
�

&6���� 1RWHV��� �

&6������'DWDEDVH�6\VWHP�
3ULQFLSOHV

1RWHV�����&RQFXUUHQF\�&RQWURO

+HFWRU�*DUFLD�0ROLQD
�6RPH�PRGLILFDWLRQV�E\�&KULV�2OVWRQ�

&6���� 1RWHV��� �

$&,'�3URSHUWLHV
� $WRPLFLW\
± $FWLRQV�DUH�QHYHU�OHIW�SDUWLDOO\�H[HFXWHG

� &RQVLVWHQF\
± $FWLRQV�OHDYH�WKH�'%�LQ�D�FRQVLVWHQW�VWDWH

� ,VRODWLRQ
± $FWLRQV�DUH�QRW�DIIHFWHG�E\�RWKHU�
FRQFXUUHQW�DFWLRQV

� 'XUDELOLW\
± (IIHFWV�RI�FRPSOHWHG�DFWLRQV�DUH�UHVLOLHQW�
DJDLQVW�V\VWHP�IDLOXUHV

&6���� 1RWHV��� �

&KDSWHU��
&RQFXUUHQF\�&RQWURO

7� 7� « 7Q

'%
�FRQVLVWHQF\
FRQVWUDLQWV�

&6���� 1RWHV��� �

$

&

,VRODWLRQ

'
'HVLUHG�(IIHFW�
,VRODWLRQ

7� 7� « 7Q

'%
�FRQVLVWHQF\
FRQVWUDLQWV�

7UDQVDFWLRQV�QRW�
DIIHFWHG�E\�RWKHU�
FRQFXUUHQW�
WUDQVDFWLRQV

&6���� 1RWHV��� �

([DPSOH�

7�� 5HDG�$� 7�� 5HDG�$�
$�← $���� $�← $×�
:ULWH�$� :ULWH�$�
5HDG�%� 5HDG�%�
%�← %���� %�← %×�
:ULWH�%� :ULWH�%�

&RQVWUDLQW���$ %

&6���� 1RWHV��� �

6FKHGXOH�$

7� 7�

5HDG�$���$�← $����

:ULWH�$��

5HDG�%���%�← %�����

:ULWH�%��

5HDG�$��$�← $×��
:ULWH�$��

5HDG�%��%�← %×��
:ULWH�%��

$ %

�� ��

���

���

���

���

��� ���
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&6���� 1RWHV��� �

6FKHGXOH�%

7� 7�

5HDG�$��$�← $×��
:ULWH�$��

5HDG�%��%�← %×��
:ULWH�%��

5HDG�$���$�← $����

:ULWH�$��

5HDG�%���%�← %�����

:ULWH�%��

$ %

�� ��

��

��

���

���

��� ���

&6���� 1RWHV��� �

6FKHGXOH�&

7� 7�

5HDG�$���$�← $����

:ULWH�$��

5HDG�$��$�← $×��
:ULWH�$��

5HDG�%���%�← %�����

:ULWH�%��

5HDG�%��%�← %×��
:ULWH�%��

$ %

�� ��

���

���

���

���

��� ���

&6���� 1RWHV��� �

6FKHGXOH�'

7� 7�

5HDG�$���$�← $����

:ULWH�$��

5HDG�$��$�← $×��
:ULWH�$��

5HDG�%��%�← %×��
:ULWH�%��

5HDG�%���%�← %�����

:ULWH�%��

$ %

�� ��

���

���

��

���

��� ���

&6���� 1RWHV��� ��

6FKHGXOH�(

7� 7�¶

5HDG�$���$�← $����

:ULWH�$��

5HDG�$��$�← $×��
:ULWH�$��

5HDG�%��%�← %×��
:ULWH�%��

5HDG�%���%�← %�����

:ULWH�%��

$ %

�� ��

���

���

��

���

��� ���

6DPH�DV�6FKHGXOH�'
EXW�ZLWK�QHZ�7�¶

&6���� 1RWHV��� ��

� :DQW�VFKHGXOHV�WKDW�DUH�³JRRG´�
UHJDUGOHVV�RI

± LQLWLDO�VWDWH�DQG

± WUDQVDFWLRQ�VHPDQWLFV

� 2QO\�ORRN�DW�RUGHU�RI�UHDG�DQG�ZULWHV

([DPSOH��
6F U��$�Z��$�U��$�Z��$�U��%�Z��%�U��%�Z��%�

&6���� 1RWHV��� ��

6F¶ U��$�Z��$��U��%�Z��%�U��$�Z��$�U��%�Z��%�

7� 7�

([DPSOH��
6F U��$�Z��$�U��$�Z��$�U��%�Z��%�U��%�Z��%�



�

&6���� 1RWHV��� ��

+RZHYHU��IRU�6G�
6G U��$�Z��$�U��$�Z��$��U��%�Z��%�U��%�Z��%�

� DV�D�PDWWHU�RI�IDFW�
7��PXVW�SUHFHGH�7��

LQ�DQ\�HTXLYDOHQW�VFKHGXOH�
L�H����7� → 7�

&6���� 1RWHV��� ��

7� 7� 6G�FDQQRW�EH�UHDUUDQJHG
LQWR�D�VHULDO�VFKHGXOH

6G�LV�QRW�³HTXLYDOHQW´�WR
DQ\�VHULDO�VFKHGXOH

6G�LV�³EDG´

� 7� → 7��

� $OVR��7� → 7�

&6���� 1RWHV��� ��

5HWXUQLQJ�WR�6F

6F U��$�Z��$�U��$�Z��$�U��%�Z��%�U��%�Z��%�

7� → 7� 7� → 7�

E QR�F\FOHV�⇒ 6F�LV�³HTXLYDOHQW´�WR�D
VHULDO�VFKHGXOH
�LQ�WKLV�FDVH�7��7��

&6���� 1RWHV��� ��

&RQFHSWV

7UDQVDFWLRQ� VHTXHQFH�RI�UL�[�� ZL�[��DFWLRQV
&RQIOLFWLQJ�DFWLRQV� U��$� Z��$�����Z��$�

Z��$� U��$���� Z��$�
6FKHGXOH� UHSUHVHQWV�FKURQRORJLFDO�RUGHU

LQ�ZKLFK�DFWLRQV�DUH�H[HFXWHG
6HULDO�VFKHGXOH� QR�LQWHUOHDYLQJ�RI�DFWLRQV

RU�WUDQVDFWLRQV

&6���� 1RWHV��� ��

:KDW�DERXW�FRQFXUUHQW�DFWLRQV"

7��LVVXHV 6\VWHP ,QSXW�[� W�← [
UHDG�[�W� LVVXHV FRPSOHWHV

LQSXW�[�
WLPH

7��LVVXHV
ZULWH�\�X�

6\VWHP
LVVXHV
LQSXW�\�

LQSXW�\�
FRPSOHWHV

\�← X

6\VWHP
LVVXHV
RXWSXW�\�

RXWSXW�\�
FRPSOHWHV

&6���� 1RWHV��� ��

6R�QHW�HIIHFW�LV�HLWKHU
� 6 «U��[�«Z��\�«��RU
� 6 «Z��\�«U��[�«



�

&6���� 1RWHV��� ��

� $VVXPH�HTXLYDOHQW�WR�HLWKHU�U��$��Z��$�
RU Z��$��U��$�

� ⇒ ORZ�OHYHO�V\QFKURQL]DWLRQ�PHFKDQLVP
� $VVXPSWLRQ�FDOOHG�³DWRPLF�DFWLRQV´

:KDW�DERXW�FRQIOLFWLQJ��FRQFXUUHQW�
DFWLRQV�RQ�VDPH�REMHFW"

VWDUW�U��$� HQG�U��$�

VWDUW�Z��$� HQG�Z��$� WLPH

&6���� 1RWHV��� ��

'HILQLWLRQ

6���6� DUH�FRQIOLFW�HTXLYDOHQW VFKHGXOHV
LI�6� FDQ�EH�WUDQVIRUPHG�LQWR�6� E\�D�
VHULHV�RI�VZDSV�RQ�QRQ�FRQIOLFWLQJ�
DFWLRQV�

&6���� 1RWHV��� ��

'HILQLWLRQ

$�VFKHGXOH�LV�FRQIOLFW�VHULDOL]DEOH LI�LW�LV�
FRQIOLFW�HTXLYDOHQW�WR�VRPH�VHULDO�
VFKHGXOH�

&6���� 1RWHV��� ��

1RGHV��WUDQVDFWLRQV�LQ�6
$UFV���7L�→ 7M�ZKHQHYHU

� SL�$���TM�$��DUH�DFWLRQV�LQ�6
� SL�$���6 TM�$�
� DW�OHDVW�RQH�RI�SL� TM LV�D ZULWH

3UHFHGHQFH�JUDSK 3�6����6�LV�VFKHGXOH�

&6���� 1RWHV��� ��

([HUFLVH�

� :KDW�LV�3�6��IRU
6� �Z��$��Z��&��U��$��Z��%��U��&��Z��$��U��$��Z��'�

� ,V�6�VHULDOL]DEOH"

&6���� 1RWHV��� ��

([HUFLVH���

� :KDW�LV�3�6��IRU
6� �U��$��Z��%��U��&��Z��&��Z��$��Z��$��U��$��Z��'�

� 6�VHULDO�⇒ 3�6��DF\FOLF



�

&6���� 1RWHV��� ��

/HPPD

6���6� FRQIOLFW�HTXLYDOHQW�⇒ 3�6�� 3�6��

3URRI�
$VVXPH�3�6���≠ 3�6��
⇒ ∃ 7L��7L → 7M LQ�6� DQG�QRW�LQ�6�
⇒ 6�  �«SL�$�����TM�$�« SL��TM

6�  �«TM�$�«SL�$����� FRQIOLFW

⇒ 6���6��QRW�FRQIOLFW�HTXLYDOHQW�
&6���� 1RWHV��� ��

1RWH��3�6�� 3�6���⇒ 6���6��FRQIOLFW�HTXLYDOHQW

&RXQWHU�H[DPSOH�

6� Z��$��U��$������Z��%��U��%�

6� U��$��Z��$� U��%��Z��%��

&6���� 1RWHV��� ��

7KHRUHP

3�6���DF\FOLF�⇐⇒ 6� FRQIOLFW�VHULDOL]DEOH

�⇐��$VVXPH�6� LV�FRQIOLFW�VHULDOL]DEOH
⇒ ∃ 6V��6V��6��FRQIOLFW�HTXLYDOHQW
⇒ 3�6V�  3�6��
⇒ 3�6���DF\FOLF�VLQFH�3�6V��LV�DF\FOLF

&6���� 1RWHV��� ��

�⇒��$VVXPH�3�6���LV�DF\FOLF
7UDQVIRUP�6� DV�IROORZV�
����7DNH�7� WR�EH�WUDQVDFWLRQ�ZLWK�QR�LQFLGHQW�DUFV

����0RYH�DOO�7� DFWLRQV�WR�WKH�IURQW

6�  �««���TM�$�««�S��$�«��

����ZH�QRZ�KDYH�6�  ���7� DFWLRQV�!�����UHVW����!

����UHSHDW�DERYH�VWHSV�WR�VHULDOL]H�UHVW�

7�

7� 7�

7�

7KHRUHP

3�6���DF\FOLF�⇐⇒ 6� FRQIOLFW�VHULDOL]DEOH

&6���� 1RWHV��� ��

+RZ�WR�HQIRUFH�VHULDOL]DEOH�VFKHGXOHV"

2SWLRQ���� UXQ�V\VWHP��UHFRUGLQJ�3�6��
DW�HQG�RI�GD\��FKHFN�IRU�3�6�
F\FOHV�DQG�GHFODUH�LI�H[HFXWLRQ
ZDV�JRRG

&6���� 1RWHV��� ��

2SWLRQ��� SUHYHQW�3�6��F\FOHV�IURP�
RFFXUULQJ�

7���7� «�� 7Q

6FKHGXOHU

'%

+RZ�WR�HQIRUFH�VHULDOL]DEOH�VFKHGXOHV"



�

&6���� 1RWHV��� ��

$�ORFNLQJ�SURWRFRO

7ZR�QHZ�DFWLRQV�
ORFN��H[FOXVLYH�� OL��$�
XQORFN� XL �$�

VFKHGXOHU

7� 7�
ORFN
WDEOH

&6���� 1RWHV��� ��

5XOH���� :HOO�IRUPHG�WUDQVDFWLRQV

7L���« OL�$��«�SL�$��« XL�$�����

&6���� 1RWHV��� ��

5XOH��� /HJDO�VFKHGXOHU

6� �««���OL�$��«««����XL�$��««���

QR�OM�$�

&6���� 1RWHV��� ��

� :KDW�VFKHGXOHV�DUH�OHJDO"
:KDW�WUDQVDFWLRQV�DUH�ZHOO�IRUPHG"
6�� �O��$�O��%�U��$�Z��%�O��%�X��$�X��%�

U��%�Z��%�X��%�O��%�U��%�X��%�

6�� �O��$�U��$�Z��%�X��$�X��%�

O��%�U��%�Z��%�O��%�U��%�X��%�

6�� �O��$�U��$�X��$�O��%�Z��%�X��%�

O��%�U��%�Z��%�X��%�O��%�U��%�X��%�

([HUFLVH�

&6���� 1RWHV��� ��

� :KDW�VFKHGXOHV�DUH�OHJDO"
:KDW�WUDQVDFWLRQV�DUH�ZHOO�IRUPHG"
6�� �O��$�O��%�U��$�Z��%�O��%�X��$�X��%�

U��%�Z��%�X��%�O��%�U��%�X��%�

6�� �O��$�U��$�Z��%�X��$�X��%�

O��%�U��%�Z��%�O��%�U��%�X��%�

6�� �O��$�U��$�X��$�O��%�Z��%�X��%�

O��%�U��%�Z��%�X��%�O��%�U��%�X��%�

([HUFLVH�

&6���� 1RWHV��� ��

6FKHGXOH�)

7� 7�

O��$��5HDG�$�

$���$�����:ULWH�$��X��$��

O��$��5HDG�$�

$���$[��:ULWH�$��X��$�

O��%��5HDG�%�

%���%[��:ULWH�%��X��%��

O��%��5HDG�%�

%���%�����:ULWH�%��X��%��



�

&6���� 1RWHV��� ��

6FKHGXOH�)

7� 7� �������

O��$��5HDG�$�

$���$�����:ULWH�$��X��$�� ���

O��$��5HDG�$�

$���$[��:ULWH�$��X��$�������

O��%��5HDG�%�

%���%[��:ULWH�%��X��%�� ��

O��%��5HDG�%�

%���%�����:ULWH�%��X��%�� ���

�������

$���%

&6���� 1RWHV��� ��

5XOH��� 7ZR�SKDVH�ORFNLQJ���3/�
IRU�WUDQVDFWLRQV

7L� �««��OL�$��«««����XL�$��««���

QR�XQORFNV��� QR�ORFNV

&6���� 1RWHV��� ��

��ORFNV

KHOG�E\

7L

7LPH

*URZLQJ 6KULQNLQJ

3KDVH 3KDVH

&6���� 1RWHV��� ��

6FKHGXOH�*

7� 7�

O��$��5HDG�$�

$���$�����:ULWH�$�

O��%���X��$��

O��$��5HDG�$�

$���$[��:ULWH�$��O��%�

GHOD\HG

&6���� 1RWHV��� ��

6FKHGXOH�*

7� 7�

O��$��5HDG�$�

$���$�����:ULWH�$�

O��%���X��$��

O��$��5HDG�$�

$���$[��:ULWH�$��O��%�

5HDG�%��%����%����

:ULWH�%���X��%��

GHOD\HG

&6���� 1RWHV��� ��

6FKHGXOH�*

7� 7�

O��$��5HDG�$�

$���$�����:ULWH�$�

O��%���X��$��

O��$��5HDG�$�

$���$[��:ULWH�$��O��%�

5HDG�%��%����%����

:ULWH�%���X��%��

O��%���X��$��5HDG�%�

%����%[��:ULWH�%��X��%���

GHOD\HG



�

&6���� 1RWHV��� ��

6FKHGXOH�+ �7� UHYHUVHG�

7� 7�

O��$���5HDG�$� O��%��5HDG�%�

$���$�����:ULWH�$� %���%[��:ULWH�%�

O��%� O��$�
GHOD\HGGHOD\HG

&6���� 1RWHV��� ��

� $VVXPH�GHDGORFNHG�WUDQVDFWLRQV�DUH�
UROOHG�EDFN
± 7KH\�KDYH�QR�HIIHFW

± 7KH\�GR�QRW�DSSHDU�LQ�VFKHGXOH

(�J���6FKHGXOH�+� 
7KLV�VSDFH�LQWHQWLRQDOO\

OHIW�EODQN�

&6���� 1RWHV��� ��

1H[W�VWHS�

6KRZ�WKDW�UXOHV��������⇒ FRQIOLFW�
VHULDOL]DEOH
VFKHGXOHV

&6���� 1RWHV��� ��

&RQIOLFW�UXOHV�IRU OL�$���XL�$��

� OL�$���OM�$��FRQIOLFW�
� OL�$���XM�$��FRQIOLFW

1RWH��QR�FRQIOLFW���XL�$���XM�$�!��� OL�$���UM�$�!����

&6���� 1RWHV��� ��

7KHRUHP 5XOHV���������⇒ FRQIOLFW
��3/� VHULDOL]DEOH

VFKHGXOH

7R�KHOS�LQ�SURRI�
'HILQLWLRQ 6KULQN�7L�� �6+�7L�� 

ILUVW�XQORFN�DFWLRQ�RI�7L

&6���� 1RWHV��� ��

/HPPD
7L�→ 7M LQ�6�⇒ 6+�7L���6 6+�7M�

3URRI�RI�OHPPD�
7L�→ 7M PHDQV�WKDW
6� �«�SL�$��«��TM�$��«�����S�T�FRQIOLFW

%\�UXOHV�����
6� �«�SL�$��« XL�$��« OM�$������TM�$��«

%\�UXOH�������6+�7L��������� 6+�7M�

6R���6+�7L���6 6+�7M�



�

&6���� 1RWHV��� ��

3URRI�
����$VVXPH�3�6��KDV�F\FOH�

7��→ 7��→«��7Q → 7�

����%\�OHPPD��6+�7���� 6+�7���� ����� 6+�7��

����,PSRVVLEOH��VR�3�6��DF\FOLF
����⇒ 6�LV�FRQIOLFW�VHULDOL]DEOH

7KHRUHP 5XOHV���������⇒ FRQIOLFW
��3/� VHULDOL]DEOH

VFKHGXOH

&6���� 1RWHV��� ��

� %H\RQG�WKLV�VLPSOH��3/�SURWRFRO��LW�LV�DOO�
D�PDWWHU�RI�LPSURYLQJ�SHUIRUPDQFH�DQG�
DOORZLQJ�PRUH�FRQFXUUHQF\«�
± 6KDUHG�ORFNV

± 0XOWLSOH�JUDQXODULW\

± ,QVHUWV��GHOHWHV�DQG�SKDQWRPV

± 2WKHU�W\SHV�RI�&�&��PHFKDQLVPV

&6���� 1RWHV��� ��

6KDUHG�ORFNV

6R�IDU�
6� ����O��$��U��$��X��$��«�O��$��U��$��X��$��«

'R�QRW�FRQIOLFW

,QVWHDG�
6 ����OV��$��U��$��OV��$��U��$��«��XV��$��XV��$��

&6���� 1RWHV��� ��

/RFN�DFWLRQV
O�WL�$���ORFN�$�LQ�W�PRGH��W�LV�6�RU�;�
X�WL�$���XQORFN�W�PRGH��W�LV�6�RU�;�

6KRUWKDQG�
XL�$���XQORFN�ZKDWHYHU�PRGHV�

7L KDV�ORFNHG�$

&6���� 1RWHV��� ��

5XOH���� :HOO�IRUPHG�WUDQVDFWLRQV

7L  ����O�6��$��«�U��$��« X���$��«
7L  ����O�;��$��«�Z��$��« X���$��«

&6���� 1RWHV��� ��

� :KDW�DERXW�WUDQVDFWLRQV�WKDW�UHDG�DQG�
ZULWH�VDPH�REMHFW"

2SWLRQ��� 5HTXHVW�H[FOXVLYH�ORFN
7L� ����O�;��$��«�U��$������Z��$������X�$��«



��

&6���� 1RWHV��� ��

2SWLRQ�����8SJUDGH
�(�J����QHHG�WR�UHDG��EXW�GRQ¶W�NQRZ�LI�ZLOO�ZULWH«�

7L ����O�6��$��«�U��$����� O�;��$��«Z��$�����X�$�«

7KLQN�RI
� *HW��QG�ORFN�RQ�$��RU
� 'URS�6��JHW�;�ORFN

� :KDW�DERXW�WUDQVDFWLRQV�WKDW�UHDG�DQG
ZULWH�VDPH�REMHFW"

&6���� 1RWHV��� ��

5XOH��� /HJDO�VFKHGXOHU

6� �����O�6L�$��«��«�XL�$��«

QR�O�;M�$�

6� �����O�;L�$��«����« XL�$��«

QR�O�;M�$�
QR�O�6M�$�

&6���� 1RWHV��� ��

$�ZD\�WR�VXPPDUL]H�5XOH���

&RPSDWLELOLW\�PDWUL[

&RPS 6 ;
6���� WUXH IDOVH
; IDOVH IDOVH

&6���� 1RWHV��� ��

5XOH���� �3/�WUDQVDFWLRQV

1R�FKDQJH�H[FHSW�IRU�XSJUDGHV�
�,���,I�XSJUDGH�JHWV�PRUH�ORFNV

�H�J���6�→ ^6��;`���WKHQ�QR�FKDQJH�
�,,��,I�XSJUDGH�UHOHDVHV�UHDG��VKDUHG�

ORFN��H�J���6�→ ;�
� FDQ�EH�DOORZHG�LQ�JURZLQJ�SKDVH

&6���� 1RWHV��� ��

3URRI�� VLPLODU�WR�;�ORFNV�FDVH

'HWDLO�
O�WL�$���O�UM�$��GR�QRW�FRQIOLFW�LI�FRPS�W�U�
O�WL�$���X�UM�$��GR�QRW�FRQIOLFW�LI�FRPS�W�U�

7KHRUHP 5XOHV�������⇒ &RQI�VHULDOL]DEOH
IRU�6�;�ORFNV�����������VFKHGXOHV

&6���� 1RWHV��� ��

/RFN�W\SHV�EH\RQG�6�;

([DPSOHV�
����LQFUHPHQW�ORFN
����XSGDWH�ORFN



��

&6���� 1RWHV��� ��

([DPSOH������LQFUHPHQW�ORFN
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