
$SSOLFDWLRQV�RI�NPHU�DQDO\VLV�LQ�
TXDQWLWDWLYH�ELRORJ\

6LQD�0DMLGLDQ

1RYHPEHU���WK������

5HYLHZV�LQ�4XDQWLWDWLYH�%LRORJ\



2XWOLQH
� ,QWURGXFWLRQ

� '1$�VHTXHQFLQJ�
� .PHU�GHILQLWLRQ
� 0LQLPL]HU�GHILQLWLRQ

� $SSOLFDWLRQV
� 0HWDJHQRPLFV
� *HQRPH�DVVHPEO\
� .PHU�FRXQWLQJ

� 'LVFXVVLRQ

�



'1$�6HTXHQFLQJ�

'1$�H[WUDFWLRQ

$PSOLILFDWLRQ

6HTXHQFLQJ

�



���'H�QRYR�JHQRPH�
DVVHPEO\

���5HDG�DOLJQPHQW

���9DULDQW�FDOOLQJ�	�
JHQRW\SLQJ

���*HQH�DQQRWDWLRQ

���0HWDJHQRPLFV
���2UWKRORJ\�LQIHUHQFH

*HQRPLFV�SLSHOLQHV

�



*HQRPH�DVVHPEO\��LPSRUWDQFH�RI�VFDODEOH�PHWKRGV

:H�QHHG�HIILFLHQW�PHWKRGV�LQ�WHUPV�RI�PHPRU\��VSHHG�DQG�VWRUDJH��

�0LQLPL]HU�VSDFH�GH�%UXLMQ�JUDSKV��:KROH�JHQRPH�DVVHPEO\�RI�ORQJ�
UHDGV�LQ�PLQXWHV�RQ�D�SHUVRQDO�FRPSXWHU��&HOO�6\VWHPV�������



)DVW�JURZLQJ�JHQRPLFV�GDWD

QFEL�QOP�QLK�JRY�VUD�GRFV�VUDJURZWK�
7KH�(XURSHDQ�1XFOHRWLGH�$UFKLYH�LQ��������
1XFOHLF�$FLGV�5HVHDUFK

�



�



%DVLFV�RQ�.�PHU�	�0LQLPL]HUV



.�PHU�GHILQLWLRQ
Ɣ D�FRQWLJXRXV�VXEVWULQJ�RI�OHQJWK�N�

Ɣ DOSKDEHW �^$�&�*�7`
Ɣ VWULQJ��VHTXHQFH� �*$77$&$

Ɣ ([DPSOH���N �����PHUV

*$77$&$

*$77$&$

*$77$&$

*$77$&$

*$77$&$

*$77$&$

Ɣ *$��$7��77��7$��$&��&$
Ɣ 1XPEHU�RI���PHUV� ��

�KWWSV���ZZZ�\RXWXEH�FRP�F�5RE(GZDUGV9LGHRV�YLGHRV
KWWS���ZZZ�ODQJPHDG�ODE�RUJ�WHDFKLQJ�PDWHULDOV��

https://www.youtube.com/c/RobEdwardsVideos/videos
http://www.langmead-lab.org/teaching-materials/


.�PHU�VWDWV�

ż �A� �������������AN�

)RU�WKH�VDPH�VHTXHQFH�*$77$&$��/ ��

N ����*$7��$77��77$��7$&��$&$������NPHUV�

N ����*$77��$77$��77$&��7$&$������NPHUV�

*$77$&$

*$77$&$

*$77$&$

*$77$&$

*$77$&$

��

Ɣ +RZ�PDQ\���PHUV�GR�H[LVW�IRU�D�VHTXHQFH�RI�OHQJWK�/ ���"
ż 1XPEHU�RI���PHUV� ��������� ��������/�N���

Ɣ +RZ�PDQ\�GLIIHUHQW���PHUV�GR�H[LVW"���



6HTXHQFH�FRPSDULVRQ
7ZR�VLPLODU�VHTXHQFHV�ZLWK�RQH�EDVH�HUURU�

Ɣ 0DQ\�VKDUHG���PHUV��JUHHQ�
Ɣ 1HLJKERUV�RI�&�7�DUH�QRW�VKDUHG�
Ɣ 5HSHDWHG�NPHUV

NDPLPUFKW�JLWKXE�LR�ZHESDJH�VWUREHPHUV�KWPO�
��

https://kamimrcht.github.io/webpage/strobemers.html


,PSDFW�RI�N�RQ�VSHFLILFLW\�
%\�LQFUHDVLQJ�N��ZH�FDQ�NHHS�WKH�GLIIHUHQFHV�

��



Ɣ 7ZR�QRW�VR�VLPLODU�VHTXHQFHV�
Ɣ 6WLOO�D�ORW�RI�VKDUHG���PHUV

��

,PSDFW�RI�N�RQ�VSHFLILFLW\�

Ɣ 1XPEHU����PHUV ��A� ����
Ɣ (YHU\��N��RQH�VKDUHG�NPHU�E\�

FKDQFH���LI�GLVWULEXWHG�XQLIRUPO\�



.�PHU�VWDWV
Ɣ %LOOLRQV����A���RI�N�PHUV�H[LVW�LQ�D�PHWDJHQRPLF�GDWDVHWV��
Ɣ UHVXOWLQJ�LQ�FRPSXWDWLRQDO�FKDOOHQJHV

*$77$&$

*$77$&$

*$77$&$

*$77$&$

*$77$&$

Ɣ (DFK�N�PHU�FRQWDLQV�OLWWOH�LQIRUPDWLRQ�FRPSDUHG�
WR�WKH�QHDUHVW�RQH�

Ɣ ,GHD��VDPSOLQJ��DOVR�UHIHUUHG�WR�DV�³VNHWFKLQJ´�
��

7DEOH�IURP�³&RPSDFW�DQG�HYHQO\�GLVWULEXWHG�N�PHU�ELQQLQJ�IRU�JHQRPLF�VHTXHQFHV�´�%LRLQIRUPDWLFV������



0LQLPL]HU

Ɣ 7KH�VPDOOHVW�NPHU�LQ�D�ZLQGRZ�
Ɣ $SKDEHWLFDO�RUGHU��$$��$7
Ɣ :LQGRZ�RI�VL]H��������PHUV�

*$77$

*$77$

*$77$�

*$77$&$

*$77$&$ �VW�ZLQGRZ

*$77$&$ �QG�ZLQGRZ

*$77$&$ �UG�ZLQGRZ

$77$&

$77$&

$77$&�

77$&$

77$&$

77$&$�

�VW�ZLQGRZ���*$77$�����$77

0LQLPL]HUV�IRU�*$77$&$�DUH��$77��$&$��

���ILQJHUSULQWV�LQVWHDG�RI���NPHUV��

6LPLODU�VHTXHQFHV�a�VKDUHG�PLQLPL]HUV�
��5HGXFLQJ�VWRUDJH�UHTXLUHPHQWV�IRU�ELRORJLFDO�

VHTXHQFH�FRPSDULVRQ��%LRLQIRUPDWLFV�������

�UG�ZLQGRZ���77$&$�����$&$

�QG�ZLQGRZ��$77$&�����$77



'LIIHUHQW�RUGHULQJ

���$OSKDEHWLFDO�RUGHU��$$��77

���'HILQLQJ�D�IXQFWLRQ�RQ�D�VWULQJ�

$ ���& ���* ���7 �

7$$7������ �����
&777����� �����

7$$7�!���&777

���+DVK�IXQFWLRQ
����K�[�� �[�PRG������
����³UHPDLQGHU�RI�D�GLYLVLRQ�E\���´

�����$$ �������!���^$$��`

$$

&7

7$�

��

��� ������

��� ������

&7�

7$��



$SSOLFDWLRQV
���0HWDJHQRPLFV



0HWDJHQRPLFV
0HWDJHQRPLFV��WKH�VWXG\�RI�JHQRPLF�VHTXHQFHV�REWDLQHG�GLUHFWO\�IURP�DQ�
HQYLURQPHQW��JXW�PLFURELRPH��ZDVWHZDWHU�VXUYHLOODQFH�����

%HQFKPDUNLQJ�0HWDJHQRPLFV�7RROV�IRU�7D[RQRPLF�&ODVVLILFDWLRQ��&HOO�����
��



0(*$1��H[SORULQJ�WD[RQRPLFDO�FRQWHQW
%/$67;�UHDG��DJDLQVW�1&%,�15�

0(*$1�DQDO\VLV�RI�PHWDJHQRPLF�GDWD��*HQRPH�UHVHDUFK����������N�FLWDWLRQV�

�VW�PDWFK�
IRU�UHDG�

�QG�PDWFK�
IRU�UHDG�

�UG�PDWFK�
IRU�UHDG� ��

/RZHVW�
FRPPRQ�
DQFHVWRU



.UDNHQ��DVVLJQLQJ�WD[RQRPLF�ODEHOV

���([WUDFW�N�PHUV�IURP�WKH�LQSXW�
VHTXHQFLQJ�UHDG��TXHU\�

���8VH�SUHFRPSXWHG�GDWDEDVH��
H[WUDFW�WKH�WD[RQRPLF�,'�RI����PHUV

.UDNHQ��XOWUDIDVW�PHWDJHQRPLF�VHTXHQFH�FODVVLILFDWLRQ�XVLQJ�H[DFW�
DOLJQPHQWV��*HQRPH�ELRORJ\���������N�FLWDWLRQV�

���&RXQW���NPHUV�DVVLJQHG�WR�HDFK�
WD[RQRPLF�OHYHO

TXHU\�PHWDJHQRPLFV�VHTXHQFLQJ�UHDG�

��

���)LQG�WKH�SDWK�ZLWK�PD[LPXP�VXP

���5HSRUW�WKH�OHDI�DV�WKH�WD[RQRPLF�ODEHO��



.UDNHQ��NPHU�/&$�WDEOH

Ɣ 3UH�FRPSXWLQJ�WKH�NPHU�/&$�GDWDEDVH
Ɣ ([WUDFW�DOO����PHUV�IURP�PLFURELDO�
JHQRPH�LQ�1&%,�5HI6HT

.UDNHQ��XOWUDIDVW�PHWDJHQRPLF�VHTXHQFH�FODVVLILFDWLRQ�XVLQJ�H[DFW�
DOLJQPHQWV��*HQRPH�ELRORJ\���������N�FLWDWLRQV�

���PHUV

Ɣ 7R�VSHHG�XS�NPHU�VHDUFK�LQ�WKH�WDEOH
Ɣ 8VH���PHU�PLQLPL]HU�IRU�JURXSLQJ�VLPLODU���PHU

��

��PHU
��PHU

Ɣ )LOO�WKH�WDEOH�ZLWK����PHUV�RI�VKDUHG�
PLQLPL]HU�QHDU�HDFK�RWKHU

Ɣ )RU�D����PHU�TXHU\��VWDUW�VHDUFKLQJ�ZLWKLQ�
LWV�PLQLPL]HU�



.UDNHQ��UHVXOWV
&ODVVLILFDWLRQ�DFFXUDF\�DQG�VSHHG�FRPSDULVRQ�RQ�D�VLPXODWHG�GDWDVHW

,PSURYHG�PHWDJHQRPLF�DQDO\VLV�ZLWK�.UDNHQ��������� ��



��

0HWDJHQRPH�DVVHPEO\

&RPSDULQJ�PLQLPL]HU�ZLWK�0LQ+DVK�	���

,PSURYHG�NUDNHQ�

0HWDJHQRPH�DVVHPEO\



$SSOLFDWLRQV
���*HQRPH�DVVHPEO\



'H�QRYR�JHQRPH�DVVHPEO\

KWWSV���ODQJPHDG�ODE�RUJ�WHDFKLQJ�PDWHULDOV�
��



6HTXHQFLQJ�UHDGV

��



Ɣ GH�%UXLMQ�JUDSKV
ż DVVHPEOH�WKH�JHQRPH�
ż ILQGLQJ�RYHUODSV�EHWZHHQ�NPHUV�RI�UHDGV

��



GH�%UXLMQ�JUDSKV

Ɣ 1RGHV��NPHUV
Ɣ (GJH����OLQN�EHWZHHQ�N�PHUV�WKDW�RYHUODS�E\�N���EDVHV�

Ɣ ([DPSOH��
ż �PHUV�IRU�WKH�VHTXHQFH�$&7*

Ɣ 0HUJLQJ�WZR�QRGHV�UHVXOW�LQ�D�.���PHU�� D�SDUW�RI�WKH�VHTXHQFH��

*UDSK��QRGHV��HGJHV

&RPSDFWLQJ�GH�%UXLMQ�JUDSKV�IURP�VHTXHQFLQJ�GDWD�TXLFNO\�DQG�LQ�ORZ�PHPRU\��5D\DQ�&KLNKL��,60%���� ��

ż �PHUV��$&7��&7*



G%*�IRU�IHZ�UHDGV

$&7*

���&7*&

������7*&&

��6KRUW�UHDG�PHWDJHQRPLFV�DVVHPEO\�PHWKRGV��5D\DQ�&KLNKL��(%$0(��������

$&7*

$&7*

��&7*&

���&7*&

���&7*&

������7*&&

������7*&&



$�VHTXHQFLQJ�HUURU�RQ�GH�%UXLMQ�JUDSK

��

$&7*

���&7*&

������7*&&

���&7*$



613V�LQ�WKH�JUDSK

$*&&7*$
$*&$7*$

��



�6KRUW�UHDG�DVVHPEOHUV

��

Ɣ &RQVWUXFW�GH�%UXLMQ�JUDSK

Ɣ 5HPRYH�OLNHO\�VHTXHQFLQJ�HUURUV

+RZ�WR�DSSO\�GH�%UXLMQ�JUDSKV�WR�JHQRPH�DVVHPEO\��1DWXUH�ELRWHFKQRORJ\������

Ɣ 5HPRYH�YDULDWLRQV

Ɣ 5HWXUQ�VLPSOH�SDWKV��FRQWLJV�

ż &RPELQLQJ�DOO�NPHUV�LQ�WKH�SDWK

Ɣ ([WUD�VWHSV��UHSHDW�UHVROYLQJ��

VFDIIROGLQJ



&RPSDFWLQJ�WKH�GH�%UXLMQ�JUDSK

��%LIURVW��KLJKO\�SDUDOOHO�FRQVWUXFWLRQ�DQG�LQGH[LQJ�RI�
FRORUHG�DQG�FRPSDFWHG�GH�%UXLMQ�JUDSKV�������

��7%�VHT�GDWD
����*%�NPHUV



&RPSDFWLQJ�LQ�SDUDOOHO�

*7*$7*$

$7*$&&

$7*$$&7

*URXSLQJ�NPHUV�EDVHG�RQ�WKHLU�PLQLPL]HU�WR�ZRUN�LW�SDUDOOHO��

%&$/0��LV�D�WRRO�IRU�FRPSDFWLQJ�WKH�GH�%UXLMQ�JUDSK� ��



��

7RR�PXFK�
PDWK



��



$SSOLFDWLRQV
���.PHU�FRXQWLQJ



.�PHU�FRXQWLQJ
Ɣ *LYHQ�D�VWULQJ��FRXQWLQJ�WKH�QXPEHU�RI�RFFXUUHQFHV�RI�HYHU\�NPHU�
Ɣ 0DQ\�DSSOLFDWLRQV

��

Ɣ $�QDLYH�DSSURDFK�
ż FRXQWBGLFW ^`��FRXQWBGLFW>µ$7$¶@ ���FRXQWBGLFW>µ$7&¶@ ��
ż N�PHUV�DV�NH\V�DQG�WKHLU�FRXQWV�DV�YDOXHV�

Ɣ (IILFLHQW�LQ�WHUPV�RI�VSHHG��VSDFH�DQG�PHPRU\
Ɣ 3DUDOOHOL]DWLRQ��ORFNLQJ�PHPRU\�



Ɣ N�PHUV�DUH�VWRUHG�DV�NH\V�DQG�WKHLU�FRXQWV�DUH�
VWRUHG�DV�YDOXHV�

Ɣ /RFN�IUHH�KDVK�WDEOH�DOORZLQJ�SDUDOOHO�LQVHUWLRQ�RI�
N�PHUV�DQG�IUHTXHQF\�XSGDWHV�

-HOO\)LVK��EDVHG�RQ�+DVK�WDEOH

��

&$* ��

**$ ��

*HUELO��ZLWK�PLQLPL]HU

*HUELO��D�IDVW�DQG�PHPRU\�HIILFLHQW�N�PHU�FRXQWHU�ZLWK�*38�VXSSRUW�������



(YDOXDWLRQ

'DWD

Ɣ ,OOXPLQD�UHDGV
Ɣ +��VDSLHQV
Ɣ ����*%\WH

6\VWHP

Ɣ PHPRU\����*%
Ɣ +DUG�GLVN���7%
Ɣ &38V���
Ɣ ,QWHO�&38�(�±���������*+]

��$�EHQFKPDUN�VWXG\�RI�N�PHU�FRXQWLQJ�PHWKRGV�IRU�KLJK�WKURXJKSXW�VHTXHQFLQJ�������

0LQLPL]HU��!�QRW�HTXDO�ELQV



��

8QLYHUVDO�
KLWWLQJ�VHW
�QRW�D�SULRULW\�

5HYLHZ�SDSHU

5HYLHZ�SDSHU



7KDQN�\RX�

4$"

��



��



��



$YDLODEOH�UHYLHZV�SDSHUV

��

7ZR�SDJHV�RQ�0LQLPL]HU

7XWRULDO���EDVLFV

7LPH�RUGHU�2�Q�

8VHIXO��ZH�FDQ�ZULWH�VLPLODUO\�GHVFULELQJ�
%LRORJLFDO�DSSOLFDWLRQV��
*RRG�VXSSOHPHQWDU\�GHVFULELQJ�EDVLFV

,QWUR�RQ�VHHGLQJ��DQFKRU��NPHU



���6HTXHQFH�FRPSUHVVLRQ

��



��

���6HTXHQFH�HUURU�FRUUHFWLRQ

1RW�D�
SULRULW\



���9DULDQW�FDOOLQJ��	�06$�

��



���5HDG�DOLJQPHQW�
�JRRG�UHYLHZV�H[LVW�

��

)RFXVHG�RQ�PLQLPL]HU



$OWHUQDWLYH�GDWD�VWUXFWXUHV
�PDWK�FRPSXWHU�VFL��

��



3DSHU�RXWOLQH�³$SSOLFDWLRQV�RI�0LQLPL]HU�LQ�JHQRPLFV´

�� LQWUR��LPSRUWDQFH��ZK\�QRZ�ELRJHQRPH�SURMHFW���GHILQLWLRQ�
�� PHWDJHQRPLFV����
�� GH�%UXLMQ�JUDSK����
�� JHQRPH�DVVHPEO\����
�� NPHU�FRXQWLQJ����
�� VHTXHQFH�FRPSUHVVLRQ����
�� VHTXHQFH�HUURU�FRUUHFWLRQ����
�� YDULDQW�FDOOLQJ����
�� 'LVFXVVLRQ�DQG�FRQFOXVLRQ�

7DEOHV��ILJXUH�

��



��'H�QRYR�1DQRSRUH�UHDG�TXDOLW\�LPSURYHPHQW�XVLQJ�GHHS�OHDUQLQJ��
%0&�ELRLQIRUPDWLFV������



��(UURU�FRUUHFWLRQ�HQDEOHV�XVH�RI�2[IRUG�1DQRSRUH�WHFKQRORJ\�IRU�
UHIHUHQFH�IUHH�WUDQVFULSWRPH�DQDO\VLV��1DWXUH�FRPPXQLFDWLRQ�������



��9HFKDW



+DVK�IXQFWLRQ

$�KDVK�IXQFWLRQ�LV�DQ\�IXQFWLRQ�WKDW�FDQ�
EH�XVHG�WR�PDS�GDWD�RI�DUELWUDU\�VL]H�WR�
IL[HG�VL]H�YDOXHV�

ZLNLSHGLD ��



%XUURZV±:KHHOHU�WUDQVIRUP

ODQJPHDG�ODE�RUJ�WH
DFKLQJ�PDWHULDOV�

��



6XIIL[�DUUD\

%:7
ODQJPHDG�ODE�RUJ�WH
DFKLQJ�PDWHULDOV�

��



)0�LQGH[

8VLQJ�WKH�%:7�PDWUL[

D�ODVW�WR�ILUVW�FROXPQ�PDSSLQJ�/)�L��IURP�DQ�LQGH[�L�WR�DQ�LQGH[�M��VXFK�WKDW�)>M@� �
/>L@

��



%ORRP�ILOWHU

Ɣ D�VSDFH�HIILFLHQW�SUREDELOLVWLF�GDWD�
VWUXFWXUH

Ɣ WHVW�ZKHWKHU�DQ�HOHPHQW�LV�D�PHPEHU�RI�
D�VHW

Ɣ )DOVH�SRVLWLYH�PDWFKHV�DUH�SRVVLEOH��EXW�
IDOVH�QHJDWLYHV�DUH�QRW

Ɣ $Q�HPSW\�%ORRP�ILOWHU�LV�D�ELW�DUUD\�RI�P�
ELWV��DOO�VHW�WR���

Ɣ 8VLQJ�N�GLIIHUHQW�KDVK�IXQFWLRQV
Ɣ HDFK�IXQFWLRQ�PDSV��KDVKHV��DQ�HOHPHQW�

WR�RQH�RI�WKH�P�DUUD\�SRVLWLRQV�

��



��



0LQ+$6+

��



6WUREH0HU

��



KWWSV���NDPLPUFKW�JLWKXE�LR�ZHESDJH�VHWVBNPHUBVHWV�KWPO

��



7LPH�DQG�VSDFH

��



��

:���UHDG�FRXQW�
RI�$$7����

:���UHDG�FRXQW�
RI�$77����

:���LQFUHPHQW�
$$7���!�

:���LQFUHPHQW�
$77���!�

$$7 �

$77 �
:���

:���UHDG�FRXQW�
$$7����

$$7 �

$77 �

:���UHDG�FRXQW�
$$7����

:���LQFUHPHQW�
$$7���!�

$$7 �

$77 �
:���LQFUHPHQW�
$$7���!�

:���

:���1R���,�ZRQ¶W�LQFUHPHQW�
$$7�DV���!��GRHV�QRW�KROG

([DPSOH��

ZRUNHUV�:��	�:��

Swap and compare
kmer counting



��



6HTXHQFH�FRPSDULVRQ�ZLWK�PLQLPL]HU�
Ɣ 1XPEHU�RI�PLQLPL]HU�DW�PRVW� ��/�Z���EXW�
Ɣ 6LPLODU�VHTXHQFHV�KDYH�KLJK�SUREDELOLW\�RI�KDYLQJ�WKH�VDPH�PLQLPL]HUV�

Ɣ 6HTXHQFH�RI�PLQLPL]HUV�LV�DOVR�FDOOHG�D�VNHWFK�RI�WKH�RULJLQDO�VHT�

Ɣ :LWK�QRQ�RYHUODSSLQJ�ZLQGRZV��!�/�Z�PLQLPL]HUV�IRU�VHTXHQFH�RI�OHQJWK�/�
Ɣ )RU�D�UDQGRP�RUGHU��Z�QRW�WRR�ODUJH���D�IDFWRU�RI��������Z������

��



0HPRU\�DQG�VSHHG��PLQLPL]HU
Ɣ SDUWLWLRQLQJ�LQSXW�N�PHUV�RQ�GLVN
Ɣ EDVHG�RQ�PLQLPL]HUV

��



�%&$/0��
$�WRRO�IRU�FRPSDFWLQJ�WKH�GH�%UXLMQ�JUDSK

��



3DUDOOHO�FRXQWLQJ�
VSOLWWLQJ�WKH�VHTXHQFH��

Ɣ ��PHUV
Ɣ ��PHU�PLQLPL]HU��EROG�
Ɣ )LQGLQJ��RYHUODSSLQJ��SDUW�RI�VHTXHQFH�

ZLWK�WKH�VDPH�PLQLPL]HU�RQ�WHPS�ILOHV

��
*HUELO��D�IDVW�DQG�PHPRU\�HIILFLHQW�N�PHU�FRXQWHU�ZLWK�*38�VXSSRUW�������

,VVXHV��PLVVLQJ�NPHUV��FRPELQLQJ�VWDWV�RI�
HDFK�SDUW�

*HUELO��ZLWK�PLQLPL]HU


