D�VKRZV�WKH�QHDUHVW�

QH��KERU�SU�RU�W��TXHXH�Z�WK�WKH�XSSHU�ERXQGHG�

size�of��ve�and�holds��ve�points,�from�A�to�E.�

6XSSRVH�WKDW�WKH�QH[W�QHDUHVW�QH��KERU�SR�QW�WR�

EH��QVHUWHG��QWR�WKH�SU�RU�W��TXHXH��V�WKH�SR�QW�)�

Z�WK�WKH�SU�RU�W��RI������%HFDXVH�WKH�PD[�PXP�

size� of� the� priority� queue� is� �ve,� point� F� is�

inserted�into�the�priority�queue.�However,�point�

(�Z�WK�WKH�ORQ�HVW�G�VWDQFH�WR�WKH�TXHU��SR�QW�T��V�

HO�P�QDWHG��)��XUH��E�VKRZV�WKH�UHVXOW�Q��SU�RU�W��

TXHXH� DIWHU� SR�QW� )� �V� �QVHUWHG�� 2Q� WKH� RWKHU�

hand,�suppose�that� the�next�nearest�neighbor� to�

EH��QVHUWHG��QWR�WKH�SU�RU�W��TXHXH��V�SR�QW�*�Z�WK�

D�G�VWDQFH�RI������%HFDXVH�WKH�G�VWDQFH��DOXH�RI�

*��V��UHDWHU�WKDQ�WKH�PD[�PXP�SU�RU�W��HOHPHQW�

in�the�queue,�G�is�not�inserted�into�the�queue.

In�conclusion,�there�are�two�improvements�

�Q� WKH� .11�.'� WUHH� DO�RU�WKP� IURP� WKH�

WUDG�W�RQDO� .�'� WUHH� WR� �PSUR�H� VHDUFK�

ef�ciency.� The� �rst� improvement� is� that�when�

GHWHUP�Q�Q��ZKHWKHU�WR�ORRN�RQ�WKH�RSSRV�WH�V�GH�

of�the�splitting�hyperplane,�the�algorithm�applies�

WKH� G�VWDQFH� IURP� WKH� SR�QW� Z�WK� WKH� ORQ�HVW�

G�VWDQFH� �Q� WKH�QHDUHVW� QH��KERU� SU�RU�W��TXHXH�

DV�WKH�UDG�XV�RI�WKH�FDQG�GDWH�K�SHUVSKHUH����7KH�

VHFRQG� �PSUR�HPHQW� �V� WKDW� �W� UHGXFHV�WKH� W�PH�

FRPSOH[�W��IURP�2(n)�WR�O(n1-1/k+m).���

�����7�6(7��1��5(6(�5���0(7�2�

������DWDVHW

%HFDXVH� WKH� WUD�Q�Q�� DQG� WHVW� VSO�WV� DUH� E��

molecule,�no�molecule� in�the�training�data�will�

EH� IRXQG� �Q� WKH� WHVW� GDWD��7KH� GDWDVHW� FRQWD�QV�

these��les�as�follows.

l�W�DLQ�FVY�7KH�WUD�Q�Q��GDWDVHW�FRQWD�QHG�

4,658,147�scalar�coupling�observations�of�85,003�
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unique�molecules.�The��rst�column�(molecule_

name���V�WKH�PROHFXOH�V�QDPH�ZKHUH�WKH�FRXSO�Q��

FRQVWDQW�RU���QDWHV��7KH�VHFRQG��atom_index_0��

DQG� WKH� WK�UG� FROXPQ� �atom_index_1�� DUH� WKH�

atom� indices� of� the� atom� pair,� creating� the�

FRXSO�Q���7KH�IRXUWK�FROXPQ��scalar_coupling_

constant���V�WKH�VFDODU�FRXSO�Q��FRQVWDQW�QHHGHG�

IRU� SUHG�FW�Q����OO� RI� WKH� PROHFXOHV� FRQWD�QHG�

�ve�types�of� atoms:�carbon� (C),�hydrogen� (H),�

nitrogen�(N),��uorine�(F),�and�oxygen�(O).�There�

were� eight� distinct� types� of� scalar� coupling,�

including� 1JHC,� 1JHN,� 2JHH,� 2JHC,� 2JHN,�

3JHH,�3JHC,�and�3JHH,�which�means� that� the�

�uorine�coupling�is�not�presented�in�the�dataset.

l� WHVW�FVY� 7KH� WHVW� VHW� KDV� WKH� VDPH�

�QIRUPDW�RQ�DV�WKH�WUD�Q�VHW�EXW�Z�WKRXW�WKH�WDU�HW�

variable,� namely� the� scalar� coupling� constant.�

%HFDXVH� VFDODU� FRXSO�Q�� FRQVWDQW� FRQWD�QV�

�QIRUPDW�RQ� DERXW� UHODW��H� ERQG� G�VWDQFHV� DQG�

angles,�which�are�informative�in�determining�the�

connectivity�between�atoms�in�a�molecule,�scalar�

FRXSO�Q�� FRQVWDQW� �V� QRW� D�D�ODEOH� �Q� WKH� WHVW�

GDWDVHW�WR�H�DOXDWH�ZKHWKHU�WKH�PRGHO��V�UREXVW�

WR� �W���� The� test� dataset� contained� 2,505,542�

scalar� coupling� observations� of� 45,772� unique�

PROHFXOHV�

l� VW��FW��HV�FVY� FRQWD�QV� WKH� PROHFXODU�

structure� XYZ� information,� where� the� �rst�

FROXPQ��molecule_name)�is�the�molecule's�name,�

IROORZHG�E��WKH��QGH[�RI�WKH�DWRP�(atom_index)��

7KH�IROORZ�Q��FROXPQ��atom��FRQWD�QV�WKH�DWRP�F�

element�symbols�such�as�H�for�hydrogen,�C�for�

carbon,�N�for�Nitrogen.�The�remaining�columns�

�QFOXGH�WKH�X,�Y,�DQG�Z�FDUWHV�DQ�FRRUG�QDWHV�

l� GLSROHBPRPHQWV�FVY� FRQWD�QV� WKH�

PROHFXODU� HOHFWU�F� G�SROH� PRPHQWV�� 7KHVH� DUH�

WKUHH�G�PHQV�RQDO� �HFWRUV� WKDW� �QG�FDWH� WKH�

charge� distribution� in� the� molecule.� The� �rst�

FROXPQ�(molecule_name)�DUH�PROHFXOH�V�QDPHV��

the� second� to� the� fourth� column� is� the� XYZ�

FRPSRQHQWV�RI�WKH�G�SROH�PRPHQW�

l�PDJQHWLFBVKLHOGLQJBWHQVR�V�FVY�FRQWD�QV�

WKH�PD�QHW�F�VK�HOG�Q��WHQVRUV�IRU� DWRPV��Q� WKH�

molecules.�The��rst�column�(molecule_name���V�

WKH�PROHFXOH�Qame,� the� second�column�(atom_

index)�is�the�index�of�the�atom�in�a�molecule,�the�

third�to�eleventh�columns�comprise�the�XX,�YX,�

ZX,�XY,�YY,�ZY,�XZ,�YZ,�and�ZZ�elements�of�

WKH�WHQVRU�PDWU�[�UHVSHFW��HO��

l�VFDOD�BFR�SOLQJBFRQW�LE�WLRQV�FVY�7KH�

VFDODU� FRXSO�Q�� FRQVWDQWV� �Q� WKH� WUD�Q� VHW� �RU�

corresponding� �les)� are� a� sum� of� four� terms.�

scalar_coupling_contributions.csv� FRQWD�QV� DOO�

these� terms.�The��rst�column�(molecule_name��

�V�WKH�QDPH�RI�WKH�PROHFXOH��7KH�VHFRQG��atom_

index_0�� DQG� WK�UG� FROXPQ� �atom_index_1�� DUH�

WKH� DWRP� �QG�FHV� RI� WKH� DWRP� SD�U�� 7KH� IRXUWK�

column� shows� the� type� of� coupling.� The� �fth�

FROXPQ� �fc�� �V� WKH� )HUP��&RQWDFW� FRQWU�EXW�RQ��

7KH� V�[WK� FROXPQ� �sd�� �V� WKH� 6S�Q�G�SRODU�

FRQWU�EXW�RQ�� 7KH� VH�HQWK� FROXPQ� �pso�� �V� WKH�

3DUDPD�QHW�F� VS�Q�RUE�t� contribution.� Finally,�

WKH�H��KWK�FROXPQ��dso���V�WKH�'�DPD�QHW�F�VS�Q�

RUE�W�FRQWU�EXW�RQ�

�����3�RSRVHG�PHWKRG

7K�V� MRXUQDO� DUW�FOH� SURSRVHV� WR� DSSO�� WKH�

.�1HDUHVW�1H��KERXU�Z�WK�WKH�.�'�WUHH��.11�

.'�WUHH��DO�RU�WKP�WR�VRO�H�WKH�FRQVWUXFW�RQ�RI�

molecular� structures,� where� the� knowledge� of�

�HRPHWU��DQG�SDWWHUQ�PDWFK�Q���V�XW�O�]HG�

2XU�.11�.'�WUHH�DO�RU�WKP��V�VSO�W��QWR�

IRXU� PD�Q� VWHSV� WR� UHFRQVWUXFW� WKH� PROHFXODU�

VWUXFWXUHV�EDVHG�RQ�WKH�ERQG�Q��VFKHPD��(�HU��

PROHFXOH� �V� VHOHFWHG�DQG� UHVWRUHG�E�� IRXU�VWHSV�

where� the� XYZ� cartesian� coordinate� of� atoms�

VWUXFWXUH��V�DSSO�HG��Q�WKH�.�'�WUHH��2XU�PHWKRG�

VRO�HV�WKH�WKUHH�N�QGV�RI�FRXSO�Q��W�SHV��

In� general,� the� bond� OHQ�WK� EHWZHHQ� WKH�

WZR� DWRPV� �V� DSSUR[�PDWHO�� WKH� VXP� RI� WKH�

covalent� radii�of� the� two�atoms.�Consequently,�

in� the� bonding� reconstruction� algorithm,� the�

�DOHQFH� UDG���RI�WKH�FKHP�FDO� HOHPHQWV�DUH�SUH�

de�ned�and�applied.�The�covalent� radius�is� the�

G�VWDQFH� IURP� WKH� FHQWHU� RI� WKH� QXFOHXV� WR� WKH�

outermost�shell�of�the�electron,�and�its�value�may�

EH�GHU��HG�IURP�H[SHU�PHQWDO�PHDVXUHPHQWV�RU�

FDOFXODWHG� E�� WKHRUHW�FDO� PRGHOV��� However,�
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WKHVH� UHODW�RQVK�SV� DUH� FHUWD�QO�� QRW� DFFXUDWH�

GXH�WR�WKH��QFRQVWDQW�V�]H�RI�DQ�DWRP�EXW�GHSHQG�

RQ��WV�FKHP�FDO� HQ��URQPHQW����For�example,� in�

the� heteroatomic�A-B� bonds,� ionic� terms�may�

HQWHU���� Furthermore,� the� differential� value� of�

single,�double,�and�triple�bonds�are�too�small�to�

G�VW�Q�X�VK�EDVHG�RQ�WKH�G�VWDQFH��DOXHV�GHU��HG�

IURP� WKH�XYZ�cartesian�coordinate�of�atoms�in�

the�dataset.�Consequently,�in�our�algorithm,�only�

WKH�V�Q�OH�ERQG�FR�DOHQW�UDG�XV��V�PDQ�SXODWHG�WR�

FUHDWH�WKH��HQHUDO�ERQG�Q��VFKHPD�

2.2.1.�Single�bond�connect�reconstruction

7R� VXFFHVVIXOO�� UHFRQVWUXFW� WKH� WRWDO� ERQG�Q��

system,� �rstly,� the� overall� molecular� bonding�

VWUXFWXUH� PXVW� EH� FUHDWHG�� 7KH� EDFN�URXQG� RI�

V�Q�OH� ERQG� FRQQHFW� UHFRQVWUXFW�RQ� �V� EDVHG�

on� the�bond� length�comparison.� In�detail,� each�

time,�a�pair�of�XYZ�cartesian�coordinates�of�two�

atoms�in�a�speci�c�molecule�is�put�into�the�K-D�

WUHH�VWUXFWXUH��Q�WKH�WKUHH�G�PHQV�RQDO��HRPHWU���

To� be� more� easily� understandable,� a� random�

molecule,�dsgdb9nsd_000007,�is�analyzHG�

7DEOH� ��� The� XYZ� cartesian� coordinate� of� the�

PROHFXOH�dsgdb9nsd_000007

�QGH[ DWRP [ � ]

� & ������� ������ ������

� & ������ ������� ������

� + ������ ������ ������

� + ������� ������ �������

� + ������� ������ ������

� + ������ ������� ������

� + ������� ������ ������

� + ������ ������� �������

7DEOH� �� VKRZV� WKDW� WKH� PROHFXOH�

dsgdb9nsd_000007�has�eight�atoms�inside,�which�

�V�WZR�FDUERQ�DWRP�DQG�V�[�K�GUR�HQ�DWRPV��:�WK�

the�XYZ�cartesian�coordinate,�it�is�easy�to�outline�

WKH�SRV�W�RQ�RI�H�HU��DWRP��QV�GH�WKH�PROHFXOH��Q�

the�three-dimensional�geometry,�as�illustrated�in�

)��XUH� 2.�Still,� there� is�no� connection� between�

these�atoms�in� the�dataset,�namely�the�bonding�

VFKHPD��7KH�DSSURDFK��V�WR�VHDUFK�IRU�DOO�SRVV�EOH�

FRQQHFW�RQV� WR�FUHDWH� V�Q�OH�FKHP�FDO�ERQG�Q�V�

IURP� DQ� DWRP� WR� RWKHUV�� 6�QFH� WKH� �DOHQFH� RI�

each�atom�is�not�provided,�the�standard�valence�

is� used� as� the� default� value.� Also,� any� atom�

Z�WK� ]HUR� D�D�ODEOH� ERQG�Q�� �V� UHMHFWHG�� :�WK�

WKH�PROHFXOH�dsgdb9nsd_000007,�the�algorithm�

starts�with�the��rst�atom�of�hydrogen�because�the�

SURFHVV�Q�� RUGHU� EH��QQ�Q�� Z�WK� WKH� K�GUR�HQ�

D�R�GV�D�EXWDG�HQH�O�NH�PROHFXOH��

Based�on�the�K-D�tree�query,� the�nearest�

atom� is� chosen� by� distance.� At� �rst,� the� K-D�

tree� �nds� the� nearest� atom� to� a� selected� atom.�

)RU� WKH� VSDW�RWHPSRUDO� �QWHUSRODW�RQ� IRU� WKH�

dsgdb9nsd_000007� data,� a� three-dimensional�

K-D� tree� has� been� constructed� to� �nd� the�

.�QHDUHVW� QH��KERUV�� )��XUH� �� �OOXVWUDWHV� WKH�

.�'� WUHH� EX�OW� IURP� H��KW� DWRP�F� SR�QWV� RI�

dsgdb9nsd_000007� GDWD� DORQ�V�GH� �WV� �QGH[��

�WRP�&�DW�i=1��V�WKH�URRW�SR�QW�EHFDXVH��W��V�WKH�

PHG�DQ�SR�QW�RQ�WKH�[�D[�V�DQG�VSO�WV�WKH�DWRP�F�

points� dataset� into� two� groups.� The� �rst� left�

EUDQFK��URXS�Z�WK�SR�QWV�ZKRVH�[�D[�V��DOXHV�DUH�

OHVV�WKDQ�RU�HTXDO�WR�WKH�DWRP�F�URRW�SR�QW�x
C[1]

��

:K�OH� WKH�RWKHU�U��KW�EUDQFK��URXS�Z�WK�SR�QWV�

ZKRVH�[�D[�V��DOXH��V��UHDWHU�WKDQ�x
C[1]

��7KH�VSO�W�

DW�WKH�DWRP�F�URRW�SR�QW��V���VXDO�]HG��Q�)��XUH����

7KH�UHG�O�QH��V�WKH�VSO�WW�Q��O�QH�DFFRUG�Q��WR�WKH�

[�D[�V��

)LJ��H�����(��KW�DWRPV�RI�WKH�PROHFXOH�dsgdb9nsd_000007�

in�the�XYZ�cartesian�coordinate�system.
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Then,� to� continue� building� the�K-D� tree�

IRU�WKH�PROHFXOH�dsgdb9nsd_000007,�recursively�

EX�OG�WKH�.�'�WUHH��Q�WKH�U��KW�DQG�WKH�OHIW�KDOI�

VSDFH� �Q� )��XUH� �� E�� VSO�WW�Q�� DW� WKH� DWRP�F�

SR�QW� K�GUR�HQ� (i=7)� RI� WKH� U��KW� KDOI�VSDFH�

DQG� K�GUR�HQ� �i=4)�RI� WKH� OHIW� KDOI�VSDFH��7KH�

UHDVRQ��V�WKDW�ERWK�PHQW�RQHG�DWRP�F�SR�QWV�DUH�

the� median� point� according� to� the� y-axis,� and�

VSO�WW�Q��UHPD�QHG�DWRP�F�GDWD�SR�QW�KRU�]RQWDOO��

WKURX�K� �W�� &RQW�QX�Q�� SDUW�W�RQ� UHFXUV��HO�� WR�

FRPSOHW�RQ�Z�OO�UHVXOW��Q�WKH�HQW�UHO��FRQVWUXFWHG�

K-D�tree,�as�illustrated�in�)��XUH����7KH�EOXH�O�QH�

is�the�splitting�line�according�to�the�y-axis,�while�

WKH� �UHHQ� O�QH� �V� WKH� VSO�WW�Q�� O�QH� DFFRUG�Q�� WR�

WKH�]�D[�V�

From� the� entirely� constructed� K-D� tree,�

WKH� .�'� WUHH� TXHU�� KDV� EHHQ� �PSOHPHQWHG� WR�

�HW�WKH�DUUD��O�VW�RI�RUGHUHG�DWRPV��QGH[�UHO��Q��

RQ� WKH� G�VWDQFH� IURP� WKH� VHOHFWHG� DWRP� SR�QW��

6�QFH� WKH� RUGHUHG� DWRPV� O�VW� RI� WKH� PROHFXOH�

dsgdb9nsd_000007� �V��[‘H’,�‘H’,�‘H’,�‘H’,�‘H’,�

‘H’,�‘C’,�‘C’],�we�start�with�the�atom�H�at�i=2��

For�each� atom,� the�K-D� tree� query� returns� the�

QHDUHVW�QH��KERU�DFFRUG�Q��WR�WKH�G�VWDQFH��%DVHG�

RQ�WKH�HQW�UHO��FRQVWUXFWHG�.�'�WUHH�VWUXFWXUH��Q�

Figure� 5,� the� atom�C� at� i=1� �&>���� DV� WKH� URRW�

�V�WDNHQ�DV�DQ�H[DPSOH���WRP�&>���EHFRPHV�WKH�

TXHU��SR�QW��Q�WKH�.�'�WUHH�VWUXFWXUH��7KH�&>���

TXHU��SR�QW�FRQW�QXDOO��WUD�HUVHV�DOO�QRGHV��QV�GH�

�WV�EUDQFK�WKHQ�FUHDWHV��WV�VSKHUH�ZKHUH�WKH�UDG�XV�

�V� WKH�G�VWDQFH�IURP�&>��� WR�WKH�FXUUHQW�QHDUHVW�

node.�Next,�we�check�whether�the�sphere�crosses�

any�coordinate�axis,�backtrack�to�the�intersected�

branch,�and�measure�the�distance�to��nd�the�more�

current� nearest� node.� We� repeatedly� measure,�

create�the�new�sphere,�and�check�the�intersected�

DUHD�XQW�O�WKH�QHDUHVW�QRGH��V�IRXQG���Q�WK�V�FDVH�

of� C[1],� the� atom� hydrogen� with� i=6� �+>����

becomes� the� nearest� neighbor,�which� is� shown�

�Q�)��XUH����7KH�G�VWDQFH� IURP�&>��� WR�+>��� �V�

�����������

)LJ��H����9�VXDO�]DW�RQ�RI�VSO�WW�Q��WKH�DWRP�F�SR�QWV�

�QWR� WZR� �URXSV� DFFRUG�Q�� WR� WKH� [�D[�V� DW� DWRP� &�

(i=1)�

After��nding�out�H[6]�as�the�nearest�node�

of�C[1],� if� there� is� no� bond� yet� between� those�

WZR� DWRPV� DQG� WKH� FRQQHFW�RQ� EHWZHHQ� WKHP�

certainly�exists�once,�the�algorithm�continues�to�

FRPSDUH�WKH�FDOFXODWHG�G�VWDQFH�EHWZHHQ�WKHP�WR�

the�predicted�bonding�distance.�In�addition,�the�

QXPEHU�RI�QHDUHVW�QRGHV�WDNHQ��QWR�FRQV�GHUDW�RQ�

�V� EDVHG� RQ� WKH� �DOHQFH� RI� WKH� HOHPHQW�� �I� WKH�

�DOHQFH��DOXH��V�ODU�HU�WKDQ�WKH�QXPEHU�RI�DWRPV�

in� a� speci�c� molecule,� the� maximum� number�

of� atoms�is�used.�For�example,� the�valence�of�C�

is�4,�and�then�the�four�nearest�nodes�are�taken�to�

PHDVXUH�WKH�G�VWDQFH��

(0.002,�-0.003,�0.001)�

(-0.001,�1.5,�0.01)� (-0.6,�-0.39,�-0.89)�

(-1.01,��

-0.42,�0.01)�

(-0.53,�

1.91,�0.9)�

(0.5,�-0.4,�

0.88)�
(1,�1.9,�0.003)�

(-0.54,�1.92,�-0.86)�

C[0]�

C[1]�

H[7]�

H[6]� H[4]� H[5]� H[2]�

H[3]�

)LJ��H� ��� 9�VXDO�]DW�RQ� RI� WKH� .�'� WUHH� VWUXFWXUH�
)LJ��H� ��� 9�VXDO�]DW�RQ� RI� WKH� .�'� WUHH� VWUXFWXUH�
FRQVWUXFWHG� IURP� �� DWRP�F� SR�QWV�� (DFK� VTXDUH�
contains� the� XYZ� cartesian� coordinate� with� its�
atom[index]�
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)LJ��H�����Q�HQW�UHO��FRQVWUXFWHG�.�'�WUHH�DSSO�HV�WR�

WKH�PROHFXOH�dsgdb9nsd_000007�

)LJ��H����7KH�QHDUHVW�QH��KERU�RI�DWRP�&�(i=1)��V�WKH�

DWRP�+�(i=6)�Z�WK�WKH�dist=1.09495347�

7KH� SUHG�FWHG� ERQG�Q�� G�VWDQFH� EHWZHHQ�

WKHP��V�PHDVXUHG�DV�WKH�VXP�RI�WKH�ERQG�OHQ�WK�

of�each�atom.�In�this�case,�only�atoms�with�the�

PHDVXUHG�G�VWDQFH��Q�WKH�����H[SHFWHG�G�VWDQFH�

or� closer� are� kept.� Then,� we� check� whether�

ERWK�DWRPV�KD�H� UHPD�Q�Q���DOHQFH�RU� QRW� DQG�

FRQW�QXH� GHFUHDV�Q�� WKH� UHPD�Q�Q���DOHQFH�DQG�

FUHDW�Q�� D� QHZ� ERQG�� �I� DQ�� RI� WKHP� KDV� ]HUR�

remaining� valences,� we� mark� both� atoms� as�

OHD�HV�� 7KH� IXQFW�RQ� FRQW�QXHV� UXQQ�Q�� XQW�O�

all�nodes�are�marked�as� leaves.� In� the�end,� the�

PROHFXOH� dsgdb9nsd_000007� �V� FRQVWUXFWHG�

DV� �Q� )��XUH� ��� %DVHG� RQ� WKH� IXOO�� ERQG�Q��

UHFRQVWUXFWHG�VWUXFWXUH�RI�dsgdb9nsd_000007,�it�

is�relatively�easy�to��gure�out�that�the�chemical�

IRUPXOD��V�(WKDQH��&
�
+

�
),�all�connected�by�single�

ERQGV�

)LJ��H�����)XOO��ERQG�Q��UHFRQVWUXFWHG��dsgdb9nsd_000007�

PROHFXOH�

2.2.2.�n-bond�connect�greedy�reconstruction

�IWHU� VXFFHVVIXOO�� UHFRQVWUXFW�Q�� WKH� V�Q�OH�

bonding,� the� next� step� is� rebuilding� n-bond�

FRQQHFW�RQV�� (�HQ� WKRX�K� WKHUH� �V� D�FDOFXODWHG�

WDEOH� RI� ERQG� OHQ�WK� IRU� WKH� GRXEOH� ERQG� DQG�

triple�bond,�the�accuracy�and�the�consistency�of�

the�bonding�connection�are�low.�For�example,�the�

&�DWRP�KDV��DU�RXV��DU�DW�RQV��Q�&&�ERQG�OHQ�WKV�

WKDW�FDQ�EH�UHDVRQDEO��H[SOD�QHG�RQ�WKH�EDV�V�RI�

K�EU�G�]DW�RQ� EH�Q�� WKH� SU�PDU�� IDFWRU�� :KHQ�

atoms�with� lone� pairs� are� involved,� it� appears�

QHFHVVDU�� WR� �QWURGXFH� HOHFWURQ� GHORFDO�]DW�RQ�

HIIHFWV����As�a�consequence,�the�bond�length�and�

ERQG�DQ�OHV�GR�QRW�SUR��GH�D�UHO�DEOH�PHDVXUH�RI�

FDUERQ�K�EU�G�]DW�RQ���Q��DWRP�ZKRVH��DOHQFH�

�V� �UHDWHU� WKDQ� �� FDQ� SRWHQW�DOO�� VKDUH� WZR� RU�

WKUHH�SD�UV�RI�HOHFWURQV�Z�WK�DQRWKHU�DWRP��7KH�

Q�ERQG� FRQQHFW� UHFRQVWUXFW�RQ� �V� DSSO�HG� IRU�

DQ�� PROHFXOH� KD��Q�� DQ�� UHPD�Q�Q�� D�D�ODEOH�

valence,� which� is� not� yet� connected� to� other�

DWRPV�� 7KH� PROHFXOH� dsgdb9nsd_000005� �V�

D� W�S�FDO� H[DPSOH� IRU� WK�V� FDVH� EHFDXVH� DIWHU�

applying�the�single�bond�connect�reconstruction,�

�WV� WRWDO� UHPD�Q�Q�� D�D�ODEOH� �DOHQFH� �V� ��� 7KH�

VWUXFWXUH� GDWD� RI� PROHFXOH� dsgdb9nsd_000005�



��

�������������������

�����������������

KWWSV���GR��RU�����������TQMV�����������

Quy�Nhon�University�Journal�of�Science,�����,�16���,������

DUH� O�VWHG� �Q� 7DEOH� ��� %RWK� DWRP� &� DQG� DWRP�

1� KD�H� WZR� UHPD�Q�Q�� XQFRQQHFWHG� ERQGV��

Especially,�atom�C�is�marked�as�a�leaf�due�to�its�

connection�to�atom�H,�which�has�zero�valence.

7KH��GHD�RI�VRO��Q��WKH�Q�ERQG�FRQQHFW�RQ�

�V� WR� O�QN� WKH� DWRPV� E�� HOHFWURQ� SD�U� ERQGV�

XQW�O� HDFK� DWRP� KDV� D� IXOO� RFWHW� EDVHG� RQ� WKH�

Lewis� structure� for� compounds.� While� there�

DUH� UHPD�Q�Q�� DWRPV� PDUNHG� DV� OHD�HV� Z�WK�

available� valence,� the� algorithm� will� add� as�

PDQ��ERQGV�DV�SRVV�EOH�EHWZHHQ�DWRPV�KD��Q��

DQ��D�D�ODEOH��DOHQFH��(�HU��DWRP��V�WDNHQ��QWR�

FRQV�GHUDW�RQ�RQH�E��RQH��8QW�O�DQ��RI�WKHP�KDV�

remaining� valences,� the� algorithm� will� mark�

ERWK� DWRPV� DV� OHD�HV��7KH� �UHHG�� DO�RU�WKP� �V�

DOVR�DSSO�HG�WR�PDNH�D�ORFDOO��RSW�PDO�FKR�FH�DW�

HDFK� VWD�H�� �I�DQ��DWRPV�VW�OO�KD�H�D�UHPD�Q�Q��

available�valence,�the�algorithm�will�check�each�

key� according� to� these� bonding� keys.� Then,�

WKH� ERQG�Z�OO�EH�DGGHG� WR�DV�PDQ��DV�SRVV�EOH�

EHWZHHQ�D�SD�U�RI�DWRPV� WKDW�KD�H�DQ�D�D�ODEOH�

valence.�With�the�greedy�algorithm,�it�is�possible�

WR�HQW�UHO��UHFRQVWUXFW�WKH�GRXEOH�ERQG�DQG�WU�SOH�

ERQG�RI�PROHFXOHV��

7DEOH� ��� The� XYZ� cartesian� coordinate� of� the�

PROHFXOH�dsgdb9nsd_000005.

�QGH[ DWRP [ � ]

� & ������� ������ ������

� 1 ������ ������� ������

� + ������� ������ ������

7R�EHWWHU�XQGHUVWDQG�KRZ�WKH��PSOHPHQWHG�

algorithm� works,� there� is� a� visualization�

RI� WKH� ERQG�Q�� VFKHPD� RI� WKH� PROHFXOH�

dsgdb9nsd_000005.�As�can�be�seen�from�Figure�8,�

WKH�ERQG�Q��EHWZHHQ�DWRP�&�DW� i=0��&>���� DQG�

DWRP� +� DW� i=2� �+>���� is� colored� black,� which�

PHDQV�WKH�V�Q�OH�ERQG��6�QFH�WKH�+>����V�PDUNHG�

as�a�leaf,�so�does�the�C[0].�Next,�the�algorithm�

VRO�HV� IRU� WKH�ERQG�Q��EHWZHHQ�&>���DQG�DWRP�

Q�WUR�HQ�DW�i=1��1>������IWHU�UXQQ�Q��WKH�Q�ERQG�

connect� greedy� reconstruction,� the� triple� bond�

EHWZHHQ�&>���DQG�1>����V�FRQVWUXFWHG�DV�WKH�UHG�

O�QH���OO�DWRPV��Q�WKH�PROHFXOH�KD�H�QR�D�D�ODEOH�

valence� left.�Hence,�the�double�bond�and�triple�

ERQG� UHFRQVWUXFW�RQ� DO�RU�WKP� �V� DVVXPSW��HO��

VXFFHVVIXO�

)LJ��H����)XOO��ERQG�Q��UHFRQVWUXFWHG�dsgdb9nsd_000005�

molecule.�The�black�line�presents�a�single�bond,�and�the�

UHG�O�QH�SUHVHQWV�WKH�WU�SOH�ERQG�

2.2.3.�Ionized�radical�search

�IWHr� successful� n-bond� reconstruction,� there�

DUH�VW�OO�PDQ��PROHFXOHV�Z�WKRXW�WKH�FRPSOHWHG�

ERQG�Q�� VWUXFWXUH� GXH� WR� WKH� �RQ�]DW�RQ�� 7KH�

SRVV�EOH� �RQ�]HG� �URXSV� ZK�FK� FDQ� EH� IRUPHG�

from� H,� C,� N,� F,� and� O� in� the� dataset� are�

&DUER[�OH� �&22��� DQG� �PPRQ�XP�O� �1+
�
����

7KH��GHD�RI�VHDUFK�Q���RQ�F�ERQGV��V� �Q�W�DOO��WR�

ORRN�IRU�FR�DOHQW�ERQGV�Z�WK�UHPD�Q�Q���DOHQFH�

RQ�VRPH�DWRPV�ZKHUH�WKHVH�FR�DOHQW�ERQGV�DUH�

processed� n-bond� connection.� For� example,�

to��nd� the� ionic�group�NH
�
�,� it� is�necessary� to�

VHDUFK� IRU� WKH�G�VFRQQHFWHG�1+
�
.�However,� for�

WKH� �RQ�F��URXS�&22�,�we�need� to��nd� the�CO�

�URXS�Z�WK�RQH�D�D�ODEOH�ERQG�FRQQHFWHG�WR�DQ�

2�DWRP��

7R�EHWWHU�XQGHUVWDQG�WKH�UDG�FDO��RQ�F�VHDUFK�

algorithm,� the� molecule� dsgdb9nsd_000271� �V�

WDNHQ��QWR�FRQV�GHUDW�RQ�EHFDXVH��W�KDV�ERWK��RQ�F�

�URXS�&22��DQG�1+
�
���Q��WV�VWUXFWXUH���IWHU�SUH�

processing,� the�molecule�dsgdb9nsd_000271� �V�

identi�ed�as�Alanine�with�WKH�FKHP�FDO�IRUPXOD�

&
�
+�

�
12

�
���IWHU�SURFHVV�Q��Z�WK�WKH��RQ�F�UDG�DO�
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search� algorithm,� the� structural� result� of� the�

PROHFXOH� dsgdb9nsd_000271� �V� ��VXDO�]HG� �Q�

)��XUH���

)LJ��H����)XOO��ERQG�Q��UHFRQVWUXFWHG�dsgdb9nsd_000271�

��
�
H
7
NO

�
)� PROHFXOH�� 7KH� EODFN� O�QH� SUHVHQWV� WKH�

single�bond,�the�green�line�presents�the�double�bond,�

DQG�WKH�UHG�O�QH�SUHVHQWV�WKH�WU�SOH�ERQG�

2.2.4.�Ring�search

Besides� reconstructing� the� bonding� schema,�

WKH� U�Q�� RI� DWRPV� �QV�GH� D� SDUW�FXODU� PROHFXOH�

VKRXOG�EH�FRQV�GHUHG��7KH�UHDVRQ�IRU��GHQW�I��Q��

WKH� FKHP�FDO� U�Q�� �V� WR� HDV�O�� G�VW�Q�X�VK� WKH�

correct�chemical�formula�of�a�speci�c�molecule.�

For� instance,� the� molecule� dsgdb9nsd_000017�

�V� RQH� RI� WKH� UHPDUNDEOH�PROHFXOHV� FRQWD�Q�Q��

D� U�Q���QV�GH��WVHOI��7KH�UHDVRQ�WK�V�PROHFXOH��V�

more�speci�c�than�the�other�is�that�the�chemical�

IRUPXOD� IRUPHG� IURP� �WV� DWRPV� FDQ� EH� WKUHH�

G�IIHUHQW�FRPSRXQGV��

7DEOH� ��� The� XYZ� cartesian� coordinate� of� the�

PROHFXOH�dsgdb9nsd_000017.

�QGH[ DWRP [ � ]

� & ������ ������ �����

� & ������ ������ �������

� 2 ������� ������� �����

� + ������� ������ ������

� + ������� ������ �������

� + ������ ������ �������

� + ������ ������ ������

7KH�DSSURDFK�RI�WKH�DO�RU�WKP�WR��GHQW�I��

WKH�U�Q��RI�D�SDUW�FXODU�PROHFXOH�DQG��WV�RUGHU��V�

WR�DSSO��WKH�QHWZRUN��UDSK�WR�VHDUFK�IRU�D�F�FOH�

�UDSK�� 7KH� P�Q�PXP� F�FOH� EDV�F� DO�RU�WKP�

VXSSRUWV� WK�V� DSSURDFK� V�QFH� VHDUFK�Q�� IRU� WKH�

chemical�ring�is�equivalent�to��nding�the�minimal�

F�FOH� EDV�F� �Q� D� �UDSK� ZKHUH� WKH� �UDSK� �V� WKH�

ERQG�Q��VWUXFWXUH�� �W� �V� D�F�FOH�EDV�F� IRU�ZK�FK�

the�total�weight,�in�other�words,�the�length�for�an�

unweighted�graph,�of�all�the�cycles�is�minimum.�

7KH��UDSK��V�VSO�W��QWR�FRQQHFWHG�VXE�UDSKV��7KH�

�GHD�EHK�QG�WKH�P�Q�PXP�F�FOH�EDV�F�DO�RU�WKP�

�V� WR� XVH� DQ� DOO�SD�UV� VKRUWHVW� SDWKV� ��363��

algorithm� as� a� subroutine.� Then,� Dijkstra’s�

DO�RU�WKP��V�XVHG�IRU��363�FRPSXWDW�RQ���Q�RWKHU�

words,�the�graph�of�the�bonding�structure�will�be�

analyzed�to��nd�the�shortest�ring�in�a�PROHFXOH�

)LJ��H������)XOO��ERQG�Q��UHFRQVWUXFWHG�dsgdb9nsd_000017�

PROHFXOH��&
�
+

�
O).�The�ring�is�between�C,�O,�and�C.

���RESULTS�AND�DISCUSSION

�����5HV�OWV

�IWHU�ZH�DSSO�� WKH�.11�.'� WUHH�DO�RU�WKP� �Q�

the�construction�of�molecular�structures,�we�get�

������XQ�TXH�PROHFXOHV�EX�OW� IURP� WKH� WHVW� VHW�

DQG�������XQ�TXH�PROHFXOHV�EX�OW�IURP�WKH�WUD�Q�

set.�After� constructing� the� bonding� type,� there�

DUH����ERQG�Q��W�SHV��
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7KH�QXPEHU�RI�EX�OW�PROHFXOHV��V�HTXDO�WR�

the�initial�number�of�molecules�in�the�dataset,�

ZK�FK�PHDQV��W��V�O�NHO��WKDW�WKHUH��V�QR�ID�OXUH�

in�the�reconstruction�algorithm.�However,�there�

�V� D� K��K� SRVV�E�O�W�� WKDW� VRPH� PROHFXOHV� DUH�

QRW�FRUUHFWO��KDQGOHG�DFFRUG�Q��WR�WKH�RUGHU�RI�

DWRPV�RU� WKH�ERQG�Q��W�SHV��7KDW��V�ZK��WKHUH�

VKRXOG� EH� D� SURSHU� H�DOXDW�RQ� WR� GHWHUP�QH�

WKH� VXFFHVV� UDWH� RI� WKH� ERQGV� UHFRQVWUXFW�RQ�

DO�RU�WKP�

7R�H�DOXDWH�WKH�VXFFHVV�UDWH�RI�RXU�.11�

KD� tree� algorithm,� we� propose� to� compare�

WKH� RXWSXW� UHVXOWV� WR� WKH� UHVXOW� FRPSXWHG� E��

OpenBabel,� which� is� a� chemical� toolbox�

designed� to� search,� analyze,� convert,� or� store�

data�from�molecule�modeling,�chemistry,�solid-

state�materials,�biochemistry,�or�related�areas.���

Besides�that,�we�conduct�another�baseline�to�test�

WKH� DFFXUDF�� RI� WKH� .11�.'� WUHH� DO�RU�WKP��

7KH� VHFRQG�H�DOXDW�RQ� �V� WR� FDOFXODWH� WKH�ERQG�

W�SH� FRQV�VWHQF�� EDVHG� RQ� WKH� G�VWU�EXW�RQ� RI�

ERQG�OHQ�WK�

3.1.1.�Evaluate�by� pairwise� comparison�versus�

OpenBabel

7KH�SD�UZ�VH�FRPSDU�VRQ��V�DSSO�HG�WR�H�DOXDWH�

WKH� FDOFXODWHG� ERQG�Q�� W�SH� UHODWHG� WR� WKH�

ERQG�Q�� G�VWDQFH� EHWZHHQ� WZR� DWRPV� DQG�

whether�they�are�signi�cantly�different�from�one�

DQRWKHU����SD�UZ�VH�FRPSDU�VRQ�WU�DO� �QFOXGHG�D�

SD�U�RI�VFDODU�FRXSO�Q��Z�WK��WV�ERQG�Q��W�SH�DQG�

WKH�ERQG�Q��G�VWDQFH�EHWZHHQ�DWRPV��:H�GHU��H�

UHVXOWV� IURP� WKH� 2SHQ%DEHO� WRROER[� Z�WK� WKH�

&+�036�GDWDVHW�DQG�FRPSDUH�WKHP�Z�WK�UHVXOWV�

FRPSXWHG�E��RXU�.11�.'�WUHH�DO�RU�WKP���Q��

pair�having�a�different�bond�type�or�a�signi�cant�

G�IIHUHQFH� �Q� WKH� G�VWDQFH� �DOXH� EHWZHHQ� WZR�

atoms�is�set�as�an�error,�which�is�considered�to�

EH�ODU�HU�WKDQ�������

7DEOH���VKRZV�WKDW�WKHUH�DUH�������VFDODU�

FRXSO�Q��REVHU�DW�RQV�RI������XQ�TXH�PROHFXOHV�

marked� as� the� error,� which� accounts� for� 2.4%�

RI�WRWDO�SURFHVVHG�PROHFXOHV��Q�WKH�WUD�Q�VHW���W�

the� same� time,� there�are�17692�scalar�coupling�

observations�of�1150�unique�molecules��agged�

as�the�error,�which�occupies�around�2.5%�of�total�

SURFHVVHG�PROHFXOHV��Q�WKH�WHVW�VHW��

7DEOH����7KH�FRPSDU�VRQ�WDEOH�EHWZHHQ�RXU�PHWKRG�

DQG�2SHQ%DEHO�

'DWDVHW 7HVW�VHW 7UD�Q�VHW

8Q�TXH�PROHFXOH ����� �����

�QFRQV�VWHQW�XQ�TXH�
PROHFXOH

���� ����

8QFRQV�VWHQF��SHUFHQWD�H ���� ����

3.1.2.� (valuate� by� bond� type� consistency��

distribution

(DFK� ERQG�Q�� SD�U� �V� �URXSHG� E�� �WV� G�IIHUHQW�

ERQG�Q�� �DOHQFH� IRU� ERWK� WKH� WUD�Q� DQG� WHVW�

datasets.� So,� it� is� more� understandable� to�

DQDO�]H� WKH� G�VWU�EXW�RQ� RI� ERQG�Q�� W�SHV� R�HU�

WKH�G�VWDQFH�EHWZHHQ�DWRPV��7KH�FRPSXWDW�RQ�RI�

ERQG�W�SH�FRQV�VWHQF��EDVHG�RQ�WKH�ERQG�OHQ�WK�

�V�DSSO�HG��(DFK�ERQG�Q��SD�U� �V��URXSHG�E���WV�

G�IIHUHQW�ERQG�Q���DOHQFH�IRU�ERWK�WKH�WUD�Q�DQG�

test� datasets.� So,� it� is� more� understandable� to�

DQDO�]H� WKH� G�VWU�EXW�RQ� RI� ERQG�Q�� W�SHV� R�HU�

WKH�G�VWDQFH�EHWZHHQ�DWRPV�

As� can� be� seen� from� Figure� 14,� the�

WUD�Q� DQG� WHVW� VHW� PDWFK� ZHOO� IRU� WKH� UHODW��H�

G�VWU�EXW�RQ� RI� ERQG� OHQ�WK�� 7KH� WUD�Q� DQG� WHVW�

VKRXOG� EH� WKH� VDPH� IRU� WKH� SUHG�FW�RQ� RI� WKH�

VFDODU�FRXSO�Q��FRQVWDQW��7KH�QXPEHU�RI�ERQGV�

also� builds� the� distributions,� which� peak� at� a�

G�IIHUHQW�ERQG�G�VWDQFH��7K�V� �V� FRQV�VWHQW�Z�WK�

the�expected�behavior� that� the�more�bonds,�the�

IXUWKHU�G�VWDQFH�EHWZHHQ�WZR�DWRPV�
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7DEOH����7KH�VXFFHVVIXO� UDWH�RI�ERQG� UHFRQVWUXFW�RQ�

DFFRUG�Q��WR�FRXSO�Q��W�SHV

'DWDVHW
&RXSO�Q��

W�SH
5XQQ�Q��
W�PH

6XFFHVVIXO�
UDWH

7UD�Q�VHW

1JHC ���V �������

1JHN ���V �������

2JHC ���V ������

2JHH ���V �������

2JHN ���V ������

3JHC ���V ������

3JHH ���V ������

3JHN ���V ������

7HVW�VHW

1JHC ���V �������

1JHN ���V �������

2JHC ���V ������

2JHH ���V �������

2JHN ���V ������

3JHC ���V ������

3JHH ���V ������

3JHN ���V ������

The�distribution�of�the�1.0�CC,�2.0�CC,�

DQG�����&&��V�D�SHUIHFW�H[DPSOH�RI��HU��ZHOO�

VHSDUDWHG� G�VWU�EXW�RQV�� �GG�Q�� WKH� &22��

KDQGO�Q���PSUR�HG�D�ORW�RI�WK�Q�V�E��VHSDUDW�Q��

WKH�SUH��RXV�����&2�E�PRGDO�G�VWU�EXW�RQ��QWR�

two�well-de�ned� peaks,� one� for� 1.5� CO� and�

the� second� for� 1.0� CO.� Consequently,� some�

other�bimodal�distributions�like�1.0�CN,�which�

decreased�in�6.5%�of�bonds,�can�be�expected�to�

EH�UHVRO�HG�WKH�VDPH�ZD���I�QHHGHG��%DVHG�RQ�

the�calculated�distribution,�the�running�time�of�

the�implemented�algorithm,� together�with�the�

success�rate,�can�be�derived�in�Table�5.

)LJ��H�����7KH�G�D�UDP�RI�ERQG�OHQ�WK�E��DWRP�SD�U�DQG�QXPEHU�RI�ERQGV��7KH�O�QH��OOXVWUDWHV�WKH�G�VWU�EXW�RQ�RI�
HDFK�ERQG�W�SH��Q�WKH�WUD�Q�WHVW�VHW�
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������LVF�VVLRQ

2XU� UHVXOWV�FDQ�EH� �PSUR�HG�E��DSSO��Q��RWKHU�

V�VWHPV�� 7KH� �Q�W�DO� DO�RU�WKP� FDOFXODWHV� WKH�

distance� between� atoms� based� on� the� XYZ�

cartesian� system.� However,� according� to� some�

research,� this� representation�is�not� stable.�Each�

FRXSO�Q�� SD�U� �V� ORFDWHG� DW� D� G�IIHUHQW� SR�QW� �Q�

space,� and� two� similar� coupling� sets� would�

have� signi�cantly�different�XYZ�positions.�So,�

instead� of�using�coordinates,� another� system� is�

considered.� In� this� system,� initially,� each� pair�

of� atoms� is� taken� as� two� �rst� core� atoms.�The�

G�VWDQFH� RI� WKH�FHQWHU�EHWZHHQ�HDFK�SD�U�QHHGV�

to� be� calculated.� Then,� all� n-nearest� atoms� to�

the� center,� which� exclude� the� �rst� two� atoms,�

DUH� UHTX�UHG�� �Q�� WZR� FORVHVW� DWRPV� EHFRPH�

the�third�and�the�fourth�core�atoms.�Finally,�the�

G�VWDQFHV�IURP�IRXU�FRUH�DWRPV�WR�WKH�UHVW�RI�WKH�

DWRPV� DQG� WR� WKH� FRUH� DWRPV� DUH� FDOFXODWHG� DV�

well.�By� using� this� representation,�each� atom's�

SRV�W�RQ�FDQ�EH�GHVFU�EHG�E��IRXU�G�VWDQFHV�IURP�

WKH� FRUH�DWRPV��7K�V� UHSUHVHQWDW�RQ� �V�QRW�RQO��

VWDEOH�IRU�URWDW�RQ�DQG�WUDQV�W�RQ�EXW�DOVR�VX�WDEOH�

for�pattern-matching.�So,�by� taking�a� sequence�

RI�DWRPV�WR�HWKHU�Z�WK�GHVFU�E�Q��HDFK�E��IRXU�

G�VWDQFHV�DQG�DWRP�W�SH�DQG�ORRN�Q��XS�IRU�WKH�

same�pattern,�we�can��nd�similar�con�gurations�

DQG�GHWHFW�WKH�VFDODU�FRXSO�Q��FRQVWDQW�

���CONCLUSION

7K�V� UHVHDUFK� RI� DQDO�]�Q�� DQG� ��VXDO�]�Q�� WKH�

PROHFXODU�SURSHUW�HV�EDVHG�RQ�WKH�.11�.'�WUHH�

algorithm� has� con�rmed� that� our� method� can�

VXFFHVVIXOO��FRQVWUXFW�WKH�VWUXFWXUH�RI�PROHFXOHV�

Z�WK�D�FRPSDUDEOH�UHVXOW�WR�UXOH�EDVHG�PHWKRGV��

The� �ndings� also� revealed� that� taking� some�

DGG�W�RQDO� GDWDVHWV� �QWR� DFFRXQW� FDQ� �PSUR�H�

WKH� VXFFHVV� UDWH� RI� FRQVWUXFW�Q�� WKH� �PROHFXODU�

structures,�such�as�dipole�interactions,�magnetic�

shielding,� and� potential� energy,� Mulliken�

FKDU�HV������� With� the� benchmark� studies,� the�

DG�DQWD�HV� DQG� G�VDG�DQWD�HV� RI� VRPH� GDWD�

structures,� which� are� also� used� for� distance�

calculation,� are� presented.�With� our� KNN-KD�

WUHH�DO�RU�WKP� �Q� WKH�FRQVWUXFW�RQ�RI�PROHFXODU�

structures,�utilizing�models�to�predict�the�scalar�

FRXSO�Q�� FRQVWDQWV� KDV� EHFRPH� PXFK� PRUH�

VWUD��KWIRUZDUG�DQG�FRUUHFW��7KHVH�IDFWV�PRW��DWH�

XV� WR� FRQGXFW� DQG� �Q�HVW��DWH� WKH� UHODW�RQVK�S�

EHWZHHQ� DWRPV� �Q� D� SDUW�FXODU� PROHFXOH� �Q� WKH�

IXWXUH�IXUWKHU��

In� conclusion,� this� research� makes�

WKH� IROORZ�Q�� FRQWU�EXW�RQV�� ��� SURSRV�Q��

D� �HRPHWU�F�EDVHG� DSSUR[�PDWHG� PDFK�QH�

learning� model,� namely� the� KNN-KD� tree� in�

WKH� FRQVWUXFW�RQ� RI� PROHFXODU� VWUXFWXUHV� RQO��

with� XYZ� coordinates� of� atoms� for� training�

WKH� PRGHO�� 8QO�NH� RWKHU� GDWD� VWUXFWXUHV� IRU�

distance� calculation,� our� method� reduces� the�

pre-processing� time,� single� query� time� and�

FRPSXWDW�RQDO� UHVRXUFHV� �Q� �DU�RXV� HVVHQW�DO�

chemistry��elds�such�as�biomedical�engineering,�

drug� discovery,� and� vaccine� exploration.� 2)�

��VXDO�]�Q��WKH�PROHFXODU�VWUXFWXUH�EDVHG�RQ�WKH�

bonding�schema,�which�was�built�by�our�KNN-

KD�tree�algorithm,�to�give�a�better�understanding�

and� representational� �gures.� 3)� leveraging�

the� force� �eld� method� in� molecular� modeling�

EHFDXVH��W�FDQ�EH�H[WHQGHG�WR�HVW�PDWH�WKH�IRUFHV�

DQG�SRWHQW�DO�HQHU���RI�D�V�VWHP�RI�DWRPV�

2XU�IXWXUH�ZRUNV�FRQFHUQ�D�PRUH��Q�GHSWK�

DQDO�V�V� RI� SDUW�FXODU� PHFKDQ�VPV� DQG� QHZ�

SURSRVDOV�WR�WU��G�IIHUHQW�PHWKRGV���OWKRX�K�WKH�

results�of�the�proposed�algorithm�are�reasonable,�

WKHUH� �V� VW�OO� URRP� IRU� �PSUR�HPHQW��7KHUH� DUH�

VRPH� IHDWXUHV� DQG� VRPH� DGG�W�RQDO� GDWDVHWV�

WKDW� DUH� QRW� DFFRXQWHG� IRU� WKDW� O�NHO�� KD�H� D�

signi�cant�effect�on�each�different�bonding�type.�

The� algorithm� may� take� dipole� interactions,�

magnetic� shielding,� potential� energy,� and�

0XOO�NHQ� FKDU�HV� �QWR� DFFRXQW� WR� �PSUR�H� WKH�

DFFXUDF��
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