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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.
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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�
DOJRULWKP�WR�SURFHVV�D�UDZ�ODEHOHG�GDWDVHW�RI�WKH�PROHFXODU�SURSHUWLHV�E\�FRPELQLQJ�WKH�DGYDQWDJHV�RI�WKH�.11�

DQG�.�'�WUHH�

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

WKH�ZLGHVSUHDG�LVVXHV�ZKHUH�YDULRXV�DSSURDFKHV�

DUH�DSSOLHG�XVLQJ�WUDGLWLRQDO�FKHPLVWU\�IRUPXODH�

or� mathematic� computations.� However,� the�
GDWDVHWV� FROOHFWHG� LQ� H[SHULPHQWV� DUH� QRLV\�

DQG� LQFRPSOHWH� IRU� UHFRQVWUXFWLQJ� PROHFXODU�

structures.�In�this�article,�a�raw�chemical�dataset�
RI�&KHPLVWU\�DQG�0DWKHPDWLFV� LQ�3KDVH�6SDFH�

�&+$036��� LV� XVHG� WR� SURYH� WKH� SHUIRUPDQFH�

RI� WKH� JHRPHWULF�EDVHG� DSSUR[LPDWHG� PDFKLQH�

learning� model,� namely� the� K-Dimension� tree�
�.�'� WUHH�� LQ� WKH� FRQVWUXFWLRQ� 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,�
WKLV� PHWKRG� FDQ� UHGXFH� WKH� FRPSXWLQJ� WLPH�

ZLWK� FRPSDUDEO\� KLJK� DFFXUDF\� WR� UXOH�EDVHG�

PHWKRGV�

�����&RQVWUXFWLRQ�RI�PROHFXODU�VWUXFWXUHV�

7KH� FRQVWUXFWLRQ� RI� PROHFXODU� VWUXFWXUHV� LV�

D� W\SLFDO� LVVXH� LQ� FKHPLVWU\� VLQFH� LW� LPSDFWV�

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�LPSURYH�WKH�H[SORUDWLRQ�RI�WKH�

PROHFXODU�VWUXFWXUHV�WR�GHDO�ZLWK�WKH�VKRUWDJH�RI�

LQIRUPDWLRQ�
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9DULRXV� DSSURDFKHV� WR� FRQVWUXFWLQJ� WKH�

PROHFXODU� VWUXFWXUHV� DUH� DSSOLHG� ZLWK�PDFKLQH�

OHDUQLQJ�3,4� However,� the� complexity� of�
FRQVWUXFWLQJ� WKH� PROHFXODU� VWUXFWXUHV� LQFUHDVH�

signi¿cantly� once� the� bonding� schema� is�
LQYROYHG��� 2QH� RI� WKH� VWDWH�RI�WKH�DUW� PHWKRGV�

ZKLFK�DFKLHYH�KLJK�DFFXUDF\�RQ� WKH�&+$036�

dataset�is�a�hybrid�approach,�namely�soft�graph�
WUDQVIRUPHU� E\� %RVFK� &RUSRUDWH� 5HVHDUFK� DQG�

%RVFK� &HQWHU� IRU� $,��� 7KLV� PRGHO� SURFHVVHV�

the�entire�molecule�one�by�one,�simultaneously�
SUHGLFWLQJ� HDFK� RI� WKH� VFDODU� FRXSOLQJV� LQ� WKH�

PROHFXOH�� ,QVWHDG� RI� XVLQJ� D� WUDGLWLRQDO� JUDSK�

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� JUDSK� WUDQVIRUPHU��

'LVWDQFH�PHDVXUHPHQW�EHWZHHQ�DOO�WKH�QRGHV�LQ�

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� GLVWDQFHV� XVH� WKH� PLQLPXP�

GLVWDQFH�IURP�WKH�DWRP�WR�WKH�WZR�DWRPV�LQ�WKH�

bond,�with�similar�extensions�for�triplets�quads.�
6RPH� RWKHU� PHWKRGV� DSSO\� WKH� %LGLUHFWLRQDO�

(QFRGHU� 5HSUHVHQWDWLRQV� IURP� 7UDQVIRUPHUV�

�%(57��WUDLQLQJ�WR�H[WUDFW�RQO\�UDZ�FRRUGLQDWHV�

instead� of� distance,� translational� and� rotational�
invariances,�such�as�MTM�,�Mol-BERT,��%(57�
of�Xin-Yu�et�al.�

0RVW�RWKHU�VWXGLHV�RQ�PROHFXODU�VWUXFWXUHV�

EDVHG� RQ� WKH�&+$03�GDWDVHW�KDYH� IRFXVHG�RQ�

SUHGLFWLQJ� WKH� VFDODU�FRXSOLQJ�FRQVWDQW�ZLWKRXW�

KDYLQJ� D� SURSHU� ZD\� WR� SURFHVV� DQG� FODVVLI\�

the� bond� information.� Hence,� the� success� rate�
RI� ERQG� UHFRQVWUXFWLRQ� LV� QRW� JRRG� HQRXJK�

for� further� steps.� Moreover,� the� running� time�
RI� H[WUDFWLQJ� LQIRUPDWLRQ� IURP� FRRUGLQDWH�

¿les� is� time-consuming� due� to� the� enormous-
size� dataset.� Also,� some� approaches� applying�
PXOWLSURFHVVLQJ� PD\� \LHOG� LQFRUUHFW� GDWD�� )RU�

the�above�reasons,�a�high�perceQWDJH�RI�PROHFXOH�

structures� are� not� constructed� correctly,� which�
OHDGV� WR� WKH� IDFW� WKDW� YDULRXV� PRGHOV� FDQQRW�

LPSURYH� WKH� DFFXUDF\� LQ� SUHGLFWLQJ� WKH� VFDODU�

coupling� constants.� Consequently,� there� is� a�
QHHG� WR�FUHDWH�DQ�HDVLO\�FXVWRPHG�DOJRULWKP� WR�

LPSURYH� WKH�VXFFHVV�UDWH�RI�WKH�FRQVWUXFWLRQ�RI�

PROHFXODU�VWUXFWXUHV�

�����K-Nearest�neighbors�algorithm�

.�1HDUHVW� 1HLJKERUV� �.11�� DOJRULWKP� LV�

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� WUDLQLQJ� VDPSOHV�

closest� to� the� sample� to� be� classi¿ed� as� the� k�
QHDUHVW�QHLJKERUV�RI�x��,I� WKH�VDPSOH�EHORQJLQJ�

WR�D� SDUWLFXODU� FODVV�RI� WKH� k� QHDUHVW� QHLJKERUV�
is� the�majority,� the� representative�classi¿cation�
VDPSOH�x�is�classi¿ed�into�the�category.�

�����K-D�tree�algorithm�

.�'LPHQVLRQ� WUHH� �.�'� WUHH�� LV� D� ELQDU\�

WUHH� VWUXFWXUH� WKDW� UHFXUVLYHO\� SDUWLWLRQV� WKH�

parameter�space�along�the�data�axes,�splitting�it�
LQWR�QHVWHG�RUWKRWURSLF� UHJLRQV� LQWR�ZKLFK�GDWD�

points� are�¿led.���.�'� WUHH� LV� D� SDUWLFXODU� FDVH�
of�binary�space�partition� trees.� In�detail,� it� is� a�
VSDFH� SDUWLWLRQLQJ�GDWD� VWUXFWXUH� IRU�RUJDQL]LQJ�

SRLQWV� LQ� D� .�'LPHQVLRQDO� VSDFH�� $� QRQ�OHDI�

QRGH�LQ�WKH�.�'�WUHH�GLYLGHV�WKH�VSDFH�LQWR�WZR�

parts,� called�half-spaces.�Each�subspace�can�be�
UHFXUVLYHO\� GLYLGHG� LQ� WKH� VDPH� ZD\�� 7KH� OHIW�

VXEWUHH�RI�WKDW�QRGH�UHSUHVHQWV�SRLQWV�WR�WKH�OHIW�

of� this� space,� and� the� right� subtree� represents�
SRLQWV�WR� WKH� ULJKW�RI� WKH�VSDFH��&RQVWUXFWLQJ�D�

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

SDUWLWLRQ�RI�WKH�.�'LPHQVLRQDO�VSDFH�IRUPHG�E\�

WKH�.�'LPHQVLRQDO�GDWDVHW�

.�'� WUHHV� DUH� KHOSIXO� LQ� UDQJH� VHDUFKHV�

DQG� QHDUHVW� QHLJKERU� VHDUFKHV�� � 7KH\� DUH� WKH�

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

PRGHUDWH� QXPEHUV� RI� GLPHQVLRQV� XS� WR� ���

GLPHQVLRQV���� In�general,� structures� of� the�K-D�
WUHH� DWWHPSW� WR� UHGXFH� WKH� UHTXLUHG� QXPEHU� RI�

distance� calculations� by� ef¿ciently� encoding�
DJJUHJDWH� GLVWDQFH� LQIRUPDWLRQ� IRU� WKH� VDPSOH��
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7KH�FRQVWUXFWLRQ�RI�D�.�'�WUHH� LV�VSHHG\�VLQFH�

SDUWLWLRQLQJ� LV� FRQGXFWHG� RQO\� DORQJ� WKH� GDWD�

axes.�Once�built,�the�nearest�neighbor�of�a�query�
SRLQW� FDQ� EH� GHWHUPLQHG� ZLWK� RQO\� GLVWDQFH�

computation.�Nevertheless,�the�K-D�tree�method�
LV� KLJK�VSHHG� IRU� ORZ�GLPHQVLRQDO� QHLJKERU�

VHDUFKHV�� ,W� EHFRPHV� LQHIIHFWLYH� DV� LW� JURZV�

WUHPHQGRXV��7KH�SULPDU\�UHDVRQ�LV�WKDW�WKH�UDWLR�

RI�WKH�YROXPH�RI�D�XQLW�VSKHUH�LQ�.�GLPHQVLRQV�

IDOOV� H[SRQHQWLDOO\� FRPSDUHG� WR� D� XQLW� FXEH� LQ�

K-dimensions.�Thus�at�an�exponential�rate,�many�
FHOOV� KDYH� WR� EH� VHDUFKHG� ZLWKLQ� D� SDUWLFXODU�

radius�of�a�query�point,�say�for�a�nearest-neighbor�
search.� Additionally,� the� number� of� neighbors�
IRU� DQ\� FHOO� JURZV� XS� DQG� HYHQWXDOO\� EHFRPHV�

LQVXUPRXQWDEOH����

�����,PSURYHG� QHLJKERU� VHDUFK� DOJRULWKP�

using� a�K-D� tree� to� ¿nd� multiple� k� nearest�
neighbors�(KNN-KD�tree)

However,� the� nearest� neighbor� searching�
DOJRULWKP�DSSOLHG�ZLWK�WKH�RULJLQDO�.�'�WUHH�FDQ�

only�¿nd�one�nearest�neighbor.�Consequently,�it�
LV�QHFHVVDU\�WR�DGDSW�WKH�RULJLQDO�DOJRULWKP�WR�EH�

more�ef¿cient� for�searching� the�molecular�data�
FDOOHG�.11�DSSOLHG�ZLWK� WKH�.�'� WUHH� �.11�

.'�WUHH��13,14�,W�FDQ�GLVFRYHU�PXOWLSOH�.�QHDUHVW�

QHLJKERUV�RI�D�JLYHQ�TXHU\�SRLQW�LQVWHDG�RI�MXVW�

¿nding�one�nearest�neighbor.�A�bounded�priority�
TXHXH�WKDW�VWRUHV�WKH�OLVW�RI�.�QHDUHVW�QHLJKERUV�

WRJHWKHU�ZLWK� WKHLU�GLVWDQFHV� WR�WKH�TXHU\�SRLQW�

LV�DSSOLHG�LQ�WKH�DGDSWHG�DOJRULWKP��7KH�KLJKHU�

the� priority� value� of� the� point� is,� the� longer�
WKH� GLVWDQFH� IURP� WKDW�SRLQW� WR� WKH� TXHU\�SRLQW�

becomes.�A�¿xed� upper� bound� of� the� bounded�
priority� queue� must� be� de¿ned,� which� is� the�
QXPEHU�RI�QHDUHVW�QHLJKERUV��7KH�ERXQG�LV�XVHG�

to�prune�tree�searches,�so�if�a�series�of�K-nearest�
neighbor�queries�are�required,�it�may�help�supply�
WKH�GLVWDQFH�WR�WKH�QHDUHVW�QHLJKERU�RI�WKH�PRVW�

UHFHQW�SRLQW��:KHQHYHU�D�QHZ�SRLQW�LV�DGGHG�WR�

the�queue,�if� the�queue� is�at�capacity,� the�point�
ZLWK� WKH� ORQJHVW� GLVWDQFH� WR� WKH� TXHU\� SRLQW� LV�

HMHFWHG�IURP�WKH�TXHXH���

)LJXUH����%RXQGHG�SULRULW\�TXHXH�IRU�.11�

For�example,�)LJXUH��D�VKRZV�WKH�QHDUHVW�
QHLJKERU�SULRULW\�TXHXH�ZLWK�WKH�XSSHU�ERXQGHG�

size�of�¿ve�and�holds�¿ve�points,�from�A�to�E.�
6XSSRVH�WKDW�WKH�QH[W�QHDUHVW�QHLJKERU�SRLQW�WR�

EH�LQVHUWHG�LQWR�WKH�SULRULW\�TXHXH�LV�WKH�SRLQW�)�

ZLWK�WKH�SULRULW\�RI������%HFDXVH�WKH�PD[LPXP�

size� of� the� priority� queue� is� ¿ve,� point� F� is�
inserted�into�the�priority�queue.�However,�point�
(�ZLWK�WKH�ORQJHVW�GLVWDQFH�WR�WKH�TXHU\�SRLQW�T�LV�

HOLPLQDWHG��)LJXUH��E�VKRZV�WKH�UHVXOWLQJ�SULRULW\�

TXHXH� DIWHU� SRLQW� )� LV� LQVHUWHG�� 2Q� WKH� RWKHU�

hand,�suppose�that�the�next�nearest�neighbor�to�
EH�LQVHUWHG�LQWR�WKH�SULRULW\�TXHXH�LV�SRLQW�*�ZLWK�

D�GLVWDQFH�RI������%HFDXVH�WKH�GLVWDQFH�YDOXH�RI�

*�LV�JUHDWHU�WKDQ�WKH�PD[LPXP�SULRULW\�HOHPHQW�

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

In�conclusion,�there�are�two�improvements�
LQ� WKH� .11�.'� WUHH� DOJRULWKP� IURP� WKH�

WUDGLWLRQDO� .�'� WUHH� WR� LPSURYH� VHDUFK�

ef¿ciency.�The� ¿rst� improvement� is� that�when�
GHWHUPLQLQJ�ZKHWKHU�WR�ORRN�RQ�WKH�RSSRVLWH�VLGH�

of�the�splitting�hyperplane,�the�algorithm�applies�
WKH� GLVWDQFH� IURP� WKH� SRLQW� ZLWK� WKH� ORQJHVW�

GLVWDQFH� LQ� WKH�QHDUHVW� QHLJKERU� SULRULW\�TXHXH�

DV�WKH�UDGLXV�RI�WKH�FDQGLGDWH�K\SHUVSKHUH����7KH�

VHFRQG� LPSURYHPHQW� LV�WKDW� LW� UHGXFHV�WKH� WLPH�

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

���'$7$6(7�$1'�5(6($5&+�0(7+2'

�����'DWDVHW

%HFDXVH� WKH� WUDLQLQJ� DQG� WHVW� VSOLWV� DUH� E\�

molecule,�no�molecule� in�the�training�data�will�
EH� IRXQG� LQ� WKH� WHVW� GDWD��7KH� GDWDVHW� FRQWDLQV�

these�¿les�as�follows.

l�WUDLQ�FVY�7KH�WUDLQLQJ�GDWDVHW�FRQWDLQHG�

4,658,147�scalar�coupling�observations�of�85,003�
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unique�molecules.�The�¿rst�column�(molecule_
name��LV�WKH�PROHFXOH
V�QDPH�ZKHUH�WKH�FRXSOLQJ�

FRQVWDQW�RULJLQDWHV��7KH�VHFRQG��atom_index_0��
DQG� WKH� WKLUG� FROXPQ� �atom_index_1�� DUH� WKH�
atom� indices� of� the� atom� pair,� creating� the�
FRXSOLQJ��7KH�IRXUWK�FROXPQ��scalar_coupling_
constant��LV�WKH�VFDODU�FRXSOLQJ�FRQVWDQW�QHHGHG�
IRU� SUHGLFWLQJ��$OO� RI� WKH� PROHFXOHV� FRQWDLQHG�

¿ve�types�of�atoms:�carbon� (C),�hydrogen� (H),�
nitrogen�(N),�Àuorine�(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�
Àuorine�coupling�is�not�presented�in�the�dataset.

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

LQIRUPDWLRQ�DV�WKH�WUDLQ�VHW�EXW�ZLWKRXW�WKH�WDUJHW�

variable,� namely� the� scalar� coupling� constant.�
%HFDXVH� VFDODU� FRXSOLQJ� FRQVWDQW� FRQWDLQV�

LQIRUPDWLRQ� DERXW� UHODWLYH� ERQG� GLVWDQFHV� DQG�

angles,�which�are�informative�in�determining�the�
connectivity�between�atoms�in�a�molecule,�scalar�
FRXSOLQJ� FRQVWDQW� LV� QRW� DYDLODEOH� LQ� WKH� WHVW�

GDWDVHW�WR�HYDOXDWH�ZKHWKHU�WKH�PRGHO� LV�UREXVW�

WR� LW���� The� test� dataset� contained� 2,505,542�
scalar� coupling� observations� of� 45,772� unique�
PROHFXOHV�

l� VWUXFWXUHV�FVY� FRQWDLQV� WKH� PROHFXODU�

structure� XYZ� information,� where� the� ¿rst�
FROXPQ��molecule_name)�is�the�molecule's�name,�
IROORZHG�E\�WKH�LQGH[�RI�WKH�DWRP�(atom_index)��
7KH�IROORZLQJ�FROXPQ��atom��FRQWDLQV�WKH�DWRPLF�

element�symbols�such�as�H�for�hydrogen,�C�for�
carbon,�N�for�Nitrogen.�The�remaining�columns�
LQFOXGH�WKH�X,�Y,�DQG�Z�FDUWHVLDQ�FRRUGLQDWHV�

l� GLSROHBPRPHQWV�FVY� FRQWDLQV� WKH�

PROHFXODU� HOHFWULF� GLSROH� PRPHQWV�� 7KHVH� DUH�

WKUHH�GLPHQVLRQDO� YHFWRUV� WKDW� LQGLFDWH� 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�GLSROH�PRPHQW�

l�PDJQHWLFBVKLHOGLQJBWHQVRUV�FVY�FRQWDLQV�

WKH�PDJQHWLF�VKLHOGLQJ�WHQVRUV�IRU�DWRPV�LQ�WKH�

molecules.�The�¿rst�column�(molecule_name��LV�

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�PDWUL[�UHVSHFWLYHO\�

l�VFDODUBFRXSOLQJBFRQWULEXWLRQV�FVY�7KH�

VFDODU� FRXSOLQJ� FRQVWDQWV� LQ� WKH� WUDLQ� VHW� �RU�

corresponding� ¿les)� are� a� sum� of� four� terms.�
scalar_coupling_contributions.csv� FRQWDLQV� DOO�
these� terms.�The�¿rst�column�(molecule_name��
LV�WKH�QDPH�RI�WKH�PROHFXOH��7KH�VHFRQG��atom_
index_0�� DQG� WKLUG� FROXPQ� �atom_index_1�� DUH�
WKH� DWRP� LQGLFHV� RI� WKH� DWRP� SDLU�� 7KH� IRXUWK�

column� shows� the� type� of� coupling.� The� ¿fth�
FROXPQ� �fc�� LV� WKH� )HUPL�&RQWDFW� FRQWULEXWLRQ��

7KH� VL[WK� FROXPQ� �sd�� LV� WKH� 6SLQ�GLSRODU�

FRQWULEXWLRQ�� 7KH� VHYHQWK� FROXPQ� �pso�� LV� WKH�
3DUDPDJQHWLF� VSLQ�RUELt� contribution.� Finally,�
WKH�HLJKWK�FROXPQ��dso��LV�WKH�'LDPDJQHWLF�VSLQ�

RUELW�FRQWULEXWLRQ�

�����3URSRVHG�PHWKRG

7KLV� MRXUQDO� DUWLFOH� SURSRVHV� WR� DSSO\� WKH�

.�1HDUHVW�1HLJKERXU�ZLWK�WKH�.�'�WUHH��.11�

.'�WUHH��DOJRULWKP�WR�VROYH�WKH�FRQVWUXFWLRQ�RI�

molecular� structures,� where� the� knowledge� of�
JHRPHWU\�DQG�SDWWHUQ�PDWFKLQJ�LV�XWLOL]HG�

2XU�.11�.'�WUHH�DOJRULWKP�LV�VSOLW�LQWR�

IRXU� PDLQ� VWHSV� WR� UHFRQVWUXFW� WKH� PROHFXODU�

VWUXFWXUHV�EDVHG�RQ�WKH�ERQGLQJ�VFKHPD��(YHU\�

PROHFXOH� LV� VHOHFWHG�DQG� UHVWRUHG�E\� IRXU�VWHSV�

where� the� XYZ� cartesian� coordinate� of� atoms�
VWUXFWXUH�LV�DSSOLHG�LQ�WKH�.�'�WUHH��2XU�PHWKRG�

VROYHV�WKH�WKUHH�NLQGV�RI�FRXSOLQJ�W\SHV��

In� general,� the� bond� OHQJWK� EHWZHHQ� WKH�
WZR� DWRPV� LV� DSSUR[LPDWHO\� WKH� VXP� RI� WKH�

covalent� radii�of� the� two�atoms.�Consequently,�
in� the� bonding� reconstruction� algorithm,� the�
YDOHQFH� UDGLL�RI�WKH� FKHPLFDO�HOHPHQWV�DUH�SUH�

de¿ned�and�applied.�The�covalent� radius�is� the�
GLVWDQFH� IURP� WKH� FHQWHU� RI� WKH� QXFOHXV� WR� WKH�

outermost�shell�of�the�electron,�and�its�value�may�
EH�GHULYHG�IURP�H[SHULPHQWDO�PHDVXUHPHQWV�RU�

FDOFXODWHG� E\� WKHRUHWLFDO� PRGHOV��� However,�
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WKHVH� UHODWLRQVKLSV� DUH� FHUWDLQO\� QRW� DFFXUDWH�

GXH�WR�WKH�LQFRQVWDQW�VL]H�RI�DQ�DWRP�EXW�GHSHQG�

RQ�LWV�FKHPLFDO� HQYLURQPHQW����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�
GLVWLQJXLVK�EDVHG�RQ�WKH�GLVWDQFH�YDOXHV�GHULYHG�

IURP� WKH�XYZ�cartesian�coordinate�of�atoms�in�
the�dataset.�Consequently,�in�our�algorithm,�only�
WKH�VLQJOH�ERQG�FRYDOHQW�UDGLXV�LV�PDQLSXODWHG�WR�

FUHDWH�WKH�JHQHUDO�ERQGLQJ�VFKHPD�

2.2.1.�Single�bond�connect�reconstruction

7R� VXFFHVVIXOO\� UHFRQVWUXFW� WKH� WRWDO� ERQGLQJ�

system,� ¿rstly,� the� overall� molecular� bonding�
VWUXFWXUH� PXVW� EH� FUHDWHG�� 7KH� EDFNJURXQG� RI�

VLQJOH� ERQG� FRQQHFW� UHFRQVWUXFWLRQ� LV� 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�LQ�WKH�WKUHH�GLPHQVLRQDO�JHRPHWU\��

To� be� more� easily� understandable,� a� random�
molecule,�dsgdb9nsd_000007,�is�analyzHG�

7DEOH� ��� The� XYZ� cartesian� coordinate� of� the�
PROHFXOH�dsgdb9nsd_000007

LQGH[ DWRP [ \ ]

� & ������� ������ ������

� & ������ ������� ������

� + ������ ������ ������

� + ������� ������ �������

� + ������� ������ ������

� + ������ ������� ������

� + ������� ������ ������

� + ������ ������� �������

7DEOH� �� VKRZV� WKDW� WKH� PROHFXOH�

dsgdb9nsd_000007�has�eight�atoms�inside,�which�
LV�WZR�FDUERQ�DWRP�DQG�VL[�K\GURJHQ�DWRPV��:LWK�

the�XYZ�cartesian�coordinate,�it�is�easy�to�outline�
WKH�SRVLWLRQ�RI�HYHU\�DWRP�LQVLGH�WKH�PROHFXOH�LQ�

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

)LJXUH� 2.�Still,� there� is�no� connection� between�
these�atoms�in� the�dataset,�namely�the�bonding�
VFKHPD��7KH�DSSURDFK�LV�WR�VHDUFK�IRU�DOO�SRVVLEOH�

FRQQHFWLRQV� WR�FUHDWH� VLQJOH�FKHPLFDO�ERQGLQJV�

IURP� DQ� DWRP� WR� RWKHUV�� 6LQFH� WKH� YDOHQFH� RI�

each�atom�is�not�provided,�the�standard�valence�
is� used� as� the� default� value.� Also,� any� atom�
ZLWK� ]HUR� DYDLODEOH� ERQGLQJ� LV� UHMHFWHG�� :LWK�

WKH�PROHFXOH�dsgdb9nsd_000007,�the�algorithm�
starts�with�the�¿rst�atom�of�hydrogen�because�the�
SURFHVVLQJ� RUGHU� EHJLQQLQJ� ZLWK� WKH� K\GURJHQ�

DYRLGV�D�EXWDGLHQH�OLNH�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� VSDWLRWHPSRUDO� LQWHUSRODWLRQ� IRU� WKH�

dsgdb9nsd_000007� data,� a� three-dimensional�
K-D� tree� has� been� constructed� to� ¿nd� the�
.�QHDUHVW� QHLJKERUV�� )LJXUH� �� LOOXVWUDWHV� WKH�

.�'� WUHH� EXLOW� IURP� HLJKW� DWRPLF� SRLQWV� RI�

dsgdb9nsd_000007� GDWD� DORQJVLGH� LWV� LQGH[��
$WRP�&�DW�i=1�LV�WKH�URRW�SRLQW�EHFDXVH�LW�LV�WKH�
PHGLDQ�SRLQW�RQ�WKH�[�D[LV�DQG�VSOLWV�WKH�DWRPLF�

points� dataset� into� two� groups.� The� ¿rst� left�
EUDQFK�JURXS�ZLWK�SRLQWV�ZKRVH�[�D[LV�YDOXHV�DUH�

OHVV�WKDQ�RU�HTXDO�WR�WKH�DWRPLF�URRW�SRLQW�xC[1]��
:KLOH� WKH�RWKHU�ULJKW�EUDQFK�JURXS�ZLWK�SRLQWV�

ZKRVH�[�D[LV�YDOXH�LV�JUHDWHU�WKDQ�xC[1]��7KH�VSOLW�
DW�WKH�DWRPLF�URRW�SRLQW�LV�YLVXDOL]HG�LQ�)LJXUH����

7KH�UHG�OLQH�LV�WKH�VSOLWWLQJ�OLQH�DFFRUGLQJ�WR�WKH�

[�D[LV��

)LJXUH�����(LJKW�DWRPV�RI�WKH�PROHFXOH�dsgdb9nsd_000007�
in�the�XYZ�cartesian�coordinate�system.



��

48<�1+21�81,9(56,7<
6&,(1&(-2851$/�2)

Quy�Nhon�University�Journal�of�Science,�����,�16���,������
KWWSV���GRL�RUJ����������TQMV�����������

Then,� to� continue� building� the�K-D� tree�
IRU�WKH�PROHFXOH�dsgdb9nsd_000007,�recursively�
EXLOG�WKH�.�'�WUHH�LQ�WKH�ULJKW�DQG�WKH�OHIW�KDOI�

VSDFH� LQ� )LJXUH� �� E\� VSOLWWLQJ� DW� WKH� DWRPLF�

SRLQW� K\GURJHQ� (i=7)� RI� WKH� ULJKW� KDOI�VSDFH�
DQG� K\GURJHQ� �i=4)�RI� WKH� OHIW� KDOI�VSDFH��7KH�
UHDVRQ�LV�WKDW�ERWK�PHQWLRQHG�DWRPLF�SRLQWV�DUH�

the� median� point� according� to� the� y-axis,� and�
VSOLWWLQJ�UHPDLQHG�DWRPLF�GDWD�SRLQW�KRUL]RQWDOO\�

WKURXJK� LW�� &RQWLQXLQJ� SDUWLWLRQ� UHFXUVLYHO\� WR�

FRPSOHWLRQ�ZLOO�UHVXOW�LQ�WKH�HQWLUHO\�FRQVWUXFWHG�

K-D�tree,�as�illustrated�in�)LJXUH����7KH�EOXH�OLQH�
is�the�splitting�line�according�to�the�y-axis,�while�
WKH� JUHHQ� OLQH� LV� WKH� VSOLWWLQJ� OLQH� DFFRUGLQJ� WR�

WKH�]�D[LV�

From� the� entirely� constructed� K-D� tree,�
WKH� .�'� WUHH� TXHU\� KDV� EHHQ� LPSOHPHQWHG� WR�

JHW�WKH�DUUD\�OLVW�RI�RUGHUHG�DWRPV�LQGH[�UHO\LQJ�

RQ� WKH� GLVWDQFH� IURP� WKH� VHOHFWHG� DWRP� SRLQW��

6LQFH� WKH� RUGHUHG� DWRPV� OLVW� RI� WKH� PROHFXOH�

dsgdb9nsd_000007�LV��[‘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�QHLJKERU�DFFRUGLQJ�WR�WKH�GLVWDQFH��%DVHG�

RQ�WKH�HQWLUHO\�FRQVWUXFWHG�.�'�WUHH�VWUXFWXUH�LQ�

Figure� 5,� the� atom�C� at� i=1� �&>�@�� DV� WKH� URRW�
LV�WDNHQ�DV�DQ�H[DPSOH��$WRP�&>�@�EHFRPHV�WKH�

TXHU\�SRLQW�LQ�WKH�.�'�WUHH�VWUXFWXUH��7KH�&>�@�

TXHU\�SRLQW�FRQWLQXDOO\�WUDYHUVHV�DOO�QRGHV�LQVLGH�

LWV�EUDQFK�WKHQ�FUHDWHV�LWV�VSKHUH�ZKHUH�WKH�UDGLXV�

LV�WKH�GLVWDQFH�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�XQWLO�WKH�QHDUHVW�QRGH�LV�IRXQG��,Q�WKLV�FDVH�

of� C[1],� the� atom� hydrogen� with� i=6� �+>�@��
becomes� the� nearest� neighbor,�which� is� shown�
LQ�)LJXUH����7KH�GLVWDQFH� IURP�&>�@� WR�+>�@� LV�

�����������

)LJXUH����9LVXDOL]DWLRQ�RI�VSOLWWLQJ�WKH�DWRPLF�SRLQWV�

LQWR� WZR� JURXSV� DFFRUGLQJ� WR� WKH� [�D[LV� 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� FRQQHFWLRQ� EHWZHHQ� WKHP�

certainly�exists�once,�the�algorithm�continues�to�
FRPSDUH�WKH�FDOFXODWHG�GLVWDQFH�EHWZHHQ�WKHP�WR�

the�predicted�bonding�distance.�In�addition,�the�
QXPEHU�RI�QHDUHVW�QRGHV�WDNHQ�LQWR�FRQVLGHUDWLRQ�

LV� EDVHG� RQ� WKH� YDOHQFH� RI� WKH� HOHPHQW�� ,I� WKH�

YDOHQFH�YDOXH�LV�ODUJHU�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�GLVWDQFH��

(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]�

)LJXUH� ��� 9LVXDOL]DWLRQ� RI� WKH� .�'� WUHH� VWUXFWXUH�
)LJXUH� ��� 9LVXDOL]DWLRQ� RI� WKH� .�'� WUHH� VWUXFWXUH�

FRQVWUXFWHG� IURP� �� DWRPLF� SRLQWV�� (DFK� VTXDUH�

contains� the� XYZ� cartesian� coordinate� with� its�
atom[index]�
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)LJXUH����$Q�HQWLUHO\�FRQVWUXFWHG�.�'�WUHH�DSSOLHV�WR�

WKH�PROHFXOH�dsgdb9nsd_000007�

)LJXUH����7KH�QHDUHVW�QHLJKERU�RI�DWRP�&�(i=1)�LV�WKH�
DWRP�+�(i=6)�ZLWK�WKH�dist=1.09495347�

7KH� SUHGLFWHG� ERQGLQJ� GLVWDQFH� EHWZHHQ�

WKHP�LV�PHDVXUHG�DV�WKH�VXP�RI�WKH�ERQG�OHQJWK�

of�each�atom.�In�this�case,�only�atoms�with�the�
PHDVXUHG�GLVWDQFH�LQ�WKH�����H[SHFWHG�GLVWDQFH�

or� closer� are� kept.� Then,� we� check� whether�
ERWK�DWRPV�KDYH� UHPDLQLQJ�YDOHQFH�RU� QRW�DQG�

FRQWLQXH� GHFUHDVLQJ� WKH� UHPDLQLQJ�YDOHQFH�DQG�

FUHDWLQJ� D� QHZ� ERQG�� ,I� DQ\� RI� WKHP� KDV� ]HUR�

remaining� valences,� we� mark� both� atoms� as�
OHDYHV�� 7KH� IXQFWLRQ� FRQWLQXHV� UXQQLQJ� XQWLO�

all�nodes�are�marked�as� leaves.� In� the�end,� the�
PROHFXOH� dsgdb9nsd_000007� LV� FRQVWUXFWHG�

DV� LQ� )LJXUH� ��� %DVHG� RQ� WKH� IXOO\� ERQGLQJ�

UHFRQVWUXFWHG�VWUXFWXUH�RI�dsgdb9nsd_000007,�it�
is�relatively�easy�to�¿gure�out�that�the�chemical�
IRUPXOD�LV�(WKDQH��&

�
+

�
),�all�connected�by�single�

ERQGV�

)LJXUH�����)XOO\�ERQGLQJ�UHFRQVWUXFWHG��dsgdb9nsd_000007�
PROHFXOH�

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

$IWHU� VXFFHVVIXOO\� UHFRQVWUXFWLQJ� WKH� VLQJOH�

bonding,� the� next� step� is� rebuilding� n-bond�
FRQQHFWLRQV�� (YHQ� WKRXJK� WKHUH� LV� D�FDOFXODWHG�

WDEOH� RI� ERQG� OHQJWK� IRU� WKH� GRXEOH� ERQG� DQG�

triple�bond,�the�accuracy�and�the�consistency�of�
the�bonding�connection�are�low.�For�example,�the�
&�DWRP�KDV�YDULRXV�YDULDWLRQV�LQ�&&�ERQG�OHQJWKV�

WKDW�FDQ�EH�UHDVRQDEO\�H[SODLQHG�RQ�WKH�EDVLV�RI�

K\EULGL]DWLRQ� EHLQJ� WKH� SULPDU\� IDFWRU�� :KHQ�

atoms�with� lone� pairs� are� involved,� it� appears�
QHFHVVDU\� WR� LQWURGXFH� HOHFWURQ� GHORFDOL]DWLRQ�

HIIHFWV����As�a�consequence,�the�bond�length�and�
ERQG�DQJOHV�GR�QRW�SURYLGH�D�UHOLDEOH�PHDVXUH�RI�

FDUERQ�K\EULGL]DWLRQ��$Q\�DWRP�ZKRVH�YDOHQFH�

LV� JUHDWHU� WKDQ� �� FDQ� SRWHQWLDOO\� VKDUH� WZR� RU�

WKUHH�SDLUV�RI�HOHFWURQV�ZLWK� DQRWKHU�DWRP��7KH�

Q�ERQG� FRQQHFW� UHFRQVWUXFWLRQ� LV� DSSOLHG� IRU�

DQ\� PROHFXOH� KDYLQJ� DQ\� UHPDLQLQJ� DYDLODEOH�

valence,� which� is� not� yet� connected� to� other�
DWRPV�� 7KH� PROHFXOH� dsgdb9nsd_000005� LV�
D� W\SLFDO� H[DPSOH� IRU� WKLV� FDVH� EHFDXVH� DIWHU�

applying�the�single�bond�connect�reconstruction,�
LWV� WRWDO� UHPDLQLQJ� DYDLODEOH� YDOHQFH� LV� ��� 7KH�

VWUXFWXUH� GDWD� RI� PROHFXOH� dsgdb9nsd_000005�
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DUH� OLVWHG� LQ� 7DEOH� ��� %RWK� DWRP� &� DQG� DWRP�

1� KDYH� WZR� UHPDLQLQJ� XQFRQQHFWHG� ERQGV��

Especially,�atom�C�is�marked�as�a�leaf�due�to�its�
connection�to�atom�H,�which�has�zero�valence.

7KH�LGHD�RI�VROYLQJ�WKH�Q�ERQG�FRQQHFWLRQ�

LV� WR� OLQN� WKH� DWRPV� E\� HOHFWURQ� SDLU� ERQGV�

XQWLO� HDFK� DWRP� KDV� D� IXOO� RFWHW� EDVHG� RQ� WKH�

Lewis� structure� for� compounds.� While� there�
DUH� UHPDLQLQJ� DWRPV� PDUNHG� DV� OHDYHV� ZLWK�

available� valence,� the� algorithm� will� add� as�
PDQ\�ERQGV� DV�SRVVLEOH�EHWZHHQ�DWRPV�KDYLQJ�

DQ\�DYDLODEOH�YDOHQFH��(YHU\�DWRP�LV�WDNHQ�LQWR�

FRQVLGHUDWLRQ�RQH�E\�RQH��8QWLO�DQ\�RI�WKHP�KDV�

remaining� valences,� the� algorithm� will� mark�
ERWK� DWRPV� DV� OHDYHV�� 7KH� JUHHG\� DOJRULWKP� LV�

DOVR�DSSOLHG�WR�PDNH�D�ORFDOO\�RSWLPDO�FKRLFH�DW�

HDFK� VWDJH�� ,I�DQ\�DWRPV�VWLOO�KDYH�D�UHPDLQLQJ�

available�valence,�the�algorithm�will�check�each�
key� according� to� these� bonding� keys.� Then,�
WKH� ERQG�ZLOO� EH� DGGHG� WR�DV�PDQ\�DV�SRVVLEOH�

EHWZHHQ�D�SDLU�RI�DWRPV� WKDW�KDYH� DQ�DYDLODEOH�

valence.�With�the�greedy�algorithm,�it�is�possible�
WR�HQWLUHO\�UHFRQVWUXFW�WKH�GRXEOH�ERQG�DQG�WULSOH�

ERQG�RI�PROHFXOHV��

7DEOH� ��� The� XYZ� cartesian� coordinate� of� the�
PROHFXOH�dsgdb9nsd_000005.

LQGH[ DWRP [ \ ]

� & ������� ������ ������

� 1 ������ ������� ������

� + ������� ������ ������

7R�EHWWHU�XQGHUVWDQG�KRZ�WKH�LPSOHPHQWHG�

algorithm� works,� there� is� a� visualization�
RI� WKH� ERQGLQJ� VFKHPD� RI� WKH� PROHFXOH�

dsgdb9nsd_000005.�As�can�be�seen�from�Figure�8,�
WKH�ERQGLQJ�EHWZHHQ�DWRP�&�DW� i=0��&>�@��DQG�
DWRP�+� DW� i=2� �+>�@�� is� colored� black,� which�
PHDQV�WKH�VLQJOH�ERQG��6LQFH�WKH�+>�@�LV�PDUNHG�

as�a�leaf,�so�does�the�C[0].�Next,� the�algorithm�
VROYHV� IRU� WKH�ERQGLQJ�EHWZHHQ�&>�@�DQG�DWRP�

QLWURJHQ�DW�i=1��1>�@���$IWHU�UXQQLQJ�WKH�Q�ERQG�
connect� greedy� reconstruction,� the� triple� bond�
EHWZHHQ�&>�@�DQG�1>�@�LV�FRQVWUXFWHG�DV�WKH�UHG�

OLQH��$OO�DWRPV�LQ�WKH�PROHFXOH�KDYH�QR�DYDLODEOH�

valence� left.�Hence,�the�double�bond�and�triple�
ERQG� UHFRQVWUXFWLRQ� DOJRULWKP� LV� DVVXPSWLYHO\�

VXFFHVVIXO�

)LJXUH����)XOO\�ERQGLQJ�UHFRQVWUXFWHG�dsgdb9nsd_000005�
molecule.�The�black�line�presents�a�single�bond,�and�the�
UHG�OLQH�SUHVHQWV�WKH�WULSOH�ERQG�

2.2.3.�Ionized�radical�search

$IWHr� successful� n-bond� reconstruction,� there�
DUH�VWLOO�PDQ\�PROHFXOHV�ZLWKRXW�WKH�FRPSOHWHG�

ERQGLQJ� VWUXFWXUH� GXH� WR� WKH� LRQL]DWLRQ�� 7KH�

SRVVLEOH� LRQL]HG� JURXSV� ZKLFK� FDQ� EH� IRUPHG�

from� H,� C,� N,� F,� and� O� in� the� dataset� are�
&DUER[\OH� �&22��� DQG� $PPRQLXP\O� �1+

�
����

7KH�LGHD�RI�VHDUFKLQJ�LRQLF�ERQGV�LV�LQLWLDOO\�WR�

ORRN�IRU�FRYDOHQW�ERQGV�ZLWK�UHPDLQLQJ�YDOHQFH�

RQ�VRPH�DWRPV�ZKHUH�WKHVH�FRYDOHQW�ERQGV�DUH�

processed� n-bond� connection.� For� example,�
to�¿nd� the� ionic�group�NH

�
�,� it� is�necessary� to�

VHDUFK� IRU� WKH�GLVFRQQHFWHG�1+
�
.�However,� for�

WKH� LRQLF�JURXS�&22�,�we�need� to�¿nd� the�CO�
JURXS�ZLWK�RQH�DYDLODEOH�ERQG�FRQQHFWHG�WR�DQ�

2�DWRP��

7R�EHWWHU�XQGHUVWDQG�WKH�UDGLFDO�LRQLF�VHDUFK�

algorithm,� the� molecule� dsgdb9nsd_000271� LV�
WDNHQ�LQWR�FRQVLGHUDWLRQ�EHFDXVH�LW�KDV�ERWK�LRQLF�

JURXS�&22��DQG�1+
�
��LQ�LWV�VWUXFWXUH��$IWHU�SUH�

processing,� the�molecule�dsgdb9nsd_000271� LV�
identi¿ed�as�Alanine�with�WKH�FKHPLFDO�IRUPXOD�

&
�
+�

�
12

�
��$IWHU�SURFHVVLQJ�ZLWK�WKH�LRQLF�UDGLDO�
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search� algorithm,� the� structural� result� of� the�
PROHFXOH� dsgdb9nsd_000271� LV� YLVXDOL]HG� LQ�
)LJXUH���

)LJXUH����)XOO\�ERQGLQJ�UHFRQVWUXFWHG�dsgdb9nsd_000271�
�&�H7NO�)� PROHFXOH�� 7KH� EODFN� OLQH� SUHVHQWV� WKH�

single�bond,�the�green�line�presents�the�double�bond,�
DQG�WKH�UHG�OLQH�SUHVHQWV�WKH�WULSOH�ERQG�

2.2.4.�Ring�search

Besides� reconstructing� the� bonding� schema,�
WKH� ULQJ� RI� DWRPV� LQVLGH� D� SDUWLFXODU� PROHFXOH�

VKRXOG�EH�FRQVLGHUHG��7KH�UHDVRQ�IRU�LGHQWLI\LQJ�

WKH� FKHPLFDO� ULQJ� LV� WR� HDVLO\� GLVWLQJXLVK� WKH�

correct�chemical�formula�of�a�speci¿c�molecule.�
For� instance,� the� molecule� dsgdb9nsd_000017�
LV� RQH� RI� WKH� UHPDUNDEOH�PROHFXOHV� FRQWDLQLQJ�

D� ULQJ�LQVLGH�LWVHOI��7KH�UHDVRQ�WKLV�PROHFXOH�LV�

more�speci¿c�than�the�other�is�that�the�chemical�
IRUPXOD� IRUPHG� IURP� LWV� DWRPV� FDQ� EH� WKUHH�

GLIIHUHQW�FRPSRXQGV��

7DEOH� ��� The� XYZ� cartesian� coordinate� of� the�
PROHFXOH�dsgdb9nsd_000017.

LQGH[ DWRP [ \ ]

� & ������ ������ �����

� & ������ ������ �������

� 2 ������� ������� �����

� + ������� ������ ������

� + ������� ������ �������

� + ������ ������ �������

� + ������ ������ ������

7KH�DSSURDFK�RI�WKH�DOJRULWKP�WR�LGHQWLI\�

WKH�ULQJ�RI�D�SDUWLFXODU�PROHFXOH�DQG�LWV�RUGHU�LV�

WR�DSSO\�WKH�QHWZRUN�JUDSK�WR�VHDUFK�IRU�D�F\FOH�

JUDSK�� 7KH� PLQLPXP� F\FOH� EDVLF� DOJRULWKP�

VXSSRUWV� WKLV� DSSURDFK� VLQFH� VHDUFKLQJ� IRU� WKH�

chemical�ring�is�equivalent�to�¿nding�the�minimal�
F\FOH� EDVLF� LQ� D� JUDSK� ZKHUH� WKH� JUDSK� LV� WKH�

ERQGLQJ�VWUXFWXUH�� ,W� LV�D�F\FOH�EDVLF� IRU�ZKLFK�

the�total�weight,�in�other�words,�the�length�for�an�
unweighted�graph,�of�all�the�cycles�is�minimum.�
7KH�JUDSK�LV�VSOLW�LQWR�FRQQHFWHG�VXEJUDSKV��7KH�

LGHD�EHKLQG�WKH�PLQLPXP�F\FOH�EDVLF�DOJRULWKP�

LV� WR� XVH� DQ� DOO�SDLUV� VKRUWHVW� SDWKV� �$363��

algorithm� as� a� subroutine.� Then,� Dijkstra’s�
DOJRULWKP�LV�XVHG�IRU�$363�FRPSXWDWLRQ��,Q�RWKHU�

words,�the�graph�of�the�bonding�structure�will�be�
analyzed�to�¿nd�the�shortest�ring�in�a�PROHFXOH�

)LJXUH������)XOO\�ERQGLQJ�UHFRQVWUXFWHG�dsgdb9nsd_000017�
PROHFXOH��&

�
+

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

���RESULTS�AND�DISCUSSION

�����5HVXOWV

$IWHU�ZH�DSSO\� WKH�.11�.'�WUHH�DOJRULWKP� LQ�

the�construction�of�molecular�structures,�we�get�
������XQLTXH�PROHFXOHV�EXLOW� IURP� WKH� WHVW� VHW�

DQG�������XQLTXH�PROHFXOHV�EXLOW�IURP�WKH�WUDLQ�

set.�After� constructing� the� bonding� type,� there�
DUH����ERQGLQJ�W\SHV��
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7KH�QXPEHU�RI�EXLOW�PROHFXOHV�LV�HTXDO�WR�

the�initial�number�of�molecules�in�the�dataset,�
ZKLFK�PHDQV�LW�LV�OLNHO\�WKDW�WKHUH�LV�QR�IDLOXUH�

in�the�reconstruction�algorithm.�However,�there�
LV� D� KLJK� SRVVLELOLW\� WKDW� VRPH� PROHFXOHV� DUH�

QRW�FRUUHFWO\�KDQGOHG�DFFRUGLQJ�WR�WKH�RUGHU�RI�

DWRPV�RU�WKH�ERQGLQJ�W\SHV��7KDW�LV�ZK\�WKHUH�

VKRXOG� EH� D� SURSHU� HYDOXDWLRQ� WR� GHWHUPLQH�

WKH� VXFFHVV� UDWH� RI� WKH� ERQGV� UHFRQVWUXFWLRQ�

DOJRULWKP�

7R�HYDOXDWH�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� DOJRULWKP��

7KH� VHFRQG�HYDOXDWLRQ� LV� WR� FDOFXODWH� WKH�ERQG�

W\SH� FRQVLVWHQF\� EDVHG� RQ� WKH� GLVWULEXWLRQ� RI�

ERQG�OHQJWK�

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

7KH�SDLUZLVH�FRPSDULVRQ�LV�DSSOLHG�WR�HYDOXDWH�

WKH� FDOFXODWHG� ERQGLQJ� W\SH� UHODWHG� WR� WKH�

ERQGLQJ� GLVWDQFH� EHWZHHQ� WZR� DWRPV� DQG�

whether�they�are�signi¿cantly�different�from�one�
DQRWKHU��$�SDLUZLVH�FRPSDULVRQ�WULDO� LQFOXGHG�D�

SDLU�RI�VFDODU�FRXSOLQJ�ZLWK�LWV�ERQGLQJ�W\SH�DQG�

WKH�ERQGLQJ�GLVWDQFH�EHWZHHQ�DWRPV��:H�GHULYH�

UHVXOWV� IURP� WKH� 2SHQ%DEHO� WRROER[� ZLWK� WKH�

&+$036�GDWDVHW�DQG�FRPSDUH�WKHP�ZLWK�UHVXOWV�

FRPSXWHG�E\�RXU�.11�.'�WUHH�DOJRULWKP��$Q\�

pair�having�a�different�bond�type�or�a�signi¿cant�
GLIIHUHQFH� LQ� WKH� GLVWDQFH� YDOXH� EHWZHHQ� WZR�

atoms�is�set�as�an�error,�which�is�considered�to�
EH�ODUJHU�WKDQ�������

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

FRXSOLQJ�REVHUYDWLRQV�RI������XQLTXH�PROHFXOHV�

marked� as� the� error,� which� accounts� for� 2.4%�
RI�WRWDO�SURFHVVHG�PROHFXOHV�LQ�WKH�WUDLQ�VHW��$W�

the�same� time,� there�are�17692� scalar�coupling�
observations�of�1150�unique�molecules�Àagged�
as�the�error,�which�occupies�around�2.5%�of�total�
SURFHVVHG�PROHFXOHV�LQ�WKH�WHVW�VHW��

7DEOH����7KH�FRPSDULVRQ�WDEOH�EHWZHHQ�RXU�PHWKRG�

DQG�2SHQ%DEHO�

'DWDVHW 7HVW�VHW 7UDLQ�VHW

8QLTXH�PROHFXOH ����� �����

,QFRQVLVWHQW�XQLTXH�

PROHFXOH
���� ����

8QFRQVLVWHQF\�SHUFHQWDJH ���� ����

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

(DFK� ERQGLQJ� SDLU� LV� JURXSHG� E\� LWV� GLIIHUHQW�

ERQGLQJ� YDOHQFH� IRU� ERWK� WKH� WUDLQ� DQG� WHVW�

datasets.� So,� it� is� more� understandable� to�
DQDO\]H� WKH� GLVWULEXWLRQ� RI� ERQGLQJ� W\SHV� RYHU�

WKH�GLVWDQFH�EHWZHHQ�DWRPV��7KH�FRPSXWDWLRQ�RI�

ERQG�W\SH�FRQVLVWHQF\�EDVHG�RQ�WKH�ERQG�OHQJWK�

LV�DSSOLHG��(DFK�ERQGLQJ�SDLU� LV� JURXSHG�E\�LWV�

GLIIHUHQW�ERQGLQJ�YDOHQFH�IRU�ERWK�WKH�WUDLQ�DQG�

test� datasets.� So,� it� is� more� understandable� to�
DQDO\]H� WKH� GLVWULEXWLRQ� RI� ERQGLQJ� W\SHV� RYHU�

WKH�GLVWDQFH�EHWZHHQ�DWRPV�

As� can� be� seen� from� Figure� 14,� the�
WUDLQ� DQG� WHVW� VHW� PDWFK� ZHOO� IRU� WKH� UHODWLYH�

GLVWULEXWLRQ� RI� ERQG� OHQJWK�� 7KH� WUDLQ� DQG� WHVW�

VKRXOG� EH� WKH� VDPH� IRU� WKH� SUHGLFWLRQ� RI� WKH�

VFDODU�FRXSOLQJ�FRQVWDQW��7KH�QXPEHU�RI�ERQGV�

also� builds� the� distributions,� which� peak� at� a�
GLIIHUHQW�ERQG�GLVWDQFH��7KLV� LV�FRQVLVWHQW�ZLWK�

the�expected�behavior� that�the�more�bonds,�the�
IXUWKHU�GLVWDQFH�EHWZHHQ�WZR�DWRPV�
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7DEOH����7KH� VXFFHVVIXO� UDWH�RI�ERQG� UHFRQVWUXFWLRQ�

DFFRUGLQJ�WR�FRXSOLQJ�W\SHV

'DWDVHW
&RXSOLQJ�

W\SH

5XQQLQJ�

WLPH

6XFFHVVIXO�

UDWH

7UDLQ�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�����&&�LV�D�SHUIHFW�H[DPSOH�RI�YHU\�ZHOO�

VHSDUDWHG� GLVWULEXWLRQV�� $GGLQJ� WKH� &22��

KDQGOLQJ�LPSURYHG�D�ORW�RI�WKLQJV�E\�VHSDUDWLQJ�

WKH�SUHYLRXV�����&2�ELPRGDO�GLVWULEXWLRQ�LQWR�

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�UHVROYHG�WKH�VDPH�ZD\�LI�QHHGHG��%DVHG�RQ�

the�calculated�distribution,�the�running�time�of�
the�implemented�algorithm,� together�with�the�
success�rate,�can�be�derived�in�Table�5.

)LJXUH�����7KH�GLDJUDP�RI�ERQG�OHQJWK�E\�DWRP�SDLU�DQG�QXPEHU�RI�ERQGV��7KH�OLQH�LOOXVWUDWHV�WKH�GLVWULEXWLRQ�RI�

HDFK�ERQG�W\SH�LQ�WKH�WUDLQ�WHVW�VHW�
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�����'LVFXVVLRQ

2XU� UHVXOWV� FDQ�EH� LPSURYHG�E\�DSSO\LQJ�RWKHU�

V\VWHPV�� 7KH� LQLWLDO� DOJRULWKP� FDOFXODWHV� WKH�

distance� between� atoms� based� on� the� XYZ�
cartesian� system.� However,� according� to� some�
research,� this� representation�is�not� stable.�Each�
FRXSOLQJ� SDLU� LV� ORFDWHG� DW� D� GLIIHUHQW� SRLQW� LQ�

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�
GLVWDQFH� RI� WKH�FHQWHU�EHWZHHQ�HDFK�SDLU�QHHGV�

to� be� calculated.� Then,� all� n-nearest� atoms� to�
the� center,� which� exclude� the� ¿rst� two� atoms,�
DUH� UHTXLUHG�� $Q\� WZR� FORVHVW� DWRPV� EHFRPH�

the�third�and�the�fourth�core�atoms.�Finally,�the�
GLVWDQFHV�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�
SRVLWLRQ�FDQ�EH�GHVFULEHG�E\�IRXU�GLVWDQFHV�IURP�

WKH� FRUH�DWRPV��7KLV� UHSUHVHQWDWLRQ� LV�QRW�RQO\�

VWDEOH�IRU�URWDWLRQ�DQG�WUDQVLWLRQ�EXW�DOVR�VXLWDEOH�

for�pattern-matching.�So,�by� taking�a� sequence�
RI� DWRPV�WRJHWKHU�ZLWK�GHVFULELQJ�HDFK�E\�IRXU�

GLVWDQFHV�DQG�DWRP�W\SH�DQG�ORRNLQJ�XS�IRU�WKH�

same�pattern,�we�can�¿nd�similar�con¿gurations�
DQG�GHWHFW�WKH�VFDODU�FRXSOLQJ�FRQVWDQW�

���CONCLUSION

7KLV� UHVHDUFK� RI� DQDO\]LQJ� DQG� YLVXDOL]LQJ� WKH�

PROHFXODU�SURSHUWLHV�EDVHG�RQ�WKH�.11�.'�WUHH�

algorithm� has� con¿rmed� that� our� method� can�
VXFFHVVIXOO\�FRQVWUXFW�WKH�VWUXFWXUH�RI�PROHFXOHV�

ZLWK�D�FRPSDUDEOH�UHVXOW�WR�UXOH�EDVHG�PHWKRGV��

The� ¿ndings� also� revealed� that� taking� some�
DGGLWLRQDO� GDWDVHWV� LQWR� DFFRXQW� FDQ� LPSURYH�

WKH� VXFFHVV� UDWH� RI�FRQVWUXFWLQJ� WKH� �PROHFXODU�

structures,�such�as�dipole�interactions,�magnetic�
shielding,� and� potential� energy,� Mulliken�
FKDUJHV���±��� With� the� benchmark� studies,� the�
DGYDQWDJHV� DQG� GLVDGYDQWDJHV� RI� VRPH� GDWD�

structures,� which� are� also� used� for� distance�
calculation,� are� presented.�With� our� KNN-KD�
WUHH�DOJRULWKP� LQ� WKH�FRQVWUXFWLRQ�RI�PROHFXODU�

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

FRXSOLQJ� FRQVWDQWV� KDV� EHFRPH� PXFK� PRUH�

VWUDLJKWIRUZDUG�DQG�FRUUHFW��7KHVH�IDFWV�PRWLYDWH�

XV� WR� FRQGXFW� DQG� LQYHVWLJDWH� WKH� UHODWLRQVKLS�

EHWZHHQ� DWRPV� LQ� D� SDUWLFXODU� PROHFXOH� LQ� WKH�

IXWXUH�IXUWKHU��

In� conclusion,� this� research� makes�
WKH� IROORZLQJ� FRQWULEXWLRQV�� ��� SURSRVLQJ�

D� JHRPHWULF�EDVHG� DSSUR[LPDWHG� PDFKLQH�

learning� model,� namely� the� KNN-KD� tree� in�
WKH� FRQVWUXFWLRQ� RI� PROHFXODU� VWUXFWXUHV� RQO\�

with� XYZ� coordinates� of� atoms� for� training�
WKH� PRGHO�� 8QOLNH� RWKHU� GDWD� VWUXFWXUHV� IRU�

distance� calculation,� our� method� reduces� the�
pre-processing� time,� single� query� time� and�
FRPSXWDWLRQDO� UHVRXUFHV� LQ� YDULRXV� HVVHQWLDO�

chemistry�¿elds�such�as�biomedical�engineering,�
drug� discovery,� and� vaccine� exploration.� 2)�
YLVXDOL]LQJ�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�LW�FDQ�EH�H[WHQGHG�WR�HVWLPDWH�WKH�IRUFHV�

DQG�SRWHQWLDO�HQHUJ\�RI�D�V\VWHP�RI�DWRPV�

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

DQDO\VLV� RI� SDUWLFXODU� PHFKDQLVPV� DQG� QHZ�

SURSRVDOV�WR�WU\�GLIIHUHQW�PHWKRGV��$OWKRXJK�WKH�

results�of�the�proposed�algorithm�are�reasonable,�
WKHUH� LV� VWLOO� URRP� IRU� LPSURYHPHQW��7KHUH� DUH�

VRPH� IHDWXUHV� DQG� VRPH� DGGLWLRQDO� GDWDVHWV�

WKDW� DUH� QRW� DFFRXQWHG� IRU� WKDW� OLNHO\� KDYH� D�

signi¿cant�effect�on�each�different�bonding�type.�
The� algorithm� may� take� dipole� interactions,�
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