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Chapter 1 1

X]C��%?#"N��� 1

Introduction

e [ C�vR;l]qj?>A@=;��!>PK�;hGJ<�GAz�@=GRGJEUdf¶UC,K�C r K�G�I�KqIw>�� r ¶c>AK�> r >A< [ C_@=E´;=<´K [ C�;l¶UC_<RKq;h¸ r >PKq;=G�<�GAz�E}GAKqCF<RKq;l>A@=@hxt;=opE}G�IqK�>�<RK
E?>AKLKqCFIq<H]+C_o¹�HC!¶c¶UC!¶m;h<�K [ Cp¶c>PKw>c�+{�>�<Rx�GAz|K [ C r jcIqI�C_<RK+v\;l]Lj?>�@h;��F>AKq;=G�<µK�C rw[ <c;��RjcCF]�¶UG´<cG�K�] r >A@=C-K�G�@l>AI�b�C
¶c>AK�>t]LC_K�]+>�<?¶µ>AI�C/<cGAK+EcIw> r Kq; r >�@�z�G�ID;=<JK�C_Iw> r Kq;=v�C/v\;=]qj?>A@=;��F>PK�;hGJ<�>�<?¶ � ³ [ >AKD;·z���>�<?>A@=xU]L;l]F�9e [ C-b�GR>A@YGAz3K [ C
EcI�G��yC r K�;l]9Ky³�GAd z�G�@l¶Y�T:3;hIw]yK!`J³�C�¶UCFv�CF@hGJE´]LE?>AKq;l>A@}>A@=G�b�;hK [ ot]�³ [ ; rw[�r >�< [ C_@=E�]qEHCFCF¶\d jcE�K [ C�EcI�G r C!]q]q;h<?b-Kq;=otC
GAz9v\;l]LjH>A@=;��!>PKq;=G�<�>�@hbJG�I�;·K [ o�]_� Z C r G�<?¶�`}³�C�³D;=@=@ EcI�GPv\;=¶cC�>�¶c>AK�>�³�>�IqC [ G�j?]q;=<cbtz�I�>�otC_³�G�I�^�z�GJI�;=<JK�C_bJI�>AKq;=<cb
¶U;��}CFIqCF<RK�o�jc@hKq;hdf¶U;hotCF<?]L;=G�<H>A@�v\;=C_³+]DG�z K�I�>�� r ¶?>PK�>?� �f<µK [ ;=] rw[ >AEcKqC_I!`c³�C-;h<RK�IqGU¶Uj r C/K [ C��?> r ^\b�I�G�j?<?¶�>�<?¶
G��
�yC r K�;hvJCF]�GAzDK [ ;=]pEcI�G��yC r KF`|>�<?¶ K [ C�z�GJjcI�Kw>�]q^\]¹GAzDK [ C�E?@=>�<c<cCF¶�³nGJIq^�`3<?>AotCF@hxJ`|IqC"�Jj?;hI�C_otC_<RK¹>�<?>A@=xU]L;l]F`
�}GAKLK�@hCF<cC r ^m;l¶UCF<JK�;·¸ r >PK�;hGJ<�`�v\;=]qj?>A@=;��F>PK�;hGJ<)>A@=b�GJIq;hK [ o ¶cCF]q;hbJ<�`Y>A<?¶)EcIqG�KqG�KyxRE}C¹]qGAz Ky³g>AI�C�¶UCFv�CF@hGJEcotC_<RKF� �$C
>A@l]qGpbJ;hvJC²>p�cI�;=C,z|]LjcvJC_x´G�z r jcIqI�C_<RKgKqIw>�� r v\;=]qj?>�@h;��F>AKq;=G�<µ]LxU]LKqC_oµ�
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1.1 Background

�+;=b [ d E}C_Iqz�G�I�o�>A< r C-vR;l]qj?>A@=;��!>PK�;hGJ<µKqC rw[ <c;��RjcC!]�>�IqC��}C r G�ot;=<cb r I�j r ;=>�@ >�]+K [ Cp>AotG�j?<JKw]+G�z|KqIw>�� r ¶c>AK�> r G�@hd
@=C r K�CF¶��\x�>A<�C_v�CFI�;=< r I�CF>J]L;=<cb�<?C,Ky³�G�I�^¹G�z(]LCF<?]LGJI�]F`�;l]n�HC r G�ot;=<cb�K�G\G�@l>AI�b�CDK�G��}C�>A<H>A@=x �FCF¶�o�>�<RjH>A@=@hx¹K [ >�<
K [ C�>A�c;=@h;hKyx´K�G�>A<?>�@hx �_C²K [ C�¶c>PKw>pot>�<\j?>A@=@hxJ�9:cGJIDC��c>AotEc@=C�`UEcI�GU¶Uj r ;h<cb�>¹K [ IqCFC�¶U;hotCF<?]L;=G�<H>A@Yv\;=]qj?>�@h;��F>AKq;=G�<
GAzD]qEHCFCF¶ >�]->�z�j?< r K�;hGJ< GAz�Kq;=opC´>�<?¶ [ ;=b [ ³�>�x)<cC,Ky³�G�I�^)]qE?> r C¹z�GJI�>m]q;h<cbJ@hC�¶c>�x�º ]/³nGJILK [ GAz�KqIw>�� r ¶c>PKw>
r >�< K�>�^�C´j?E�KqG$>�³�C_CF^�j?]q;=<cb�K [ C r jcIqI�C_<RK¹KqG\G�@l]_�$e [ C�E}C_Iqz�G�I�o�>A< r C´�}GAKLK�@hCF<cC r ^$z�GJI r CF]�v\;l]LjH>A@=;��!>PKq;=G�<H]
KqG��HC�@=;hot;hKqCF¶�KqG$>�vJC_I�x ]qo�>A@=@�]�>AotEc@=C�G�zDKqIw>�� r ¶c>PKw>�G�jcK¹GAz�K [ Cµ¶c>PKw>)]qC,K r G�@=@=C r K�CF¶ �\x K [ C�]qC_<H]LGJI�]F�
e [ ;l]g�HG�KLK�@hCF<cC r ^´o�>�^�CF]�;hK [ >AIw¶�z�G�I�KqIw>�� r IqC!]LC!>AI rw[ C_Iw]|K�GtEHCFILz�GJIqo ;=<RKqCFI�> r Kq;=v�C²v\;=]qj?>�@h;��F>AKq;=G�<?]nz�G�ID>J]L^\;=<cb
� ³ [ >PKLd ;hz�� �RjcCF]LKq;=G�<?]F� �f<JK�C_Iw> r Kq;=v�C_@=x rw[ >A<cbJ;h<cbpK [ C�vP>AI�;=>��c@=CF]+]qC_@=C r KqCF¶�z�GJI�v\;=]qj?>�@h;��F>AKq;=G�<�G�I�¶UI�;=@h@=;h<?b�¶UGP³D<
KqG�]Lo�>A@=@=C_I�]qjc�c<?C,K�]���CJ� bH�+>tKqIw>�� r �FG�<cCJ`H> r G�I�Iq;l¶UG�I!`?>�@l>A<?C�`H]q;=<cb�@=C [ GJjcI��gz�G�I+z�j?ILK [ C_I²¶UC,Kw>A;=@=]�;=]�¶U; � r jc@·K
¶UjcC/K�GpK [ C-E}C_Iqz�G�I�o�>A< r C²�}GAKqKq@=C_<cC r ^U] r >AjH]LC!¶��\x�K [ C-@=>�IqbJC/v�G�@=jcotC/GAz KqIw>�� r ¶c>PKw>c�

1.2 Objectives

e [ C+GJ� �yC r Kq;=v�C+G�z�K [ ;l]9EcI�G��yC r K�;l]|K�G�¶UCFv�C_@=G�E [ ;=b [ E}C_Iqz�G�I�o�>A< r C+]LEH>PKq;l>A@?KqG\G�@l]9>�<?¶pKqC rw[ <c;��Jj?CF]|K�G�b�CF<cC_Iw>PK�C
r I�;hKq; r >A@}v\;=]qj?>�@h;��F>AKq;=G�<?]�GAz�@=GRGJEUdf¶UC,K�C r K�G�I�KqIw>�� r ¶c>AK�> r G�@=@=C r K�CF¶´>AK�K [ C²e Iw>�� r {�>�<?>AbJC_otC_<RKDanCF<RKqC_I!�Te [ ;=]
EcI�G��yC r K²>�;ho�]�>PK-¶UC_vJC_@=G�Ec;=<cb´<cCF³�]LEH>PKq;l>A@T¶c>AK�>Pdf]LKqI�j r K�jcIqC!]+>A<H¶�>A@=b�GJIq;hK [ o�]+KqG�>J¶c¶UI�CF]�]DK [ C¹E}C_Iqz�G�I�o�>A< r C
�}GAKLK�@hCF<cC r ^U]|;=<tK [ C+EcI�G r CF]�]TGAzYEcI�GU¶Uj r ;=<cb->A<H¶tIqCFvR;l]q;h<cb r jcIqI�C_<RK�>J]T³nCF@h@}>�]|<cGPvJC_@U;=<RKqC_Iw> r Kq;=v�Cgv\;=]qj?>�@h;��F>AKq;=G�<
;=< r @=j?¶U;=<cb´]qG�otC/GAz(K [ C/z�G�@=@=GP³D;h<cb !

� Z jcoto�>AI�xµKqIw>�� r o�>�E?]²GAz�K [ C�eg³D;h<�an;hKq;=CF]/otC,K�IqGJEHGJ@h;hK�>�<�>AI�CF>´z�G�I->�v�>�Iq;=C,KyxmG�z�>�b�b�I�C_bR>PK�C�;h<cz�G�Iqd
ot>AKq;=G�<�;h< r @=j?¶U;=<cb´>A<c<\j?>�@}KqIw>�� r v�GJ@hjcotC->A<H¶�¶c>�;h@=x [ GJjcIw]gGAz r G�<cbJCF]LKq;=G�<��

� {mjc@hKq;hd ¶U;=otC_<?]q;=G�<?>�@(]Lj?ILz�> r C�v\;l]Lj?>�@h;��F>AKq;=G�<m]qj rw[ >�]�]qE}C_CF¶m>J]�>pz�jc< r Kq;=G�<)GAzTKq;=otC¹>A<H¶ [ ;hb [ ³�>�x´<?C,KLd
³nGJIq^�@=G r >PK�;hGJ<��

� e(C rw[ <c;��Jj?CF]-K�G�v\;=]qj?>�@h;��_C´I�C_@l>PK�;hGJ<?] [ ;hEH]-�HC_Ky³nCFC_< K�I�>�� r >PKLK�Iq;=�cjUK�CF]���CJ� bH�mv�G�@=jcotC�>�<?¶ G r_r jcE?>A< r x��
GPv�C_Ig¶U;��}CFIqCF<RK�¶U;hotCF<?]L;=G�<H]���C�� b?�|]LEH> r C->�<?¶�Kq;=opC	�

� k2v\;=¶UCFGAd @h;=^�C�vR;l]qj?>A@=;��!>PK�;hGJ<pG�zYKqIw>�� r ¶c>AK�>/z�GJIn>�<´>AEcEcI�G(�U;ho�>AKqCD�cjUK�I�>�Ec;l¶�]Ljcoto�>AI�;��F>PK�;hGJ<�GAzYo�>��yGJI
KqI�C_<?¶c]F�Te [ ;=] r >�<�>A@l]qG��HC²j?]qCF¶tK�G�v\;l]Lj?>�@h;��_C+K [ C�C���C r Kw]�GAz(>�]qj?¶c¶UCF<�;=< r I�CF>J]LC�;h<´@=GJ>J¶tG�<�K [ C�KqIw>�� r
<cC,Ky³�G�I�^´>Pz K�C_I+] rw[ CF¶Uj?@hC!¶�CFv�C_<RKw]D]LGpK [ >PKDKqIw>�� r o�>A<?>�b�CFopCF<RK r >A<�Ec@l>A<�z�G�Igz�jUK�jcIqC�]q;=op;=@l>AIDC_vJC_<RK�]F�

e [ C´]qE?>PK�;=>�@3KqC rw[ <c;��RjcC!]-³D;=@h@|CF<?>A�c@=Ctv\;=]qj?>A@=;��F>PK�;hGJ<�G�z�K [ C��?>�]q; r @=G\G�EUdf¶UC_KqC r KqGJI/¶?>PK�>
��; � CJ�tv�G�@=jcotC�` G r_r jcd
E?>�< r x��+>J]�³�C_@=@|>�]�;h<cz�G�I�ot>AKq;=G�<)¶cC_I�;hvJCF¶µz�I�G�o KqIw>�¶c;·K�;hGJ<?>A@T>A<?¶�<cGPv�CF@3>�<?>A@=xU]L;l]+otC,K [ GU¶c]F��s�CFIq;=v�C!¶m;h<cz�G�Iqd
o�>PK�;hGJ<�o�>�x�;=< r @=j?¶UC�;l¶UCF<JK�;·¸ r >PK�;hGJ<�G�z r x r @h; r >�@9>A<?¶�I�C r j?IqI�;h<?b�E?>AKLK�C_I�<?]/C_o¹�HC!¶c¶UCF¶$;=<$K [ CtK�I�>�� r ¶c>AK�>?�
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� KDo�>�x´>A@l]LG¹;h< r @hjH¶UC r @l>�]�]L;h¸ r >AKq;=G�<´G�z G�z(o�>��yG�ID]qG�jcI r C!]_`\]q;h<c^U]g>A<H¶��}GAKqKq@=C_<cC r ^\]�;=<�K [ C/IqGR>�¶�<?C,Ky³�G�I�^}� :cGJI
C��c>�opE?@hCJ`H;hK²;l]�³nCF@h@ ^R<?GP³D<mK [ >AK�K [ C¹¶UGP³D<RK�GP³D<�{m;h<?<cCF>�EHGJ@h;l]_`�¶UCFEHCF<?¶U;=<cb�j?EHGJ<mK [ C�Kq;=otC¹G�z�¶c>�x�`};=]�K [ C
�c;=b�bJCF]LK/]q;h<?^�G�I-]qG�jcI r C¹GAz�K�I�>�� r ;=<�K [ C�eg³D;=<Udyan;hKq;=CF]/I�GJ>J¶m<cC_Ky³nGJIq^�� � [ >AK�;=]²<cG�K-G��\v\;hGJj?]²;=]²K [ >PK/K [ C
]qC r GJ<?¶m�c;=b�bJCF]LK/]qG�j?I r C,df]L;=<c^�;=]�K [ Cp>�IqC!>�]qjcIqI�G�j?<?¶U;=<cb � d � � ���HC_Ky³nCFC_<��n@=G\G�ot;=<cbAK�G�<)>�<?¶��n¶U;h<H>�>A<H¶�<cG�K
K [ C�¶UGP³D<RKqGP³D< Z KF���|>Aj?@�� Z j rw[ >A<?>�@hxU]q;=]g;l]�>�<µC��c>AotEc@=C-GAz|]LEH>PKq;l>A@ r @=j?]yK�C_I�;h<?b?`?>�¶c>AK�>tot;=<c;h<?b�KqC rw[ <c;��Jj?C
³ [ ; rw[µ[ >�]�K [ C-EHG�KqCF<JK�;=>�@YGAz|¶U;l] r GPv�C_I�;=<cb � <Rj?b�b�C_K�] ��G�z ;=<Uz�G�I�o�>PK�;hGJ<�G�K [ CFIq³D;l]LC [ ;l¶c¶UCF<µ;h<�K [ C�¶c>PKw>c�

e [ C´]qEHC r ;h¸ r G��
�yC r K�;hvJCF]-G�znK [ C´EcI�G��yC r K�>�IqCpK [ CF]qC�!¹> �/e(GmI�C_v\;=C_³¯K [ C´I�C_@l>PK�;hGJ<?] [ ;hE �}C,Ky³�C_CF<$v\;l]LjH>A@hd
;��F>PK�;hGJ<�>�@hbJG�I�;·K [ o�]n>�<?¶�] r >�@=>��c;=@h;hKyxt;h<�G�Iw¶UC_I�K�G¹;l¶UC_<RK�;·z�x�K [ C/EHCFILz�GJIqo�>�< r C²�HG�KLK�@hCF<cC r ^U]F�3� �ne GpG�I�bJ>A<?;��!>AC
K [ C�o�jc@hKq;l¶U;=opCF<?]q;hGJ<?>A@�>AKLK�Iq;=�cjUK�CtKqIw>�� r ]LEH> r Ct;=<RKqG�>�@=>AKLK�; r C�z�I�>�otC_³�G�I�^µz�G�I-�}C,KLK�C_I�j?<?¶UC_Iw]LK�>A<H¶U;h<?b?� r �
e G�j?]qCpK [ Ct@l>PKqKq; r Cpz�I�>�otC_³�G�I�^�K�G�C�� r ;=C_<RKq@=x�EcI�GU¶Uj r Ct]qjcotot>�IqxmE?@hG�K�]���;=< r @=j?¶U;=<cbµv\;=¶UCFG ��³ [ ; rw[ o�>�xm�}C
�}C_<cC_¸ r ;l>A@YK�GpK [ C/K�I�>�� r >�<?>A@=xU]yK!�

:3;hIw]LKF`U³�C-³D;h@=@�C��c>�op;=<cC²K [ C-IqCF@=>AKq;=G�<?] [ ;=E��}C,Ky³�C_CF<�v\;l]LjH>A@=;��!>PKq;=G�<µ>A<H¶�] r >�@=>��c;=@h;hKyx�;h<µGJI�¶UCFIgKqG�;l¶UC_<RK�;·z�x
K [ C�E}C_Iqz�G�I�ot>�< r CD�}GAKqKq@=C_<cC r ^U]_�TkDz K�C_I�³nCDC��U>�ot;h<cC+K [ C�IqCF@=>AKq;=G�<?] [ ;=E�`�³�CD³D;h@=@}EcIqC!]LCF<RK�>A<´>A@=b�GJIq;hK [ o¯³ [ ; rw[
]�>PKq;l]L¸?CF]�K [ C�]yKw>A<?¶?>AIw¶�¶c>AK�>tot;h<?;h<cbtGJ� �yC r Kq;=v�CF]�� 	�
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>A@=b�GJIq;hK [ o r >A<µj?]qC/EcI�C_v\;hGJj?]gI�CF]qjc@·Kw]g³D;·K [ G�jcK�]yKw>AIqKq;=<cb�K [ C r GJotEcjUK�>AKq;=G�<m>Pz�I�CF] [ �
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-e [ Cp¶c>PKw>��}C_;=<cb�v\;l]Lj?>�@h;��_C!¶mo�>�x��}C¹>�IqC!]Lj?@·K�G�z�>A<�C��UEHCF<?]L;=v�C �yG�;=<)>A@=b�GJIq;hK [ o
GPv�CFI|>�E}GAK�C_<RKq;l>A@=@=x�¶U;l]yK�Iq;=�cjUK�CF¶t¶c>PKw>²³�>�IqC [ G�j?]qC�� e [ jH]3K [ C+>�@hbJG�I�;·K [ o o�j?]LK9G�E}C_Iw>PK�Cg³D;·K [ >�z�GJIq³g>AIw¶\d G�<c@=x
r j?I�]qG�IgGPv�CFID>¹v\;=C_³ GAz3K [ C�¶c>AK�>��?>�]qC��

�$C¹³D;=@h@TGJIqbR>A<c;��_C-K [ Cpo�jc@hKq;hd ¶c;hotC_<H]L;=G�<?>�@3]qE?> r C�G�z9KqIw>�� r >PKLK�Iq;=�cjUK�CF]²;=<JK�G�>�@=>AKLKq; r Ct]LKqI�j r K�jcIqCJ�-e [ ;=]
³D;=@h@ [ C_@=E ;=<2K [ C�;l¶UC_<RK�;·¸ r >PK�;hGJ<2GAz�;=opE}G�IqK�>�<RK�<cGU¶UC!]�;=<2K [ C)@l>PKLK�; r CF]F���n> rw[ <cGU¶UC)G�z-K [ C�@=>AKLK�; r C r >�<
E}GAKqCF<RKq;l>A@=@hxpb�CF<cC_Iw>PK�C+>-<cC_³1v\;l]Lj?>�@h;��F>AKq;=G�<�] rw[ C_o�>c� �$C�³D;=@h@H;=¶UCF<RKq;hz�x¹K [ C�I�CF¶cjc<?¶c>�<JKn<cGU¶UCF]n>A<?¶tGJEUKq;=ot;��FC
G�j?I+>A@=b�G�I�;hK [ o�bJC_<cCFI�>AKq;=G�<��\x�j?]L;=<cb�]qjcotot>�Iqx�;h<Uz�GJIqo�>AKq;=G�<�z�IqGJo E?>AI�C_<RK�# rw[ ;=@=¶�<cGU¶UCF]F�

e [ I�G�jcb [ ;=<RKqCFIqv\;=C_³+]g³D;hK [ >pKqIw>�� r C��UE}C_IqK�³�C²³D;=@=@(;l¶UC_<RKq;hz�x�K [ C-;=otEHGJILKw>A<RK+<cGU¶UCF]+GAz3K [ C�@l>PKqKq; r C�>�<?¶
j?]qC²K [ CFo KqGtbJC_<cCFI�>AKqC�]LK�>AKq; r >A<?¶�¶Ux\<?>Aot; r ]Ljcoto�>AI�x´Ec@=GAKw]_�|k ]qGAz Ky³g>AI�C�;=otEc@hCFotC_<RK�>AKq;=G�<�GAz I�CF]qjc@hK�]g³D;=@h@
�}C-j?]LC!¶�KqGtvP>A@=;=¶c>AKqC/G�j?I+>AEcEcI�GJ> rw[ �
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1.3 Tasks

�$Cp¶U;=v\;=¶cCF¶mGJjcI�³�G�I�^�;h<RKqG�z�G�jcI�K�>J]L^U]F`H<H>AotC_@=x�`�I�C �Rjc;=IqCFopCF<RK²>A<H>A@=x\]q;l]_`H�HG�KLKq@=C_<?C r ^m;l¶UC_<RKq;h¸ r >PKq;=G�<(`}v\;l]Ljcd
>A@=;��F>PK�;hGJ<�>�@hbJG�I�;·K [ o ¶UCFv�C_@=G�E?opCF<RKF`c>A<H¶�E?IqG�KqGAKyx\E}C²]qGAz Ky³g>AI�C r G�<H]yK�Iqj r Kq;=G�<��

1.3.1 Task 1: Requirement analysis

�$CpotC_K²³D;hK [ G�� r ;l>A@l]/>A<?¶)IqC!]LC!>AI rw[ C_Iw]+>AK�K [ C�eD{�a K�G�;l¶UC_<RK�;·z�xmK [ Cp;hotE}G�IqK�>A<RK/v\;=]qj?>A@=;��F>PK�;hGJ<�I�C �Rjc;=IqC_d
otC_<RK�]�G�z�@hG\G�Ecd ¶UC_KqC r KqGJIn¶c>AK�>?� �$C/>A@l]LG�]LKqjH¶U;hC!¶�K [ C�³�G�I�^¹±?GP³2GAz(bJC_<cCFI�>AKq;=<cb?`JIqCFv\;=]q;h<?b?`\>A<?¶�I�C_E?jcIqE}GJ]q;=<cb
GAz3v\;=]qj?>A@=;��F>PK�;hGJ<?]�>PK+eD{�a�� ��C �RjcCFIq;=CF¶�eD{�a1I�CF]qCF>�I rw[ C_Iw]TKqGtjc<?¶cC_Iw]yKw>A<?¶�³ [ ; rw[ v\;=]qj?>�@}otC_K�>AE [ G�Iw]�ot>�x
�}CpotGR]yK-]Lj?;·Kw>A�c@=C�z�GJI²K [ C�>A<H>A@=x\]q;l]�G�z9KqIw>�� r ¶c>PKw>c��:?G�I-]LEH>PKq;l>A@|¶c>AK�>?`�K [ C � o�>AE � [ >J]²�HCFC_<�K [ CpG�@l¶UCF]LKF`
otGJ]LK�EcI�G�@=;h¸ r >A<H¶m]Lj rFr C!]q]Lz�jc@ [ >A<?¶c@hC-z�GJI�I�C_E?IqC!]LCF<JK�;h<?b´]LE?>AKq;l>A@3¶c>PKw>c��e [ j?]�³nC¹³D;h@=@3¶cC,KqCFIqot;=<cC-K [ C¹³g>�xU]
K [ >PK+o�>AE?]go�>�x´�}C-C��\K�C_<?¶UC!¶�KqGt;h<RK�C_b�Iw>PK�C r G�< r C_EcKqj?>�@�KqIw>�� r ¶U;hotCF<?]L;=G�<H]_�

1.3.2 Task 2: Identification of bottleneck in visualization

�$C�]LK�>�ILK�CF¶/³D;hK [ >�]LE}C r ;·¸ r v\;=]qj?>�@h;��F>AKq;=G�<?]F`�C�� b?�=`!o�>�E?]_`!K�GP³�>�I�¶c]�K [ Cn;=¶cC_<RKq;h¸ r >AKq;=G�<�G�z?E}C_Iqz�G�I�ot>�< r C��HG�KLKq@=C,d
<cC r ^\]F� e [ ;=]|³g>�]3E}GJ]�]L;=�c@=C+¶UjcC�KqG/K [ C+¶UCFv�C_@=G�E?opCF<RK3G�z�>²o�>AEp�?>�]qCF¶¹j?]qC_Iqd�z�I�;=C_<?¶U@=x�;=<RKqC_Iqz�> r C�z�G�ITK [ CgKqIw>�� r
¶c>AK�>A�H>�]qC�`�³ [ ; rw[)[ >J]��}C_CF<�I�C r C_<RKq@=xm¶UC_vJC_@=G�E}CF¶)>AK�a�e Z �\x � �gz�G�I-eD{�a IqC!]LC!>AI rw[ C_Iw]_�²e [ Cto�>AE)�H>�]qCF¶
;=<JK�C_Iqz�> r C´>A@=@hGP³+]²;=<JK�C_Iw> r Kq;=v�Ctb�CF<cC_Iw>PK�;hGJ<�G�z�o�>AE �?>J]LC!¶$vR;l]qj?>A@=;��!>PK�;hGJ<�`(]qj rw[ >�]/K [ C´]Lj?opo�>�Iqx�ot>�E?]/z�GJI
>A<?<RjH>A@UK�I�>�� r vJG�@=jcotCF]|GJI9¶c>A;=@hx [ G�j?I�]|G�z r G�<cbJCF]LKq;=G�<�� ��C�j?]LC!¶ � r GU¶UCDE?IqG�¸?@h;=<cb �²>�<?¶pGAK [ C_I9E}C_Iqz�G�I�o�>A< r C
otCF>J]LjcI�C_otCF<JKnKqC rw[ <c;��Jj?CF]nKqGp;=¶cC_<RKq;hz�x�K [ C�E}C_Iqz�G�I�o�>A< r C��}GAKLK�@hCF<cC r ^U]�;=<�K [ C�bJC_<cCFI�>AKq;=G�<?]n>A<?¶�IqCFv\;=]q;hGJ<?]nGAz
K [ C�v\;l]LjH>A@=;��!>PKq;=G�<H]_�3:cG�ITC��U>�otEc@hCJ`A³�C�¶UC_KqCFIqot;=<cCF¶¹;·z};·K9o�>�x-�}CgEcIqG�¸cK�>��c@=C ��E}C_Iqz�G�I�o�>A< r C,d ³D;=]qC��YKqG-]qC_E?>�I�>AKqC
G�jcK�K [ C�v\;=]qj?>�@?ot;h<?;h<cb�z�IqGJo¯K [ C�<?G�<Ud v\;=]qj?>A@Hot;h<c;=<cb¹�Rxt¶UjcE?@h; r >AKq;=<cb�K [ C�¶c>AK�>��?>�]qCDC_vJC_<tK [ G�jcb [ K [ ;l]not>�x
E}GAKqCF<RKq;l>A@=@hx´@=CF>J¶�K�G r G�<?]q;=]LKqCF< r x�E?IqGJ�c@hCFo�]n;=<�K [ C-¶c>AK�>A�H>�]qC�� ��C->�@=]qG�K�Iq;=CF¶�>A<?¶�@=C_v�CFI�>�b�C+GJjcIg³nGJIq^pz�I�G�o
EcI�C_v\;=G�j?]�EcI�G��yC r K�]gGJ<�¶?>PK�>Ad > rw[ ;=vR;=<cb¹KqGtI�CF¶Uj r C-EHCFILz�GJIqo�>�< r C²�HG�KLK�@hCF<cC r ^U]F�
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�$C/¶cC_v�CF@hGJEHC!¶�]qE?>PK�;=>�@Y¶c>PKw>Pdf]yK�Iqj r KqjcI�CF]�>A<H¶�>�@hbJG�I�;·K [ o�]9K�Gp>J¶c¶UI�CF]�]�K [ C/EHCFILz�GJIqo�>�< r C��HG�KLKq@=C_<?C r ^U]g;h<�K [ C
b�CF<cC_Iw>PK�;hGJ<�GAznv�>�Iq;=G�jH]�v\;l]LjH>A@=;��!>PKq;=G�<H]_��:?G�I/C��c>AotEc@=C�`�K [ Ctb�CF<cC_Iw>PK�;hGJ<�GAzn>�]qjcotot>�Iqxmo�>�E)v\;=]qj?>�@h;��F>AKq;=G�<
o�>�xµK�>�^�Ct>�¶UvP>A<RKw>Ab�C¹GAznK [ C�>AbJb�I�C_bR>PKqC¹¶UCF] r I�;hEcKq;=G�<?] ��CJ� bH�h`�>�<c<\j?>A@3K�I�>�� r v�GJ@hj?opC	���pk E}GJ]�]q;h�c@=Ct³�>�x�K�G
]qEHCFCF¶$jcE ]Lj rw[ �RjcCFIq;=CF]/;l]²KqGmo�>�;h<RK�>�;h< >AbJb�I�C_bR>PKqC¹;h<cz�G�I�ot>AKq;=G�< ]qj rw[ >J]-¶c>A;=@=x�KqIw>�� r v�GJ@hj?opC!]_� Z ;=ot;h@l>AI
E}C_Iqz�G�I�ot>�< r C�;hotEcI�GPv�CFopCF<RKnG�E?EHGJILK�jc<c;hKq;=CF]n³D;h@=@H�}C²;=¶UCF<RKq;h¸?CF¶´z�G�I�b�C_<?C_Iw>PKq;=G�<�G�z�GAK [ C_I�v\;=]qj?>A@=;��F>PK�;hGJ<?]F`�C�� b?�
o�j?@·K�;·df¶U;=opCF<?]q;hGJ<?>A@+v\;l]LjH>A@=;��!>PKq;=G�<1G�z-]qE}C_CF¶2>J]´>$z�jc< r Kq;=G�< G�z�K�;hotC$>A<?¶ [ ;=b [ ³g>�x�<cC_Ky³nGJIq^�]qE?> r C����$C
¶UCFv�C_@=G�E}CF¶�>p@=>AKLK�; r C�z�Iw>AotCF³nGJIq^�³ [ CFIqC²CF> rw[ <?G\¶cC r G�I�IqC!]LE}G�<H¶c]nKqG�>t]Ljc�H]LE?> r C²GAz3K [ C-o¹jc@hKq;hd ¶U;=otC_<?]q;=G�<?>�@
r GJ< r CFEUKqjH>A@\]LE?> r CJ� k
@=>AKLKq; r Cnz�Iw>AotC_³�G�I�^�;l] r G�<H¶Uj r ;=v�C�KqG � ³ [ >AKLd ;·z��²] r C_<H>AI�;hGR]�>A<?¶¹>A@=@hGP³+](;h<RK�C_b�Iw>PK�;hGJ<-;h<RK�G
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X]C��%?#"N��� 2

Task 1: Requirement

Analysis

:cGJI+]LEH>PKq;l>A@�¶?>PK�>?`\K [ C � o�>AE � [ >J]g�HCFC_<�K [ C-GJ@=¶cCF]LKF`cotGJ]LKDEcI�G�@=;·¸ r >�<?¶�]qj rFr CF]�]Lz�jc@�otCF>�<?]gGAzTIqCFEcI�CF]qC_<RKq;=<cb
]qE?>PK�;=>�@?¶c>PKw>c�Te [ CDz�G r jH]9;=<tK [ ;l] rw[ >�EUKqCFI|;=]9KqG�;l¶UCF<JK�;·z�xp;=opE}G�IqK�>�<RK9vR;l]qj?>A@=;��!>PK�;hGJ<pI�C �Rjc;=I�C_otC_<RK�]T³ [ ; rw[ ³D;=@h@
[ CF@hE¹KqIw>A<?]qE}G�IqK�>PK�;hGJ<�EcI�GAz�C!]q]q;=G�<?>�@=](KqG->A<H>A@=x �FC�KqIw>�� r ±HGP³
>A<H¶�E?>AKLK�C_I�<?]_� �f<pK [ ;l] rw[ >AEcKqC_I!`A³�CD>A<?>�@hx �_CnK [ C
¶U;��}CFIqCF<RK�IqC"�Rjc;hI�C_otCF<JKw]3z�IqGJo ¶c; ��C_I�C_<RKn>J]LE}C r K�]9>�<?¶t;h<RK�IqGU¶Uj r CgK [ C�eg³D;h<UdLan;hKq;=CF]|K�I�>�� r ¶c>PKw>->AI rw[ ;hvJCF]F`PK [ C
r GJ< r CFEUKgGAz3¶?>PK�>�³�>�IqC [ G�jH]LC²>A<?¶�;·Kw]D]LjcE?EHGJILKgGAz�K�I�>�� r ¶c>AK�>¹v\;=]qj?>A@=;��F>PK�;hGJ<�`\>A<?¶�¶U;=] r jH]q]g]qC_v�CFI�>�@HC!]q]qC_<RK�;=>�@
v\;=]qj?>�@h;��F>AKq;=G�<1jUKq;=@=;·K�;hC!]_� �f< >J¶c¶U;hKq;=G�<�`D³�C�C��RK�C_<?¶»K [ C)v\;l]LjH>A@=;��!>PKq;=G�<1jUK�;h@=;hKq;=CF]�KqG�]qjcEcE}G�IqK�¶c>AK�> ot;=<c;h<?b
KqC rw[ <c;��RjcCF]F`UC�� b?�=` r @l>�]�]q;·¸ r >PK�;hGJ<�` r @=j?]yK�C_I�;h<?b?`c>A<H¶�GJjUKq@=;hCFI+¶UC,K�C r Kq;=G�<��
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�f< � � � �U`FK [ CDu�<c;hvJC_Iw]L;hKyx-GAz}{m;h<?<cCF]qGAKw>�>�<?¶-K [ CDe(Iw>�� r {�>A<?>�b�CFopCF<RK|anC_<RK�C_I	��eD{�a �3:cI�C_CF³�>�x � E}C_Iw>PKq;=G�<H]
b�I�G�j?E1]LK�>�ILK�CF¶
K [ C)¶UC_vJC_@=G�EcotCF<JK´G�z�> ¶c>PKw>A�?>J]LCµK�G�>AI rw[ ;=v�Cm]LCF<?]qG�I�<cC_Ky³nGJIq^
opC!>�]qjcI�C_otC_<RK�]pz�I�G�o K [ C
z�I�C_C_³g>�x1]LxU]LKqC_o ;=<2K [ C eg³D;h< an;hKq;=CF]F� e [ C$]LCF<?]LGJI�<?C,Ky³�G�I�^
;=< r @=j?¶UC!]µ>A�}G�jUK�<c;h<?C [ jc<?¶cIqC!¶£]LK�>PK�;hGJ<?]F`
CF> rw[ GAzn³ [ ; rw[$r GJ<JKw>A;=<?]�G�<cC¹KqG�z�G�jcI²@=GRGJE�¶UC_KqC r KqGJI�]F`Y¶UC_E}C_<H¶U;h<?b�GJ<�K [ C¹<\jco¹�HCFI²G�z�@l>A<cC!]_`Y>�]/] [ GP³D<�;=<
:3;hbJjcI�C¹�U� ����> � Z CF<?]LGJI�]+C_o��}CF¶?¶UCF¶m;=<µK [ C�z�I�C_C_³g>�xU]D>A<?¶µ;=<RKqCFI�]LK�>AKqC�otG�<?;·K�G�IDK [ C�G r_r jcE?>�< r xµ>A<?¶µvJG�@=jcotC
GAz²KqIw>�� r GJ<1K [ C�I�GJ>J¶Y�£k�K�I�C_bJjc@l>AIt;h<RK�C_I�v�>�@=]F`�K [ ;l]´;=<Uz�GJIqo�>PK�;hGJ<
;l]�]qC_<RK�K�G K [ C�e Iw>�� r {�>A<H>Ab�CFotC_<RK
anC_<RK�C_I-z�GJI�G�E}C_Iw>PK�;hGJ<?>A@9E?jcIqE}GJ]qCF]F`(CJ� bH�h`3Iw>AotE opC_KqCFI r GJ<RKqI�G�@ ` >�]�³nCF@h@�>J]-I�CF]qCF>AI rw[ G�<$KqIw>�� r otGU¶UC_@=;h<?b
>A<H¶ C��UE}C_I�;hotCF<JKw]_� :3;hbJjcI�C$�U� ��] [ GP³+]�>�o�>AE GAz-K [ C ]yKw>PKq;=G�<H]�GJ< [ ;=b [ ³�>�xU]�³D;·K [ ;h<£K [ C eg³D;=<Udyan;hKq;=CF]
otC,K�IqGJEHGJ@h;hK�>�< >�IqC!>c` ³ [ C_I�C�CF> rw[ E}G�@=x\b�GJ<$I�C_E?IqC!]LCF<JKw]-G�<?C´]yKw>PKq;=G�<(��e [ C�;h<RKqCFI�]LK�>AKqCtz�I�C_CF³�>�xU]/;=< r @=j?¶UC � d
	J��� ` � 	R� ��`�� d � �?`(� d 	 � �H` � d � � �?`�>A<?¶ � d � � �?��e [ Cn]LK�>PK�C9K�Iqjc<?^ [ ;hb [ ³g>�xU]�;=< r @=j?¶UC�e �Dd �F�J�c`�e �Dd � � � `Pe �Ddy� �!�c`
e �Ddy���J�U`\e �Ddy�U`ce �+df�J�U`\e �Dd �J�U`Ue �+d �R�U`U>A<?¶�e �Dd � �U� � d � � ��>A<H¶ � d � � ��KqGJb�C_K [ CFI�z�GJIqo >¹Iq;=<cbt>AI�G�jc<H¶�K [ C
eg³D;=<Udyan;hKq;=CF]F� � d � �/E?>�]�]LC!]Tz�I�G�o ��>�]LK|KqG¹~+G�IqK [ d �$CF]LKF`%� d 	R���5>A<?¶ � d 	J� ��I�jc<�;=<´> Z GJjUK [ df~+GJILK [ ¶U;hI�C r Kq;=G�<��
{m;=<c<cC!>AE}G�@=;=]¹¶UGP³D<RKqGP³D< ;=]�@hG r >PKqC!¶ G�< K [ C´;=<JK�C_Iw]LC r K�;hGJ< GAz � d � �?` � d 	 � �?`3>A<?¶ � d 	J��� ` >�<?¶ ¶UGP³D<RKqGP³ Z KF�
�|>Aj?@Y;=]g@=G r >PK�CF¶�>PKDK [ C-;h<RK�C_Iw]LC r Kq;=G�<�GAz � d 	R� �»>A<?¶ � d � �?�
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Figure 2.1. Detector map at the station level

:3;hbJjcI�C-�c� � ���
��] [ GP³+]�K [ C/K [ I�C_C-�?>J]L; r ¶c>PKw>Pd K�>��c@hC!]nz�G�IDK [ C/KqIw>�� r ¶c>PKw>c�9e [ C���� �!�#"%$!&pK�>��c@=C�]yK�G�I�CF]�K [ C
b�CFG�bJI�>�E [ ; r >A@(@hG r >AKq;=G�<$>A<?¶�]LGJopC¹IqCF@=>AKqC!¶�>PKqKqI�;h�cjcKqCF]�z�GJI²C!> rw[ ]LK�>AKq;=G�<���e [ C¹I�C_@l>PK�;hGJ<?] [ ;hE��}C,Ky³�C_CF<)C!> rw[
¶UC_KqC r KqGJI²>�<?¶�;hK�] r GJIqI�CF]qEHGJ<?¶U;=<cb�]LK�>AKq;=G�<�;l] r >AEcKqjcI�CF¶m;=<�K [ C('*)��+)�,��+$.-DK�>��c@hCJ�-e [ C0/!$!1�243�)�K�>��c@=C¹I�C r G�Iw¶c]
>A@=@cK [ C�vJG�@=jcotC�>A<H¶tG rFr jcEH>A< r x�;=<Uz�G�I�o�>PKq;=G�<�³D;hK [ ;h<´C!> rw[ �Pd ot;=<RjcKqCDK�;hotC�]q@=GAKn>AK�CF> rw[ EH>AIqKq; r jc@l>AI�]LK�>AKq;=G�<��
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Figure 2.2. Detector-station Relationship and Basic Tables
�$C�jH]LCg:3;hbJjcIqCD�U� 	�KqG/;h@=@=j?]yK�I�>AKqCg¶c>PKw>�±?GP³+] >�<?¶�K [ CgI�C �Rjc;=IqC!¶�otGU¶Ujc@=CF]TGAz}G�jcIT]qx\]LKqCFoµ�3e [ Cg�?>J]L; r ot>�E

>A<H¶�I�>�³2¶c>AK�>¹>AI�C r @=CF>�<cCF¶Y`JKqIw>A<H]yz�GJIqotCF¶�`R>�<?¶�@=GJ>�¶cCF¶t;=<JK�G�K [ C²¶?>PK�>�³�>�IqC [ G�j?]qCDotGU¶Ujc@=C�`\³ [ ; rw[ EcI�GPv\;=¶UC!]
K [ C�o�jc@hKq;l¶U;=otC_<?]q;hGJ<?>A@(vR;=C_³+]D>�<?¶�K [ C � i(k �»GJEHCFI�>AKq;=G�<?]�z�GJI�¶c>PKw>pvR;l]qj?>A@=;��!>PK�;hGJ<�`c>�]D³�C_@=@(>J]D>tv�>�Iq;=C,Kyx�GAz
¶c>AK�>tot;h<?;h<cb´>�<?>A@=xU]L;l]�KqG\GJ@=]F`cC�� b?` r @l>�]�]L;h¸ r >AKq;=G�<�` r @hjH]yK�C_I�;h<cbH`cG�jcKq@=;hCFI�¶UC,K�C r Kq;=G�<���e [ C�¶U;l] r GPv�C_I�CF¶�E?>AKLKqCFIq<H]
G�I-I�jc@=CF]->�IqCpK [ C_< v\;=]qj?>A@=@=x)¶U;l]LEc@l>�x�C!¶�>J]/o�>AE?]-GJI rw[ >AIqK�]�z�GJI-z�jcIqK [ CFI-;h<RKqCFIqE?IqC_K�>PK�;hGJ<�� �$C´¶UCF] r I�;h�}CtK [ C
jc<?¶cC_I�@hx\;=<cb�¶c>AK�>)³�>�IqC [ G�j?]qC r G�otEHGJ<cC_<RK!`9v\;=]qj?>A@=;��F>PK�;hGJ< r GJopE}G�<?C_<RK�]F`�>A<H¶�¶c>PKw>�ot;=<c;h<?b)K�C rw[ <c;��RjcCF]p;=<
z�G�IqK [Hr G�ot;=<cb�]Lj?�?]LC r K�;hGJ<��
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Figure 2.3. Data-flow and main modules in our system

2.2 Users of Transportation Traffic Visual Tools
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r GJotE?>AI�CD;·K�KqG [ ;l]LKqG�I�; r >A@?EHCFILz�GJIqo�>A< r C�� �+C r >A<�o�>�^�CD;hK��\x¹j?]q;=<cb-K [ ;=]�³nCF�Ud �H>�]qCF¶¹KqIw>�� r KqG\GJ@=]9KqG�¶U;l]qEc@=>�x
K [ C�KqIw>�� r v\;=¶cC_Gµ;h<�]qG�otC´¶c>�x�>A<?¶$K [ C´>�v�CFI�>�b�C¹KqIw>�� r v�C!¶UC_Gµ;=< K [ C�]�>AotCt³�C_C_^U¶c>�x);h< [ ;l]LKqG�I�x�� � z [ C
¸?<?¶?]9]LGJotC,K [ ;h<cb�]qE}C r K�;=>�@�` [ C+ot;=b [ K9;h<?;·K�;=>AKqC+> �RjcC_I�x¹>��HGJjUK9³ [ CFIqCD@=G r >PK�;hGJ<�K [ >PK�K [ C+>��c<cG�I�o�>A@c]q;·K�j?>PK�;hGJ<
[ >�EcEHCF<?]�;=]F� � [ ; rw[ @=G r >PK�;hGJ<?]g>AI�C�³�G�Iw]yK�EHCFILz�GJIqotCFIF� �+C/ot;hb [ Kg>�@h@=G r >PK�C�I�CF]qG�jcI r C!]9K�G¹;=otEcI�GPv�C+K [ C²³nGJI�]LK
E}C_Iqz�G�I�ot>�< r C/GJI [ C r >A<µ]qC_<?¶�K [ ;=]D;=<Uz�GJIqo�>PK�;hGJ<�K�GtI�>J¶U;hGt]LK�>PK�;hGJ<�z�G�ID�cI�GJ>J¶ r >J]yK�;h<cbH�

�nN�S ��  ��� �H��� O\ORNP�
� [ CF<mKqIw>�� r CF<cb�;=<cC_CFI�]+b�C,K²IqCFEHGJILKDK [ >PK/>A�c<?G�I�ot>�@�E}C_Iqz�G�I�ot>�< r C¹>AEcE}CF>�I�C_;hK [ C_I+z�I�G�o r >�I�¶UI�;=v�C_Iw]DGJI

z�I�G�o K [ C+;=<RKqCF@h@=;hbJC_<RK9K�I�>�� r ]qxU]yK�C_oµ` [ C+ot;hb [ K�j?]qC+G�jUK�@h;=C_In>A<?>�@hxU]q;=]TK�G\G�@l]TKqG-¸H<?¶�³ [ ; rw[ ¶UC,K�C r K�G�Iw]�¶U;l¶t<cG�K
³�G�I�^�G�I [ C-@=;h^JCF]�K�Gp^\<cGP³ [ GP³ r G�<cbJCF]LKq;=G�<�]yKw>AIqKgGJI+]LE?IqC!>�¶Y�

�nN�SJ¤HO\ª�OJNP�´S?� V��¹�}��� � �FORNP�
e I�>�vJC_@=C_Iw]9>AI�C+otGJ]LK�;=<RKqCFIqC_KqCF¶�KqGp^R<?GP³»³ [ C_I�C�K [ C r G�<cbJCF]LKq;=G�< [ >�EcE}C_<�;=<�I�CF>�@cK�;hotC/>A<?¶�;=]n;·KgE}GJ]�]L;=�c@=C

z�G�IgK [ C_o KqG�o�>A^JC�K�GtK [ C�¶cCF]LKq;=<?>PK�;hGJ<�;=<�Kq;=opC/z�GJI+>totC_C,K�;h<?bpGJIDC_vJC_<RK+]Lj rw[ >�]g�H>�]q^�C,KD�?>�@h@YbR>AotC��
¡�O\�!O\SUN  !¢ ORNP�pS?� V M-ª�Sc�3� ORNP�
� K�;l]�;=opE}GJ]�]q;h�c@=Ctz�G�I¹]yKw>PKqCtK�G)]qEHCF<?¶ ot;h@=@h;=G�<H]�¶UG�@=@l>AIw]²KqGm�cjc;=@l¶ opGJIqC´>�<?¶$otG�I�Ctz�IqCFC_³g>�x\]²K�GmIqCF@h;=C_vJC

K [ C�K�I�>�� r²r GJ<cb�C!]yK�;hGJ<�� �9@l>A<c<cCFInot;=b [ Kn³�G�<H¶UC_I [ GP³2K [ C�;=<Uz�GJIqo�>PK�;hGJ<�KqC rw[ <c;��RjcCF] r >�<´�}C²jH]LC!¶�KqGpI�CF¶Uj r C
r GJ<cb�C!]yK�;hGJ<�� �+GP³£K [ C-Iw>AotE?]g>A<H¶�otC_KqC_Iw]D>AI�C/@hG r >PKqC!¶´K�G [ C_@=Eµ;hotEcI�GPv�C²K [ C/KqIw>�� r EHCFILz�GJIqo�>A< r C��
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k¯¶?>PK�>�³�>�IqC [ G�jH]LC ��s � � � �c` �U` �!��� � �\` � � ` ��� 
(;l]�>�I�C_E}GJ]q;hKqG�I�x�G�z�]Lj?� �yC r KLd G�I�;hCF<JK�CF¶Y`H;h<RK�C_b�Iw>PK�CF¶Y`�>A<H¶m<cG�<cd
v�GJ@=>AKq;=@hC);h<Uz�GJIqo�>AKq;=G�<�`�>�;hotC!¶£>PKµ]Lj?EcEHGJILK�;h<?b�^\<cGP³D@=CF¶UbJC�³nGJIq^JC_Iw]���C��UC r jUKq;=v�C!]_`go�>A<H>Ab�CFI�]F`+>A<H>A@=x\]LK�]��pK�G
o�>A^JC²�}C,KqKqCFI�>A<?¶�z�>J]yK�C_I+¶UC r ;l]L;=G�<?]F�9s²>PK�>t³g>AI�C [ G�j?]qCF] r GJ<RK�>A;=<�@=>�IqbJC²>�opGJjc<RK�]gG�z3;=<Uz�G�I�o�>PK�;hGJ<�³ [ ; rw[ >AI�C
r GJ@h@=C r KqC!¶�z�IqGJo >�vP>AI�;=C,Kyx´G�zT;=<?¶UCFEHCF<?¶UCF<JK/]LGJjcI r CF]D>�<?¶µ;l]+GAz K�C_<mo�>A;=<RK�>�;h<cC!¶µ]LCFE?>AIw>PK�C_@=x´z�I�G�o K [ C�GJEHCFI�>Ad
Kq;=G�<H>A@ ¶?>PK�>��?>�]qCF]F�ns²>PKw>�³g>AI�C [ GJj?]LC!]go�>A;=<JKw>A;=< [ ;=]LKqGJIq; r >�@�`H]Ljcoto�>AI�;��_CF¶�`H>A<H¶ r G�<H]LGJ@h;l¶c>PK�CF¶�;=<Uz�G�I�o�>PKq;=G�<(`
>A<H¶�>AI�C�¶UC!]L;=b�<cC!¶�z�G�I²G�<Ud @=;h<cC¹>A<?>�@hxRKq; r >�@(EcI�G r C!]q]q;h<?b � � i k � � ���!�c` � � 
 ��e [ C¹¶c>AK�>�;=<�K [ C�³g>AI�C [ G�j?]qC�>AI�C
GAz K�C_<motGU¶UC_@=CF¶µ>J]+>to�jc@hKq;l¶U;=otC_<?]q;hGJ<?>A@ ]LE?> r C/K�Gtz�> r ;=@=;·Kw>PKqC/K [ C �RjcCFIqx�C_<cbJ;h<cC!]�z�G�I � i k �T`c³ [ C_I�C �Jj?C_I�;hC!]
Kyx\Ec; r >A@=@=x�>AbJb�I�C_bJ>AKqC²¶c>PKw>p> r I�GJ]�]�ot>�<\x�¶U;=opCF<?]q;hGJ<?]g;h<µGJI�¶UCFI�KqG�¶UC,K�C r KDKqI�C_<?¶c]�>A<?¶�>A<cGJo�>A@=;hC!]�� � 	�
 �

e [ CFIqC-;l]�>�]qC,K�G�z|<Rj?opCFIq; r otCF>J]LjcI�CF]DK [ >AK�>AI�C/K [ C¹]Ljc�
�yC r Kw]+G�z|>�<?>A@=xU]L;l]g;=<�>�o�jc@hKq;l¶U;=otC_<?]q;hGJ<?>A@3¶c>PKw>
otGU¶UC_@ ���n> rw[ GAz-K [ C)<\jcotCFIq; r otCF>J]LjcI�CF]�;=]�¶UC_KqC_I�ot;h<?CF¶2�\x2>�]qC,K�G�z�¶U;=opCF<?]q;hGJ<?]_� �f<£> K�I�>�� r ¶c>PKw>
³g>AI�C [ GJj?]LCJ`Rz�G�I+C��U>�otEc@hCJ`\K [ C�opC!>�]qjcI�CF]g>AI�C/v�G�@=jcotC�>A<H¶�G rFr jcE?>�< r xJ`c>A<?¶�K [ C�¶U;=opCF<?]q;hGJ<?]+>AI�C�� "�3 )D>�<?¶
�	� � ,�),�9s�;hotCF<?]L;=G�<H]�>AI�C [ ;=C_Iw>AI rw[ ; r >A@?�Rxp<?>AKqjcI�C�� �f<�:3;hbJjcI�C��U� �?`�z�G�I�C��c>AotEc@=C�`JK [ C � "�3 )9¶U;=otC_<?]q;=G�< r >A<��}C
b�I�G�j?EHC!¶m;h<RK�G � ��G�jcI �c` � s²>PK�C �?` � {mG�<RK [ �c` � �$C_C_^ �?` � Z CF>J]LGJ< �c`RG�I ��
 C!>AI �c`}³ [ ; rw[ z�G�I�o%>´@l>PKLK�; r Cp]LKqI�j r KqjcI�C
;=<?¶U; r >PK�;h<?b)>mE?>�ILK�;=>�@9G�Iw¶UC_I/z�GJI�K [ C�¶U;=otC_<?]q;hGJ<�� Z ;=ot;h@l>AI�@hxJ`(K [ C
��� � ,�)¹¶U;=otC_<?]q;hGJ< r >�< �HC´bJIqGJjcE}CF¶$;h<RK�G
� Z K�>PK�;hGJ< �c` � anGJjc<RKyx �c` � :cI�C_CF³�>�x �?` GJI � BDCFb�;=G�< �?� �²;=v�CF<
K [ C�¶U;=otC_<?]q;hGJ<?]�>A<H¶ [ ;hCFI�>�I rw[ x�`9K [ CmotCF>J]Lj?IqC!]
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r >�<µ�HCp>Ab�bJIqCFbJ>AKqCF¶�;h<�¶c; ��C_I�C_<RK�³g>�xU]_��e [ C Z 
²i >�b�b�I�C_bR>PK�C�z�jc< r Kq;=G�<H]�>�<?¶�K [ C�bJIqGJjcEUd �\x´G�E}C_Iw>PK�G�IDG�<?@hx
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Figure 2.4. Concept Hierarchies for Dimensions

2.3.1 Basic Concepts

� � �HN�O �}SU�F���H� ¢ ��ORNPSUN  �¢ X 
 e [ C�a�u ��� G�E}C_Iw>PK�G�I ��� 	�
9bJC_<cCFI�>�@h;��_C!]�K [ C [ ;=]LKqGJb�Iw>Aoµ` r I�GJ]�]yd K�>��cjc@l>PK�;hGJ<�`
I�G�@=@·d jcE�`\¶UI�;h@=@·df¶UGP³D<�`U>�<?¶´]qjc�Ud KqGAKw>A@ r GJ<?]yK�Iqj r K�]F� � K�;l]nK [ C/~Ddf¶U;=otC_<?]q;hGJ<?>A@}b�CF<cC_Iw>A@=;��F>PK�;hGJ<�GAz(]q;hotEc@=C/>Ab�bJIqC_d
bJ>AKqC/z�jc< r Kq;=G�<H]_�+:3;=b�jcI�C��U� �t] [ GP³+]gK [ C r GJ< r CFEUK+z�G�I�>Ab�bJIqCFbJ>AKq;=G�<?]�jcEµK�G 	Pdf¶U;=opCF<?]q;hGJ<?]_�ge [ C�¶c;hotC_<H]L;=G�<?]
>AI�C 
 CF>�IF` �+;=b [ ³�>�xJ`(>A<H¶${�G�<RK [ ��e [ C�otCF>�]qjcI�Ct;=]�]�>A@=CF]F�´e [ C´�Js ¶c>PKw> r jc�}C�;l]�>µEHGJ;h<RK�³ [ ; rw[ ] [ GP³+]
K [ C�K�GAKw>A@g]Ljcoto�>AI�x���e [ C_I�C�>�IqC�K [ I�C_C �,dfs ¶c>PKw> r j?�HC!]�!��²IqGJjcEUd �Rx ��;hb [ ³g>�x�` �²I�G�j?EUd �\x {mGJ<JK [ `�>�<?¶
�²I�G�jcEUd �\x 
 CF>�IF�te [ CpK [ I�C_C´�Pd s ¶c>AK�> r jc�}CF]->�IqC r I�GJ]�]�K�>��?]_`(³ [ ; rw[ >AI�Ct> r G�o¹�c;h<H>PKq;=G�<�GAznK [ C!]LCpK [ IqCFC
¶U;=otC_<?]q;hGJ<?]F�´e [ C 	�s�¶c>AK�> r jc�HC�;l]-> r j?�HC�³D;hK [ K [ IqCFCp;=<RKqCFI�]qC r Kq;=<cb��As r IqGR]q]�K�>��?]F�´: ;=b�j?IqC´�U� �µ] [ GP³+]
K [ C�Kw>A�cjc@l>AInz�G�I�o�]�GAz�K [ C�K�GAKw>A@�C_@=C_otC_<RKw]n;=<�> 	�s ¶c>AK�> r jc�}C²>Az KqCFIg>ta�u ���
G�E}C_Iw>PKq;=G�<(�|anI�CF>AKq;=<cb¹>p¶c>PKw>
r j?�HC-I�C �Rjc;=IqC!]�b�C_<?C_Iw>PKq;=<cbt>tEHGP³�C_ID]qC,K+G�z(K [ C�>Ab�bJIqCFbJ>AKq;=G�< r G�@=jcot<?]_�

k Kw>A�cjc@l>AI�vR;=C_³ G�z²K [ C�;=<?¶U;=v\;=¶UjH>A@�]qjc�Udf]qE?> r C�¶c>PKw>Pd r jc�}CF]�G�z�: ;=b�j?IqC)�c� �$;l]�] [ GP³D<1;h< : ;=b�j?IqC)�c� �U�
e [ C$jc<c;=G�< GAz¹>�@h@²K [ C$K�>A�?@hC!]�;=< : ;=b�j?IqC �U� � x\;=C_@l¶c]�K [ C I�CF]qjc@·K�;h<?b�Kw>A�c@=C)z�I�G�o5K [ C ¶c>PKw> r jc�}C�GJEHCFI�>Ad
KqGJIF��e [ C��Ad ¶U;=otC_<?]q;=G�<?>�@T]qjc�Udf]qE?> r C r jc�HC�@l>A�}C_@=CF¶ � k+b�bJIqCFbJ>AKqC �´;h< :3;hbJjcI�Ct�c� ��;l]/IqCFEcIqC!]LCF<RKqCF¶)�\x)e >��c@=C
� � � i u�{ � Z dfi � ��;h< :3;=b�jcI�C´�U� �\�te [ C�G�<cC_d ¶c;hotC_<H]L;=G�<?>�@|]Ljc�cd ]qE?> r C r jc�}C�@=>��HCF@hC!¶ � �nx�{mG�<RK [ ��;=< :3;hb�d
jcI�C��U� �²;l]9I�C_EcI�CF]qC_<RKqC!¶p�Rxpe >��c@=C � � � i u�{ � Z d i �,dLa ��;=<�:3;=b�jcI�C��U� �\�Te [ CDKy³�GAdf¶U;=opCF<?]q;hGJ<?>A@ r jc�}C+@=>��HCF@hC!¶
� ��x�{mGJ<RK [ � 
 CF>�I ��;=]TI�C_EcI�CF]qC_<RK�CF¶-�\x�e3>A�c@=C � � � i(u�{ � Z d i �PdLa �D;h<t:3;hbJjcI�Cg�c� �U� BDC!>�¶UCFI�] r >�<�CF]LK�>��c@=;=] [
K [ C r G�I�I�CF]qEHGJ<?¶UC_< r C²�HC_Ky³nCFC_<�K [ C-I�C_o�>A;=<c;=<cb�]Lj?�Ud ]qE?> r C r jc�}CF]+>�<?¶�K�>��c@hC!]_�

e [ C r jc�}CmG�E}C_Iw>PK�G�I r >�<��}C�otGU¶UCF@hC!¶��\x�>)z�>Aot;=@hx�G�z Z 
²i��RjcC_I�;=CF]pj?]q;h<cb��������
	���
1G�E}C_Iw>PK�G�Iw]
>A<H¶�>AbJb�I�C_bJ>AKq;=G�<�z�jc< r Kq;=G�<?]F� �n> rw[ >�IqI�GP³ ;=<):3;=b�jcI�Cp�c� �p;l]�IqCFEcIqC!]LCF<RKqCF¶µ�\xm> Z 
²i �RjcC_I�x�� �f<)e3>A�c@=Cp�c���J`



2.3.1 Basic Concepts 12

Sum

Aggregate

1-D Data Cube

0-D Data Cube

2-D Data Cube

3-D Data Cube
Simplified

Cross Tab

Sum

By Year

Sum

1994
1995

1996

Cross Tab

SumBy Year

1994 1995 1996

Cross Tab

1994

1995

1996

Sum

By Year

(with total)
Group By

Sum

(with total)

Sum

Group By
(with total)

Sum

Group By

By Year

1994

1995

1996

By Freeway

By Month

By Freeway & Year

By Month & Year

Feb
Jan

I-94

I-35

I-494

By Freeway & Month

By Month

FebJan

By Month

Jan

Feb

By Month

By Freeway

I-35

I-94

I-494

Jan Feb

I-35

I-94

I-494

I-35

I-94

I-494

By Freeway By Freeway
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Figure 2.6. An example of data cube
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Figure 2.7. An example of group-by
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Table 2.2. Slice on the value I-35W south of the Highway dimension
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r I�GJ]�]yd K�>��cjc@l>AI�@l>�x�GJjUK�]

e3>A�c@=C � � i(u�{ � Z dfi(�Ad ��;h<´:3;=b�jcI�C��U� ��KqCF@h@l]9jH] � d � �-;l]9�cj?]q;=C_I|K [ >A< � d 	J��� ]qG�jUK [ `R³ [ ; rw[ ;l] r G�<?]q;l]yK�C_<RK
³D;hK [ e3>A�c@=C � � i(u�{ � Z dfi �_dya��c:?IqGJo e3>A�c@=C � � i(u�{ � Z d i �PdLa1>A<?¶ � � i u�{ � Z d i �,d �²`c:cI�;=¶c>�x�;=]��cj?]q;hCFI
K [ >A<m{mG�<H¶c>�x��|e I�>�� r ;l]D@h;=b [ K�CF]LKgGJ< Z jc<?¶c>�xJ�

2.3.2 Traffic Data Warehouse

�f<�K [ C�KqIw>�� r ¶c>PKw>t³�>�IqC [ G�j?]qC�K [ C-otCF>J]Lj?IqC!]D>AI�C /!$!1�243�)D>�<?¶ $ ,�,�2�� �.& , � `H>�<?¶�K [ C�¶U;=otC_<?]q;=G�<?]+>�IqC��#"�3�)
>A<H¶ �	� � ,�),�Ts�;=otC_<?]q;=G�<?]T>AI�C [ ;hCFI�>�I rw[ ; r >�@A�\x-<?>PK�jcI�C����f<p:3;hbJjcIqCg�U� �?`�z�GJI C��U>�otEc@hCJ`�K [ C �#"�3�)3¶U;=otC_<?]q;hGJ< r >�<
�}C9b�I�G�jcE}CF¶²;=<RKqG � �+G�j?I �?` � s�>AKqC �?` � {mG�<RK [ �c` � �$C_CF^ �?` � Z CF>J]LGJ< �U`�G�I � 
 CF>�I �?`_³ [ ; rw[ z�G�I�o >D@l>PKqKq; r C�]LKqI�j r KqjcI�C
;=<?¶U; r >PK�;h<?b)>mE?>�ILK�;=>�@9G�Iw¶UC_I/z�GJI�K [ C�¶U;=otC_<?]q;hGJ<�� Z ;=ot;h@l>AI�@hxJ`(K [ C
��� � ,�)¹¶U;=otC_<?]q;hGJ< r >�< �HC´bJIqGJjcE}CF¶$;h<RK�G
� Z K�>PK�;hGJ< �c` � anGJjc<RKyx �c` � :cI�C_CF³�>�x �?` GJI � BDCFb�;=G�< �?� �²;=v�CF<
K [ C�¶U;=otC_<?]q;hGJ<?]�>A<H¶ [ ;hCFI�>�I rw[ x�`9K [ CmotCF>J]Lj?IqC!]
r >�<m�HCp>AbJb�I�C_bJ>AKqC!¶�;=<)¶U;��}CFIqCF<RK�³g>�x\]F`He [ C Z 
²i�>�b�bJIqCFbJ>PK�C�z�j?< r K�;hGJ<?]�>�<?¶µK [ C�bJIqGJjcEUd �Rx�G�E}C_Iw>PK�G�IDG�<?@hx
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��;hb [ ³�>�x �$C_CF^U¶c>�x �+GJjcIDGAzT¶c>�x k�vRb�vJG�@=jcotCF]
� d 	J���1d Z {�G�<?¶c>�x k+@=@ � � � � � 	

Table 2.3. Dice on the value Monday and I-35W-S of highway dimension

EcI�GU¶Uj r CgGJ<cCgG�jUK9G�z�>�@h@UE}GJ]�]L;=�c@=CD>Ab�bJIqCFbJ>AKqCF]3>PK9>²K�;hotC��Tk2¶c>AK�> r j?�HC ��� 	 
\;l]9>�<p>�b�b�I�C_bR>PK�C�G�E}C_Iw>PK�G�IT³ [ ; rw[
r GJotEcjUKqC!]D>A@=@�E}GJ]�]L;=�c@=C/>�b�bJIqCFbJ>PK�CF]n;h<�G�<?C�] [ G�KF�

{mGR]yKT¶c>PKw>�³g>AI�C [ GJj?]qCF]Yj?]qCg]yKw>AI3G�IT]L<cGP³g±}>A^�Cn] rw[ CFo�>�](KqG²EcIqC!]LCF<RK3>�o�jc@hKq;l¶U;=opCF<?]q;hGJ<?>A@U¶c>AK�>+otGU¶UCF@ � �c`
�!�c` ��
 �T:3;hbJjcI�C/�c� �
��> ��] [ GP³+]�>p]LK�>AIg] rw[ C_o�>¹IqCFEcIqC!]LCF<RK�>PK�;hGJ<�z�G�I�K [ C�K�I�>�� r ¶c>AK�>?�Te [ C�Kw>A�c@=C²;h<�K [ C r C_<RKqCFI
;l] r >�@h@=CF¶$> � �*,��9K�>��c@=C�`(³ [ ; rw[ r GJ<c<cC r K�]²K�GmGAK [ C_I�¶U;=otC_<?]q;=G�<$K�>��c@hC!]_� �f<$K�I�>�� r ¶c>AK�>�³g>AI�C [ GJj?]LC��U� �����
��`
K [ C /!$!1�243 )�K�>A�?@hC r >A<m�}C¹K [ GJjcb [ K�G�z|K [ C�� � , � K�>��c@=C���e [ C�� ) � )�, � $!-+>�<?¶ � � �!�#"%$!&�K�>��c@hC!]DK�G�b�C_K [ CFI+z�GJIqo
K [ C¹]qE?> r C�¶U;=opCF<?]q;hGJ<���e [ C0� "�3 )�¶U;hotCF<?]L;=G�<�¶c>PKw> r >�<��HCp¶UC_I�;=v�CF¶�z�I�G�o r >A@=C_<?¶c>�I+otGU¶UC_@l]_�²k¯]q<cGP³g±H>�^�C
] rw[ C_o�>c`R>�]|] [ GP³D<t;h<´:3;=b�jcI�C��U� � ���
��`JEcI�GPvR;l¶UC!]|>-IqC_¸?<cCFopCF<RK9GAz�K [ C+]LK�>�I�] rw[ C_o�>/�\x¹¶UC r GJopE}GJ]q;hKq;=G�<tGAz�K [ C
¶U;=otC_<?]q;hGJ<�Kw>A�c@=CF]F�|~+G�Kq; r C²K [ >AKgK [ C�� ) � )�, � $!-�>A<?¶ � � �!�#"%$!&pK�>��c@=CF]g>AI�C²]qC_EH>AIw>PKqC�;h<�K [ C-]L<cGP³g±}>A^�C²] rw[ C_o�>
GAzgK [ C´K�I�>�� r ¶c>PKw>m³�>�IqC [ G�jH]LCJ��e [ C�>AbJb�I�C_bJ>AKqCt]yK�Iqj r Kqj?IqC´G�zgK [ C�¶U;hotCF<?]L;=G�<H>A@9Kw>A�c@=CF]�;h<
]yKw>AI�] rw[ C_o�>J]
o�>�xt�HC/otG�I�C�>�EcEcI�G�EcI�;=>AKqCDz�GJIno�>�<Rx´>�<?>A@=xU]LC!] � � 
 �|k r_r G�Iw¶U;=<cb�@=x�`R³nC²j?]qC²>¹]yKw>AIg] rw[ C_o�>-K�G r G�<?]LKqI�j r K�K [ C
KqIw>�� r ¶c>AK�>�]qC,K!� �$C�¶UCF] r I�;=�HC/K [ C�>AbJb�I�C_bR>PKqC�z�jc< r Kq;=G�<?]�>A<?¶�K [ C�¶c>PKw> r jc�}C�GJEHCFI�>AKqG�Ig;=<µK [ C�IqC!]yKDGAzTK [ ;=]
]qC r K�;hGJ<��
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Figure 2.8. Design Schema

2.3.3 Operations on The Traffic Data Cube

e [ C r jc�HC-GJEHCFI�>AKqGJI ��� 	?` 	���
�bJC_<cCFI�>�@h;��_C!]nK [ C [ ;l]LKqG�bJI�>�oµ` r I�GJ]�]yd K�>��cjc@l>PKq;=G�<(`JI�G�@=@·d jcE�`H¶UIq;=@=@·df¶UGP³D<�`c>�<?¶�]qjc�Ud
KqG�K�>�@ r G�<?]LKqI�j r Kw]_� � Kt;=]�K [ Cµ~Ddf¶U;=otC_<?]q;hGJ<?>A@�b�CF<cC_Iw>A@=;��F>PK�;hGJ< GAz�]q;hotEc@=C�>�b�bJIqCFbJ>PK�Ctz�jc< r Kq;=G�<?]F� e >��c@hCµ�U� �
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;l]/K [ C � �!� )/K�>A�?@hCtz�GJI-K [ CtK�I�>�� r ¶?>PK�> r jc�}C���e [ ;l]/;l]-EcI�G\¶cj r C!¶��\x �yGJ;h<?;h<cbµK [ C´¶U;=otC_<?]q;hGJ<$K�>A�?@hC!]-³D;·K [
K [ C�� � , �(K�>��c@hC-;=<�>´]LK�>�I+] rw[ CFo�>c�gBDC r >A@=@YK [ C�KqIw>�� r ¶c>PKw>t³�>�IqC [ G�jH]LC-]LK�>AI�] rw[ CFo�> ��:3;=b�jcI�C��U� � ��> � �,��e [ C
� � ��)/Kw>A�c@=C [ >J] r GJ@hj?op<H]/z�G�I�>�@h@�>PKqKqI�;h�cjcKqCF]�GAzgK [ C � �*,��9K�>��c@=C�>A<?¶$vP>AI�;=G�j?]�¶c;hotC_<H]L;=G�<$K�>��c@=CF]F��e [ C�^�C_x
r GJ@hj?op< #P>PKqKqI�;h�?jUKqC�z�G�ITK [ C � � ��)3Kw>A�c@=CD>AI�C�K [ C+]�>AotCD>�]3K [ GJ]qCgz�G�ITK [ C � �*,��UK�>��c@=C��|s�j?CgKqG²K [ CD@l> r ^�GAzY]LE?> r CJ`
e3>A�c@=C��U� �pGJot;·Kw]+>¹z�C_³ r G�@=jcot<?]F`UC�� b?�=`c]LC!>�]qG�<�`c¶?>�x�GAzT³nCFC_^��

e [ CFIqC�>AI�C´Ky³�G$¶U;=otC_<?]q;=G�<?] ! �#"�3�)p>�<?¶ �	� �*,�),`�>A<?¶�Ky³�G)otCF>J]LjcI�CF] ! /!$!1�243 )t>A<H¶ $ ,�,�2�� �!& , � � �n> rw[
¶U;=otC_<?]q;hGJ< [ >J]�;hK�] r G�I�I�CF]qEHGJ<?¶U;=<cb�>PKqKqI�;h�cjcKqCF]F�)e [ C�@hGP³�C_Ip>PKqKqI�;h�cjcKqCF] r >�<��HC�>AbJb�I�C_bJ>AKqC!¶�K�G [ ;=b [ CFI�GJI
¶UCFIq;=v�C!¶�>AKLKqI�;=�cjUKqC!]D> rFr G�Iw¶U;=<cb¹KqGtK [ C_;=I r G�< r C_EcK [ ;hCFI�>�I rw[ ;hC!]n>J]D] [ GP³D<�;=<µ:3;=b�jcI�C��U� �?�

�������	��

� ��������� ��� ��� ����

� ��������� ��� ���������������

���� �  ���!�"� �  #$�%����&'�)( 
�� �%���	�!� ��� *$����� +,�������%( - - - ��� ��� �  .,� �/� 

��( 0�� �/� � - - - 12��34- 5
�����6-
7 7 849�:";"< = > � 0������������ � - - 7 7�?�?�@ 7 7�; > A�B - - C B 7);
A 7 849�:";"< = > � 0������������ � - - 7 7�?�?�@ 7 7�; > A�B - - @"; 7)A
: 7)B 849�:";"< � C"D 0������������ � - - 7 7�?�?�@ 7 7�; > A�B - - >�; 7 C
E 7)B 849�:";"< � C"D 0������������ � - - 7 7�?�?�@ 7 7�; > A�B - - E�; 7"@
; 7�B�B 849�?"E F @�G ���	�"�!� - - 7 7�?�?�@ 7 7�; > A�B - - 7)A"B :�B
> 7�B�B 849�?"E F @�G ���	�"�!� - - 7 7�?�?�@ 7 7�; > A�B - - 7�7�; :�;
@ 7�A�B 849�?"E < C�H IJ���K�!��( - - 7 7�?�?�@ 7 7�; > A�B - - 7):)E A�;
C 7�A�B 849�?"E < C�H IJ���K�!��( - - 7 7�?�?�@ 7 7�; > A�B - - 7)A"; 7);
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

Table 2.4. The base table of traffic data cube

e G�]Lj?EcEHGJILK � i(k �T`�K [ C�¶c>AK�> r jc�}C�EcI�GPv\;=¶cCF]|K [ C+z�GJ@h@=GP³D;=<cb�G�E}C_Iw>PK�G�Iw] !TIqGJ@h@hd jcE�`\¶UIq;=@=@·df¶UGP³D<�`R]L@=; r C�>�<?¶
¶U; r CJ`?>A<?¶�Ec;=v�G�KF� �$C-<cGP³ ¶UC_¸?<cC²K [ CF]qC-G�E}C_Iw>PKqGJI�]F�

� BDG�@=@·d jcE�!�>�b�bJIqCFbJ>PK�C��2e [ ;l]�G�E}C_Iw>PK�G�Itb�CF<cC_Iw>A@=;��_CF]tGJ<cCµG�I´otGJIqCm¶U;=otC_<?]q;hGJ<?]´>�<?¶1>Ab�bJIqCFbJ>AKqCF]�K [ C
r G�I�I�CF]qEHGJ<?¶U;=<cb�otCF>J]Lj?IqC!]_��:?G�I-C��U>�otEc@hCJ`�e >��c@=C��c� ��;l]²K [ C�I�G�@=@·d jcE�GAz�K [ C � � ��)-e3>A�c@=Ct�c� ��;=<$�}GAK [
� � �*,�)�>A<?¶ �#"�3�)�¶U;=opCF<?]q;hGJ<��De [ C�¶U;=otC_<?]q;hGJ< [ ;=C_Iw>AI rw[ x�;h<�:3;=b�jcI�C¹�U� �´] [ GP³+]gK [ >PK�³ [ ;=@=C-K [ C � � �*,�)
¶U;hotCF<?]L;=G�<
;=]t>�b�b�I�C_bR>PK�CF¶$KqG�K [ C � -�)�)2L � � @hCFv�CF@�`|K [ C � "�3 )p¶U;=opCF<?]q;hGJ<
;l]t>Ab�bJIqCFbJ>AKqCF¶�K�G�K [ C � )��.-
@hCFv�C_@ �|e [ C�>AbJb�I�C_bR>PKqC+z�jc< r K�;hGJ<mj?]qCF¶�;h<�K [ ;=]DC��c>AotEc@=C²;l]gK [ C�>�v�CFI�>�b�C+GJ<µ>t¶c>�;h@=x´�?>J]L;l]F�

�����"�	�K

� �K������� ��� ��� �K�

�� �K�����!� ��� �M���"���������
#N������&���( .O���"� 12��3 �P���"Q4RJS�TP-2�P���
 ��)(PU 5������P���"�P�	($Q4R�S�T$-J������ ���(PU
849�:�;"< 7)?�?�@ >"BPV :"E�; A�B - :
849�:�;)F 7)?�?�@ >"?PV @":�B 7�E - ;
849�?"E 7)?�?�@ C >PV @ C A 7)? - ;
- - - - - - - - - -

Table 2.5. Example of roll-up

� s�I�;h@=@hd ¶UGP³D<�!�¶U;l]q>�b�bJIqCFbJ>PK�C���e [ ;=]²G�E}C_Iw>PK�G�I-]qEHC r ;l>A@=;��FCF]²;h<$G�<?CpGJI->´z�CF³ ¶U;=otC_<?]q;=G�<?]/>A<H¶)EcI�CF]qC_<RKw]
@hGP³gd @hCFv�CF@T>�b�bJIqCFbJ>PK�;hGJ<?]F��:cGJI-C��c>AotEc@=C�` ³nC�¶UI�;h@=@�¶UGP³D< e3>A�c@=C´�U� ��;=< � "�3 )-¶U;=otC_<?]q;=G�<�`3>�¶c¶U;=<cb�K [ C
3�$.& ��W�>AKLK�Iq;=�cjUK�C��

� Z @h; r C�>�<?¶µs�; r C%!n]qC_@=C r Kq;=G�<m>A<?¶�EcI�G��yC r K�;hGJ<�� Z @=; r ;h<?b´;h<RK�G�G�<cC�¶U;=otC_<?]q;=G�<µ;=]+v�C_I�x´o¹j rw[ @h;=^�C-¶UI�;=@h@=;h<?b
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�������	��

� ��������� ��� ��� �K�

�� �����P�!� ��� �M�����!���%���
#$������&��)( .O���"� ��������� 12��3 ���K�"Q4R�S���-O�P���
 ��)(PU 5������P���"�P�	($Q4R�S�T$-'�P���
 P��(PU
8�9�:";"< 7)?"?�@ 7 ;�;�V :)E�B A�: - :
8�9�:";"< 7)?"?�@ A >�;�V >)E�; 7)B - 7
8�9�:";"< 7)?"?�@ : > C V :"?�; A"E - :
- - -

849�:�;"F 7)?"?�@ 7)A C ;�V :)E�; A�B - ?
849�:�;"F 7)?"?�@ 7 ;�;�V :�@"; A"E - :
849�:�;"F 7)?"?�@ A >�A�V :":�; 7)A - 7
849�:�;"F 7)?"?�@ : @"B�V ?)E�; A�: - B
- - - - - - - - - - -

Table 2.6. Example of drill-down
G�<cC�@hCFv�C_@D¶UGP³D<�;h<RKqG�K [ >PK´¶U;=opCF<?]q;hGJ<�`9�cjUKpK [ C�<\jco¹�HCFItGAz�CF<JK�Iq;=CF]p¶U;l]LE?@=>�xJCF¶ ;l]p@h;=ot;·K�CF¶�KqG�K [ >AK
]LE}C r ;·¸?C!¶�;=<�K [ C�]q@=; r C r G�oto�>A<H¶Y�|k ¶U; r C-G�E}C_Iw>PK�;hGJ<�;l]D@h;=^�C->t]q@h; r C/G�<µotG�I�C²K [ >�<�GJ<cC-¶U;=opCF<?]q;hGJ<��

� �9;=v�GAK�;h<?b !�I�C,d G�I�;hCF<RKq;=<cb²K [ C�o�jc@hKq;l¶U;=opCF<?]q;hGJ<?>A@HvR;=C_³»GAz�¶c>AK�>?�Te [ ;=]�G�E}C_Iw>PKqGJI|EcI�CF]qC_<RK�]TK [ C+otCF>J]Lj?IqC!]
;h<$¶U; ��C_I�C_<RK r I�GJ]�]yd K�>��cjc@l>AI+@l>�x�GJjUK�]F� � K/;l]�otGJIqC�KyxRE?; r >A@3GAz�]qEcIqC!>�¶c] [ CFC,K�]F�/:cG�I²C��c>�opE?@hCJ`YIqGP³+]�ot>�x
IqCFEcIqC!]LCF<RK�otG�<RK [ ]DGAzT>tx�C!>AI!�|anGJ@hjcot<µo�>�x´I�C_EcI�CF]qC_<RKgz�IqCFC_³g>�xU]_�9anC_@=@=]+ot>�x�] [ GP³ >�v�CFI�>�b�C�vJG�@=jcotC
EHCFI+¶c>�x��|e [ ;l]+]qEcIqC!>�¶c] [ CFC,Kg³nGJjc@=¶�I�CF]qjc@hK�z�I�G�o Ec;hvJGAK�;h<cbtE?>�ILKDG�zTe3>A�c@=C��U� �c�

2.4 Visualization Utilities

s�;=] r j?]�]q;hGJ<?]T³D;·K [ KqIw>�� r G�� r ;l>A@l]|>A<?¶pI�CF]qCF>�I rw[ CFI�] >PK|K [ C+e(Iw>�� r {�>�<?>AbJC_otC_<RK�anC_<RKqCFI [ C_@=E}CF¶pj?]|;l¶UC_<RK�;·z�x
]qC_v�CFI�>�@gCF]�]LCF<JK�;=>�@gvR;l]qj?>A@=;��!>PK�;hGJ<�jUK�;h@=;·K�;hC!]tKqG ]qjcEcE}G�IqKtKqIw>�� r E?>PKqKqC_I�<1>A<?>�@hxU]q;=]F�»e [ CF]qC�jcKq;=@h;hKq;=CF]�;=< r @hj?¶cC
KqIw>�� r v\;=¶UCFG�v\;l]LjH>A@=;��!>PKq;=G�<(`HK�I�>�� r vJG�@=jcotC¹o�>AE(`�>PKLK�Iq;=�cjUK�CtvR;l]qj?>A@=;��!>PK�;hGJ<�`�vR;l¶UCFG�o�>AE r GJotE?>AI�;=]qG�<(`}>�<?¶
KqIw>�� r ±?GP³ vR;l]qj?>A@=;��!>PK�;hGJ<��

2.4.1 Traffic Video Visualization

k vR;l¶UCFGAd @h;=^�C¹vR;l]qj?>A@=;��!>PK�;hGJ<�GAz9K�I�>�� r ¶c>AK�> r >A<�EcI�GPvR;l¶UCp>A<�>�EcEcI�G(�U;ho�>PK�C��cjUK-Iw>AEc;l¶�]qjcoto�>AI�x�G�z�o�>��yGJI
KqI�C_<H¶c]_� � K r >A<´>�@=]qG��}C�j?]qCF¶�KqG�v\;l]Lj?>�@h;��_C+K [ C�C���C r Kw]�G�z(>�]qj?¶c¶UCF<´;h< r I�CF>�]qC+;=<´@=GJ>�¶tGJ<tK [ C�KqIw>�� r <cC_Ky³nGJIq^
>Pz K�C_It] rw[ CF¶Ujc@=CF¶�C_vJC_<RK�]p]LG)K [ >AK¹K�I�>�� r o�>A<H>Ab�CFotC_<RK r >�<�Ec@l>A<�z�G�Ipz�jUKqj?IqCµ]L;=ot;h@l>AIpC_vJC_<RK�]F� :3;hbJjcIqCµ�U� �
] [ GP³+]D>A<µC��c>�opE?@hC-G�z K [ C-KqIw>�� r v\;=¶cC_Gtz�G�I+KqIw>�� r v�G�@=jcotC-GAz|>A@=@(]LK�>AKq;=G�<?]gz�I�G�o � ! ���pk�{�K�G �
! ����k�{ GJ<
�R>A< � K [ ` � � � �\�(e [ C�I�;=b [ K|EHGJILK�;hGJ<�GAzHK [ C�¸?bJjcI�Cn;l]3K [ Cg;=<RKqC_Iqz�> r CD¶UCF]q;hbJ<cCF¶�z�G�I|j?]qC_Iw] KqG/]LE}C r ;·z�x�K [ CD¶U;l]qEc@=>�x
E?>�I�>�opC_KqCFI�]F`H;=< r @hj?¶c;h<cb ����¶c>AK�>�KyxRE}C�!²>�v�CFI�>�b�C-v�GJ@hj?opCJ`}KqGAKw>A@Tv�GJ@hj?opCJ`�G�I²G rFr jcEH>A< r x��(� �DK�;hotC%!�¶c>AKqCpGAz
¶U;l]LE?@=>�xJ`c]yKw>AIqKq;=<cbpKq;=opCJ`?>A<H¶�]LKqGJEcEc;=<cbpKq;=opC�� 	 � [ ;hb [ ³g>�x !(K�GAKw>A@ [ ;=b [ ³g>�x�`\G�ID>pE?>�ILK�; r jc@=>�I [ ;=b [ ³�>�xJ�
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Figure 2.9. Traffic Video

2.4.2 Traffic Volume Map
Z jcoto�>AI�x»KqIw>�� r ot>�E?]�GAz�K [ C�otC_KqI�G�E}G�@=;·Kw>A< >�IqC!> z�G�Iµ>
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[ ;=b [ ³g>�xJd @=C_v�CF@!KqIw>�� r v�GJ@hj?opC9>�<?¶/G r_r jcE?>A< r x��3:3;hbJjcIqC��c���!�D] [ GP³+]�K [ C�]Lj?opo�>�Iqx�v�G�@=jcotC|o�>AE/z�GJI [ ;=b [ ³g>�x
� d 	J��� Z G�jUK [ �nGJjc<?¶)G�< {mG�<?¶?>�x�` �R>A<\j?>�I�>�Iqx �c` � � � �\��e [ C���d >��\;l]/;l]²K [ C´��d ot;h<\jUK�CpKq;=opC�]q@hG�K/z�G�I/K [ C
³ [ GJ@hC/¶c>�x�>A<?¶´K [ C 
 df>��U;l]�;l]nK [ C²@l>A�}C_@�GAz�K [ C-]yKw>PK�;hGJ<?]�;=<?]LK�>�@h@=CF¶�G�<´K [ C [ ;hb [ ³�>�xJ`R]LK�>�ILK�;h<cb�z�IqGJo K [ C�KqGJE
;=<mK [ C¹<cG�IqK [ CF<?¶µK�G�K [ C¹�HG�KLK�G�o ;h<µK [ C¹]qG�jcK [ CF<?¶Y� �f<µK [ ;=]�¸?bJjcIqCJ`?³�C r >A<mCF>J]L;=@=x�G��H]LCFIqvJC/K [ I�C_C�KqIw>�� r
E?>AKLKqCFIq<H]�! ����K [ CtotG�I�<c;h<?b�I�j?] [�[ G�jcI � �Pd � k�{ ��;=<$K [ C�<?G�IqK [ CFIq<�E?>AIqK-GAz�K [ C [ ;=b [ ³g>�x��T� ��K [ C�C_v�CF<c;=<cb
I�j?] [�[ G�jcI ��	Ad �Jk�{ ��;h< K [ C�]qG�jcK [ CFIq<�EH>AIqK�GAzDK [ C [ ;hb [ ³g>�x �9>A<?¶ 	 �-otGJIq<c;=<cbmK�G)CFv�C_<?;h<cb � �
! ���Jk�{ K�G
� �n{ ���cj?]qxmKqIw>�� r v�GJ@hjcotC¹z�G�I�]LK�>AKq;=G�<?]²@=G r >PK�CF¶�³D;·K [ ;h< ¶UGP³D<RKqGP³D<)KqG�K [ C �yj?< r K�;hGJ<$³D;hK [ ��;hb [ ³g>�x � �J`
K [ >PK+;l]_`\K [ C-IqGJjUKqC²z�I�G�o ¶UGP³D<RKqGP³D<�{�;h<c<?CF>AE}G�@=;l]�KqGtK [ C�{m;h<?<cCF>�EHGJ@h;l]'# Z >A;=<RK��|>�jc@�>A;=I�EHGJILK!�

��e Iw>�� r v�G�@=jcotC/@hCFb�CF<?¶ �	�

2.4.3 Attribute Visualization

��;l]qj?>A@=;��!>PK�;hGJ<�GAzHKqIw>�� r >PKLK�Iq;=�cjUK�CF] ��C�� b?�=`Av�GJ@hjcotCJ`PG rFr jcEH>A< r x � >�]T>�z�jc< r Kq;=G�<pGAzHKq;=opCD>�@h@=GP³+](;l¶UCF<JK�;·¸ r >PK�;hGJ<
GAz|GJjUKq@=;hCFI�]gGJI+;l¶UC_<RKq;h¸ r >PKq;=G�<mG�z3bJIqGJjcE?]gG�z|]LK�>AKq;=G�<?]+³D;·K [ ]L;=ot;h@l>AI+�}C [ >�vR;=G�I!�n:3;=b�jcI�C��U� � �-] [ GP³+]�K [ C-KqG�K�>A@
KqIw>�� r vJG�@=jcotC�GAz�]LK�>AKq;=G�<��!�c`D@hG r >PKqC!¶2>PK´K [ C);=<RKqCFI�]qC r Kq;=G�<1GAz � d 	J��� >�<?¶ �+;=b [ ³g>�x � �J`DG�< {mGJ<?¶c>�xJ`
�R>A<\j?>AIw>AI�x �c` � � � �U�3e [ C���d >��U;=]�;l]�K [ C/K�;hotC-;=<JK�C_I�vP>A@ �\K [ C 
 df>��U;l]g;=]�K [ C-otCF>J]LjcI�C²GAz vJG�@=jcotC��|k�] r >A<��}C
]qC_C_<(`UK [ C�>�vJC_Iw>AbJC²��d ot;h<\jUK�C²KqIw>�� r v�GJ@hjcotC/³g>�] [ ;=b [ CFIgK [ >�<�� 	���z�I�G�o � ! �J��k�{%K�G �
! ��� �n{ �U~+G�Kq; r C/K [ C
>A�?IqjcEcKD¶cIqGJE�G�z K [ C/KqIw>�� r v�GJ@hjcotC²z�I�G�o � �J��KqG���>PK��
! � � ��{�`R³ [ ; rw[ ;l] r >AjH]LC!¶��\x´K [ C-I�C_�}GRG�KDGAz3KqIw>�� r
¶c>AK�>pIqC r GJI�¶UCFIF�
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Figure 2.10. Summary traffic map

Figure 2.11. Attribute visualization

2.4.4 Video Map Comparison
� jcI�]qxU]yK�C_o EcIqGPv\;l¶UCF]|> r G�otE?>�Iq;l]LGJ<¹jcKq;=@h;hKyx�K [ >PK�>A@=@hGP³+]Tj?]qC_Iw]TK�G�]L;=o�jc@hK�>�<cC_GJj?]q@hx¹G��?]qC_I�v�C�K [ CDKqIw>�� r ±?GP³
G�<�Ky³�Gt¶c; ��C_I�C_<RK�¶c>AKqCF]F�|:3;hbJjcIqC��c�����¹] [ GP³+]nK [ C/KqIw>�� r ±?GP³£GJ<µe [ jcIw]�¶c>�x�` �R>A<\j?>AI�x � `	� � � �->A<H¶�:?Iq;l¶c>�xJ`
�R>A<\j?>AIw>AI�x �F�c` � � � ��¶UjcI�;h<?bp� ! �J� �n{ KqG´� ! ��� ��{ �\e [ C/¸?bJjcI�C�;=<?¶U; r >AKqCF]�K [ >PKgK [ C/�cj?]qx�KqIw>�� r ±?GP³£]LK�>�ILKw]
CF>�Iq@=;=C_IDG�<m:?Iq;l¶c>�x�z�GJI �+;=b [ ³g>�x � d 	R����~+G�IqK [ ��G�j?<?¶��HC_Ky³nCFC_<�K [ C¹¶UGP³D<RKqGP³D<µ>AI�CF>p>A<?¶�;hK�]+;=<RKqCFI�]qC r Kq;=G�<
³D;hK [ ��;hb [ ³�>�x � d � � �?��k+<�;=otEHGJILKw>A<RKp>�EcEc@=; r >PKq;=G�< G�zDK [ ;l] r GJopE}G�<?C_<RK¹;l]�K [ >PKpj?]qC_Iw] r >�< r GJotE?>AI�C�K [ C
C���C r K+GAz|>AEcE?@hx\;=<cbtI�>�opE�otC,K�C_I r GJ<RKqI�G�@�G�<�K [ C�]q>�opC/³�C_CF^\¶?>�x��
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Figure 2.12. Comparison of traffic video of two different days

2.4.5 Traffic Flow Visualization

e [ ;l] r G�otEHGJ<cC_<RK r G�o¹�c;h<?CF]DK [ C-z�jc< r Kq;=G�<H>A@=;·Kyx�GAz|K [ C�]qjcotot>�Iqx�KqIw>�� r o�>AE(`H; � CJ�h`}v�GJ@hj?opC-o�>�E�`}>�<?¶�K [ C
v\;=]qj?>�@h;��F>AKq;=G�<�G�z�>AKLK�Iq;=�cjUK�CF]F�3:3;=b�jcI�C+�U� � 	²] [ GP³+]|>�<¹C��c>AotEc@=C�G�zHK [ CgKqIw>�� r ±?GP³
vR;l]qj?>A@=;��!>PK�;hGJ< r GJotEHGJ<cC_<RKF�
e [ Cp@hC_z K-EHGJILK�;hGJ<)GAz�K [ Cp¸?bJjcIqC¹;=]²K [ Cpv�G�@=jcotCpot>�E�z�GJI ��;hb [ ³�>�x � d � ��GJ<�{mGJ<?¶c>�x�` �R>A<\j?>�I�>�Iqx �c`�� � � �U�
�f<µK [ C�v�GJ@hjcotC-o�>AE(`cK [ C �+df>��U;l]g;=]+K [ Cp��d op;=<\jUKqC�Kq;=opC�;h<RKqCFIqvP>�@ �?K [ C 
 d >��U;=]D;l]DK [ C�@l>A�}C_@ GAzTK [ C¹]yKw>PKq;=G�<H]
;=<?]yKw>A@=@hC!¶�GJ<�K [ C ��;hb [ ³g>�x � d � � ��>J]yK²�HGJjc<?¶Y`�]LK�>�ILK�;h<?b´z�I�G�o K [ C�K�G�E);=<�K [ CtCF>J]yK²C_<?¶�KqG�K [ Ct�}GAKLK�G�o8;=<
K [ Cp³�CF]LK-C_<?¶��¹e [ C rw[ GR]LCF<�]LK�>PK�;hGJ<�]LK�>AKq;=G�< �ys � 	J�c`�>�]²@l>A�}C_@=CF¶��RxµK [ Ctv�CFILK�; r >A@T@h;=<cCJ`�;=]/@=G r >AKqCF¶�>PK/K [ C
;=<JK�C_Iw]LC r K�;hGJ<)GAz �+;=b [ ³�>�x � d � �µ>A<?¶)� � K [ k+v�CF<\jcC���e [ CpI�;=b [ K²E}G�IqKq;=G�<�GAznK [ Cp¸?bJjcIqC r GJIqI�CF]qEHGJ<?¶c]�KqG�K [ C
³ [ GJ@hCt¶c>�xmGAznKqIw>�� r GAz�]LK�>AKq;=G�< � 	J�´G�< �J>�<\j?>AIw>AI�x �?`�� � � �\`}³ [ C_I�C�K [ C��+df>��U;l]�I�C_E?IqC!]LCF<JKw]+K [ C´��d ot;h<\jUK�C
Kq;=otC-;h<RK�C_I�v�>�@=]D>�<?¶ 
 df>��U;=]g;l]gK [ C/KqG�K�>A@�K�I�>�� r vJG�@=jcotC²z�G�IDCF> rw[ ]LK�>AKq;=G�<�;h<m>���d ot;h<\jUK�C/;h<RKqCFIqvP>�@��

2.4.6 The visualization display component for a specific highway

k v\;l¶UC_G�vR;l]qj?>A@=;��!>PK�;hGJ<tz�G�In> rw[ GJ]qC_< [ ;=b [ ³g>�x�;l]�;=otEHGJILKw>A<RK9z�G�Inj?]qC_Iw]|KqGp>A<?>�@hx �FC+>-E?>AIqKq; r j?@=>�I9KqIw>�� r ±HGP³-�
:3;hbJjcI�C²�U� �_�¹] [ GP³+]�>-z�Iw>AotC�GAz�K [ C�K�I�>�� r v\;=¶cC_G�z�GJI �+;=b [ ³�>�x � d � ��GJ< �R>A<\j?>AIw>�x �p>PK � ! ���Ak�{ �\e [ C�I�;=b [ K
E}G�IqKq;=G�<$GAz�K [ C�¸Hb�jcI�Ct;=]/K [ C�;=<JK�C_Iqz�> r Ct¶cCF]q;hbJ<cCF¶�z�G�I-jH]LCFI�]²K�G�]LE}C r ;·z�x$¶U;=]qEc@l>�xmKyx\EHCJ`(K�;hotC�;=<RKqC_I�vP>A@ ` >�<?¶
[ ;=b [ ³g>�x��te [ ;=]-¸?b�jcI�C�] [ GP³+]²>µ�?j?]Lx�KqIw>�� r ±?GP³¯�}C,Ky³�C_CF< ¶cGP³D<JK�GP³D<�{m;=<c<cC!>AE}G�@=;=]�>A<?¶$¶UGP³D<RKqGP³D< Z KF�
�|>Aj?@�� �f<t>J¶c¶U;hKq;=G�<�`�K [ C [ ;hb [ K�I�>�� r vJG�@=jcotCgz�IqGJo ��IqG\GJ^R@=x\< �|>�Iq^/K�G�¶UGP³D<RKqGP³D<t{m;h<?<cCF>�EHGJ@h;l]TG�< [ ;=b [ ³g>�x
� d � � ��>�]LKD�HGJjc<?¶ r >�<�>�@=]qGt�HC-GJ�?]qC_I�v�CF¶��
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Figure 2.13.

2.5 Traffic Data Mining and Visualization

e I�>�� r ¶c>AK�>µot;=<c;h<?bm;=] r G�< r C_I�<cCF¶�³D;hK [ K [ C�;=¶UCF<RKq;h¸ r >AKq;=G�<$GAzgj?]LC_z�jc@n>�<?¶$;h<RK�C_I�CF]LKq;=<cbµE?>PKqKqC_Iw]/;=< KqIw>�� r
¶c>AK�>c���/<?GP³D@hC!¶Ub�C�¶c;=] r GPvJC_I�x)K�GRGJ@=]F`|C�� b?�=`9v\;l]Lj?>�@h;��F>AKq;=G�<�` [ C_@=E�K�I�>�� r EcI�GAz�CF]�]q;hGJ<?>A@l]�]LKqj?¶cx K [ CµE?>AKLKqCFIq<H]
;l¶UC_<RKq;h¸?C!¶m�\xµ¶?>PK�>´op;=<c;=<cb?� �f<mK [ ;l]²]LC r Kq;=G�<(`H³�C�C��U>�ot;h<cC�K [ Cp>AEcEc@=; r >PK�;hGJ<mGAz9v\;l]Lj?>�@h;��F>AKq;=G�<µz�GJI�¶U;��}CFIqCF<RK
^\;h<H¶c]DGAzT¶c>PKw>pop;=<c;=<cb�EcI�G r CF]�]F`RCJ� bH�h` r @l>�]�]L;h¸ r >AKq;=G�<�` r @hj?]LKqCFIq;=<cbH`c>A<?¶�G�jUK�@h;=C_I�¶UC,K�C r K�;hGJ<��

2.5.1 Classification
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�!�c` � � � �U`}³ [ ;h@=CtK [ CpK�CF]LKq;=<cb�]LC_K-;=]²K [ CtKqIw>�� r ±?GP³�GJ< �R>A<\j?>�Iqx�� �\`�� � � �U�pe [ CpK�I�>�;h<c;=<cbm> rFr jcIw> r xµ³�>J]
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�,�
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Figure 2.14. Traffic video for highway I-94 on 1/6 1997

2.5.2 Clustering
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Figure 2.15. A Classification Example
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Figure 2.16. I35W North Bound
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Table 2.7. Description of each cluster

2.5.3 Outliers/Exceptions detection
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]LK�>PK�;hGJ<�� � K�G 	��¹GJ<´K [ C 
 df>��U;=] r >A<��HC/CF>J]L;=@=x�G��?]qC_I�v�C!¶tz�IqGJo �}GAK [ ��> ��>A<?¶ ���
�,��{mG�I�C_GPvJC_I!`J]LK�>AKq;=G�< � ;=<
:3;hbJjcI�C-�c��� � ��> ��C�� [ ;=�c;·Kw]D;=< r GJ<?]L;l]LKqC_<RKgKqIw>�� r ±?GP³ r G�otE?>�IqC!¶�³D;hK [ ;hK�]D<?C_;=b [ �HGJID]yKw>PKq;=G�<H]_�

e [ Cµ;l¶UC_<RKq;h¸ r >PKq;=G�<
GAz/]LE?>AKq;l>A@DGJjc@·K�;hCFI�]F`9CJ� bH�h`�]yKw>PKq;=G�< � ;h<»K [ C�E?IqCFvR;=G�jH]¹C��c>AotEc@=C�` r >A< [ C_@=E»KqIw>�� r
o�>A<?>�b�CFI�]nKqG �Rjc; r ^\@hx´I�CF]qE}G�<?¶�KqGtz�>�jc@·Kyx�¶UC,K�C r K�G�Iw]gG�I
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Figure 2.17. An example of outlier
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�²;=v�C_<1> ]LC_K�GAz�I�C r G�Iw¶c]F`9CF> rw[ I�C r G�Iw¶ r GJ<JKw>A;=<c;=<cb$]qG�otCµ<\jco��}C_I�G�z�;hKqCFot]F`�;·K´;l]�¶UCF]q;=I�>��c@hC�KqG ¶U;l] r GPv�CFI
K [ C�¶UC_E}C_<H¶UC_< r x�I�jc@=CF]�]qj rw[ K [ >PK�K [ C´G r_r jcIqI�C_< r CtGAzD>A< ;hKqCFo r >A< �HC�EcIqC!¶U; r KqC!¶$�?>�]qCF¶$G�< G rFr jcI�IqCF< r C!]
GAzDG�K [ CFI�;hKqC_o�]F��k+bJI�>�³g>A@|C_Kp>A@ � ��� 
nEcI�G�E}GJ]qCF¶ >µz�GJIqo�>�@�otGU¶UC_@�KqG�¶cC,¸?<cC´K [ C�>�]�]LG r ;l>PK�;hGJ<�I�jc@=CF]F��i�C_K
� ��� � � � � � �<��� � ��� �}C�>�]qC,Kp;·K�C_o�]p>A<?¶ � �}C�>�¶c>AK�>��?>�]qC´GAzgK�I�>�<?]q> r K�;hGJ<?]_�mk�<�>�]�]LG r ;=>AKq;=G�< Iqj?@hC´;l]�>�<
;=opE?@h; r >AKq;=G�<mGAzTK [ C�z�GJIqo�� ����� 	 `?³ [ C_I�C	�7;=]�>´]LC_K�GAz9]qG�otC�;hKqCFot]�;h< � `�>A<H¶ � 	 ;=]�>´]L;=<cbJ@hC-;hKqCFo ;=< �
K [ >PK�;l]�<?GAK�EcI�CF]qC_<RK+;=<
���De [ C�I�jc@=C	� ����� 	 [ GJ@=¶?]+;=<µK [ Cp]LC_K�GAzTKqIw>A<H]q> r Kq;=G�<H] � ³D;·K [)r GJ<U¸H¶UCF< r C	�-;hz
>PK+@=CF>J]yK�� � GAz3KqIw>A<?]�> r Kq;=G�<?]�;=< � K [ >PK r GJ<RK�>A;=<
�7>�@=]qG r G�<RKw>A;=< � 	 �9e [ C�]Lj?EcEHGJILKgz�GJIDK [ C-I�jc@=C/;=]+¶cC,¸?<cC!¶
>�]�>�z�Iw> r Kq;=G�<�G�z�>tKqIw>A<?]�> r Kq;=G�<m;=< � K [ >PK r G�<RKw>A;=<?]DK [ C¹j?<c;hGJ<�GAz9;hKqCFo�]�;=<
� >�<?¶ � 	 �-anG�<U¸}¶UC_< r C�;l]�>�<
;=<?¶U; r >PK�;hGJ<�GAz�K [ C�Iqj?@hCJº ]p]yK�IqCF<cbAK [ >A<H¶�]Lj?EcEHGJILKt;l]¹>)opC!>�]qjcI�C�GAz�]LK�>AKq;l]yK�; r >A@g]L;=b�<?;·¸ r >A< r C�� k�]�]LG r ;=>AKq;=G�<
I�jc@hC!]/>AI�C�G�<?C¹E}GJ]�]L;=�c@=C�>AEcEcI�GJ> rw[ z�G�I r >�EUKqj?Iq;=<cb�@hGJ<cb�Iw>A<cbJCp¶cC_E}C_<?¶UCF< r ;=CF] ��;h< ]LEH> r Ct>A<H¶mKq;=otC�� [ ;l¶c¶UCF<
;=<µKqIw>�� r ¶c>AK�>c�D:?G�I�C��c>AotEc@=C-K [ C�z�G�@=@hGP³D;=<cb�I�jc@hC�ot>�x��}C r >�EUKqjcI�CF¶µ�\x�K [ C �yj?¶U; r ;=G�j?]�j?]qC�GAz9>�]�]qG r ;=>AKq;=G�<
I�jc@hC-¶U;l] r GPv�CFIqx !�� 3 ����$!- � -���� , �*,�,�"%'*)�& � $!& � � �!�#"%$!&�� $ ��� "��,W L � � � '.24-�"�&�� � "�3 ) � � �!& ' � � -�) ��241��%�
"�& 24& 2 ��2 �!1 W4"��,W �#-���� , / $.1�243�) $.& � � �!�#"%$!&�� $ ��� "��,W L � � � '!24-�"�&!� � �#" � �.& ' � �#" 	%$�u�<c@=;h^JC
r GJIqI�C_@l>PK�;hGJ<�>�<?>A@=xU]L;l]F`UK [ C¹EcI�G�ot;=]qC-GAz9>J]q]qG r ;l>PKq;=G�<µI�jc@=C�>A<?>�@hxU]q;=]g;l]�K [ >AK�]Lj rw[ ¶UC_E}C_<?¶cC_< r ;hC!]�¶UG´<?GAK [ >�vJC
KqGt�}C [ xRE}GAK [ CF]q;��_CF¶��cjcK�>AI�C/¶c;=] r GPvJC_I�CF¶´>�jUKqGJot>AKq; r >�@h@=x��

2.5.5 Sequential Pattern Discovery

�²;=v�C_<�>´]LC_K�G�zTGJ� �yC r K�]F`H³D;hK [ CF> rw[ G�� �yC r K�>J]q]qG r ;l>PKqC!¶µ³D;·K [ ;hK�]�GP³D<µKq;=opCF@h;=<cC¹GAz9C_vJC_<RK�]F`HK [ C¹EcIqGJ�c@=C_o GAz
ot;h<?;h<cb�]qC �RjcCF<RKq;l>A@|E?>AKLKqCFIq<H]-;=]-KqGµ¸?<?¶�K [ C�Iqj?@hC!]/K [ >AK�EcI�CF¶U; r K�]LKqI�G�<cbm]qC �RjcCF<JK�;=>�@9¶UC_E}C_<H¶UC_< r ;hC!]�>AotGJ<cb
¶U;��}CFIqCF<RK+C_v�CF<RK�]F�

s�;=] r GPvJC_I�;h<cb);h<RKqCFIqC!]yK�;h<?b)E?>AKLKqCFIq<H]_`9CJ� bH�h` r G�I�I�C_@l>PKq;=G�<H]_` z�IqGJo b�CF<cC_Iw>A@nKqIw>�� r ¶?>PK�>J]LC_K�]¹;=] rw[ >�@h@=C_<?b�;=<cb
¶UjcC/K�GpK [ CF;hI�]qE?>AKq;l>A@hd�K�C_otEHGJI�>�@�`\o¹jc@·K�;·df] r >A@=C/<?>PK�jcI�C/>�<?¶�K [ CF;hI�@=>�IqbJC²]q;��FC � �F�?º ]gG�z3bJ;hbR>A�\xRKqC!] �,� Z C"�RjcC_<RKq;l>A@
E?>AKLKqCFIq<»¶U;l] r GPv�C_I�x r GJ<?]L;l]LK�]¹GAz�Ky³�G$ot>��yG�I r GJopE}G�<?C_<RK�]F`9<?>�opCF@hxJ`�otGU¶UC_@=;=<cb�G�z�C_vJC_<RK�]t>�<?¶�>�@hbJG�I�;·K [ o�]
z�G�I�¸?<?¶U;=<cb�]LE?>AKq;l>A@hd�K�C_otE}G�Iw>A@�E?>AKLK�C_I�<?]Dz�GJIqotCF¶µ�\x�K [ C!]LC¹C_vJC_<RK�]F�+:cGJIqot;=<cb´C_vJC_<RK�]�;=] rw[ >A@=@=C_<cbJ;h<cb´¶cjcC�K�G
K [ C�;=<U±?jcCF< r C�GAz�<cC_;=b [ �}G�I�;h<cb$>AI�CF>J]�G�<�K [ CµEcI�G�E}C_IqKq;=CF]¹GAz�>$]LEH>PKq;l>A@ �_GJ<cC�>�<?¶ K [ C�o�jc@hKq;hd ] r >�@hC�<?>AKqjcI�C
GAz�K [ Cµ¶c>PKw>c��k�@hbJG�I�;·K [ o�]�z�GJI�¸?<H¶U;h<?b�E?>AKLK�C_I�<?]p<cC_C!¶ KqG >�¶?¶UIqC!]q]�K [ C�;=otE?> r KpG�z�IqC!¶Ujc<?¶?>A< r ;hC!]¹¶Uj?C�K�G
GPv�CFIq@l>AE�> r I�GJ]�]n<cC_;=b [ �}G�I [ G\G\¶?]_` ��³ [ ; rw[ I�C �Rjc;=IqC²IqC!¶UC,¸H<c;·K�;hGJ<�G�z(K�I�>J¶U;·K�;hGJ<?>A@�otCF>J]Lj?IqC!]nG�z r G�I�IqCF@=>AKq;=G�<�>�<?¶
>�]�]qG r ;=>AKq;=G�<
�,`�;=< r GJIqE}G�Iw>PK�C�]qE?>PK�;=>�@·d KqCFotEHGJI�>�@�E?IqGJEHCFILK�;hC!]�>A<?¶�KqIw>�� r ¶UG�o�>�;h<»^\<cGP³D@hC!¶Ub�C�KqG EcI�jc<cCm>�<?¶
¸?@hKqCFI+jc<c;=<RKqC_I�CF]LKq;=<cbtE?>AKLKqCFIq<H]_`c>�<?¶�] r >�@hC²K�G�@=>�IqbJC²¶c>AK�>t]qC,K�]F�
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�$C�;=@h@=j?]LKqIw>PK�C�K [ C/IqC"�Jj?;hI�C_otC_<RKw]�G�z >�]qGAz Ky³g>AI�C�]qxU]yK�C_o z�G�InKqIw>�� r ¶c>PKw>�v\;l]Lj?>�@h;��F>AKq;=G�<��|e [ ;l]g]LG�z Ky³�>�IqC�]LxU]Ld
KqCFo r GJ<RK�>A;=<?]�K [ I�C_C r G�otEHGJ<cC_<RKw]_`Y<?>�otC_@=x�`�¶c>AK�>�³�>�IqC [ G�j?]qC�]qjcEcE}G�IqKF`(> r GJIqC¹v\;=]qj?>A@=;��F>PK�;hGJ< r GJotEHGJ<cC_<RKF`
>A<H¶�>$¶c>PKw>)ot;=<c;h<?b�otGU¶Ujc@=C��»e [ C�¶?>PK�>�³g>AI�C [ GJj?]LC�]yK�G�I�CF] [ ;=]LKqGJIq; r >�@�KqIw>�� r ¶c>AK�>)KqG ]Lj?EcEHGJILK�GJ<Ud @=;=<cC
>A<H>A@=xJK�; r >A@YEcI�G r C!]q]q;h<?b
� � i k � ��>�<?¶µ¶c>PKw>p>�b�bJIqCFbJ>PK�;hGJ< �RK [ C r G�I�C/vR;l]qj?>A@=;��!>PK�;hGJ< r G�otEHGJ<cC_<RKDEcI�GPv\;=¶UC!]D]LCFvRd
C_Iw>A@Hv\;=]qj?>A@=;��F>PK�;hGJ<�jUKq;=@=;·K�;hC!]n³ [ ; rw[ >�@h@=GP³1j?]LCFI�]9KqG¹C�� r ;=C_<RKq@=x r GJopEH>AI�C�>A<?¶ r G�<RK�I�>J]yK|K�I�>�� r ±?GP³ �JK [ C/¶c>PKw>
ot;h<?;h<cb r G�otE}G�<cCF<JKD;l]DCF]�]qC_<RKq;l>A@}z�G�I+]qC_ot;hd >�jUKqGJo�>PKq; r KqI�C_<?¶µ>�<?>A@=xU]L;l]g>A<?¶�E?>PKqKqCFIq<m¶U;l] r GPv�CFIqxJ�
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X]C��%?#"N��� 3

Task 2: Identification

of bottleneck in

visualization

�f<mK [ ;=] rw[ >AEcKqC_I!`?³�C�C��\E?@=>�;h<µK [ C�EcI�G r C!]q]D³ [ C_I�C�³nC�z�G�@=@hGP³�CF¶�KqG�;=¶cC_<RKq;hz�x�K [ C��}GAKqKq@=C_<cC r ^U]�>AI�C�j?]q;=<cb´G�j?I
v\;=]qj?>�@h;��F>AKq;=G�<�]qx\]LKqCFoµ��:3;hIw]LK�³nC�¶U;l¶ r GU¶UC�EcIqG�¸?@=;h<cb)G�< K�I�>�� r vR;l¶UCFG�KqG�¸?<?¶�GJjUK�K [ C�>�otG�jc<RK¹G�zDKq;=otC
]qEHCF<JK+�\x´C!> rw[ ]Lj?�?]LxU]LKqCFo��9e [ C/]qjc�?]qxU]yK�C_o ³ [ ; rw[µr GR]yKw]gotGJ]LKgG�z K [ C/Kq;=otC-;=]DK [ C-�}GAKqKq@=C_<cC r ^}�
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e [ ;l]D]LC r K�;hGJ<�¶UC!] r Iq;=�}CF]nK [ C/z�> r K�G�Iw]�K [ >PK+>��}C r KgK [ C-E}C_Iqz�G�I�o�>A< r C�G�z3¶U;l]qEc@=>�x\;=<cb¹KqIw>�� r ¶c>PKw>c� �f<�K�C_I�o�]gGAz
E}C_Iqz�G�I�ot>�< r CJ`A³�C [ >�v�CnKy³nG r GJ< r CFIq<H]_� � <cCg;=]TK [ C�Kq;=otCDj?]LC!¶p�Rx�K [ C+¶c>AK�>��?>�]qC��3e [ CDGAK [ C_I|;l]3K [ CDI�CF]qE}G�<?]qC
Kq;=otC�`cC!]LE}C r ;=>�@h@=x�z�GJIgKqIw>�� r vR;l¶UCFG?�
�$C�j?]qC r GU¶UC-EcI�GA¸H@h;=<cb´GJ<�K�I�>�� r v\;=¶UCFG´>A<?¶�K�Iqx�KqG�;=otEcI�GPv�C/K [ C�EHCFILz�GJIqo�>�< r C-I�G�jcb [ @=x´KqG�b�C,K+I�;l¶µGAz

�?>J¶�¶UC!]L;=b�<m¶UC r ;l]L;=G�<H]_�|kDz K�C_I�>�@h@�K [ ;l]DC���G�IqKF`U³ [ >AK+IqCFo�>A;=<?]g³D;h@=@Y�}C/K [ C/K�IqjcC-�}GAKqKq@=C_<cC r ^U]gGAzTG�jcI+]qxU]yK�C_oµ�

3.1.1 Performance Profiling

�f<�GJjcI�v\;l]Lj?>�@h;��F>AKq;=G�<�]qGAz Ky³g>AI�C�]LxU]LKqCFo�`HK [ C_I�C¹>AI�C-Ky³�G´E}GJ]�]L;=�c@=C��HG�KLK�@hCF<cC r ^U]F� � <cC�;=<\v�GJ@hvJCF]gK [ C�<cC_Ky³nGJIq^
>A<H¶�K [ C�G�K [ CFI+;=]DK [ C�¶c>AK�>��?>�]qC���anGU¶UC-E?IqG�¸?@h;=<cb´>�@h@=GP³+]gj?]gK�Gt¸?<?¶µG�jcK+³ [ ; rw[ GJ<cC-;=]�G�jcID�}GAKqKq@=C_<cC r ^�� � z
r GJjcIw]LCJ`R�}GAK [mr >A<µ�}C-�HG�KLK�@hCF<cC r ^U]F�
�f<tG�jcI|C��UEHCFIq;=otC_<RK�]F`A³�CDj?]LC!¶¹K [ I�C_CgK�;hotC_Iw]3KqG-otC!>�]qjcIqC�K [ CgKq;=otCF]9jH]LC!¶��\x�C!> rw[ ]Lj?�?]LxU]LKqCFo��Te [ Cg¸?Iw]LK

Kq;=otC_I!`Je
�����
`AI�C_EcI�CF]qC_<RK�]3K [ CgKq;=otCgz�IqGJo K [ C r @=; r ^¹GAz?K [ C-º Z K�>�ILK!ºA�cjUKqKqG�<tjc<RK�;h@UK [ C+>AE?Ec@hC_K|¸?<c;l] [ CF¶pIqC r CF;hv\;=<cb

>A@=@UK [ CDKqIw>�� r ¶c>AK�>?�3e [ ;l] r >A<t�}C�]LCFC_<´>J]TKqG�K�>A@cKq;=opCJ�|e [ C�]qC r GJ<?¶pG�<cCJ`Je ��� `JI�C_EcI�CF]qC_<RKTK [ CDKq;=otC�]qEHCF<JK9�\x
K [ Ct¶?>PK�>��?>�]qC¹>�<?¶�<?C,Ky³�G�I�^�K�I�>�<cEHGJILKw>PK�;hGJ<��HC_Ky³nCFC_<)K [ C�¶c>AK�>A�H>�]qC¹>A<H¶$a ����� ��C r >�j?]qC¹G�z9K [ CpI�C_@l>PKq;=v�CF@hx
]qot>�@h@n>AotG�jUKw]-GAz+¶c>AK�>?`(<cC_Ky³nGJIq^)KqIw>A<?]qEHGJILKw>PK�;hGJ< r G�<RKqI�;h�?jUKqC!]-@h;hKLK�@hC´Kq;=opC´KqG�e ��� � �$C r >�<$K�>A^JC´e ��� >J]
K [ Cp¶c>AK�>��?>�]qC�K�;hotC���e ���	��

����� ;l]�K [ C¹Kq;=otCp]qEHCF<RK²GJ<)<cC_Ky³nGJIq^�KqIw>A<?]qE}G�IqK�>PK�;hGJ<mz�I�G�o a ���DKqG�K [ Cp>�EcEc@=C,KF�
��C r >Aj?]qC-K [ C¹]qxR< rw[ IqGJ<c;��F>PK�;hGJ<�G�z|K [ C�Kq;=otC_Iw]+G�<)�HG�K [ K [ C¹k�EcEc@=C,K²>�<?¶�a ���D;l] [ >�I�¶�K�G�> rw[ ;hCFv�C�>�<?¶µK [ C
a ���+]qC_I�v�C_I�;=]��Rjc; r ^�CF<cG�jcb [ KqG�;hbJ<cG�I�C-K [ C�K�;hotCt]LE}C_<RK��\xµC�� r jUKq;=G�<�G�z|K [ CpEcI�G�bJI�>�o G�<�K [ Cp]LCFIqvJC_I!`?³�C
r >�@ r j?>PK�CF¶�e ���	��

����� �\x�]qjc�?]LKqIw> r K�;h<?bte ��� z�IqGJo e

�����
�

�f<mK [ C�z�GJ@h@=GP³D;h<?b r GU¶UC�E?IqG�¸?@h;=<cb´C��UEHCFIq;=otC_<RK�]F`H³�C�I�C �RjcC!]yK�CF¶ 	Ad [ GJjcIDK�I�>�� r ¶c>PKw>c`?z�IqGJo8��>Ao KqG ��>Ao
z�G�I/>A@=@|]yKw>PK�;hGJ<?]�GJ<)>�]qE}C r ;h¸ r ¶c>PK�C���e [ C¹IqC_z�IqC!] [ ;h<cb�I�>AKqC¹³�>J]²��]L<?>�E?] [ GAKw]'#A]LC r G�<H¶Y��e [ Cp�?>�<?¶U³D;l¶\K [ GAz
K [ C-<cC,Ky³�G�I�^�³�>J] �F�J�¹{ ��E?]F�
�f<tG�jcI9¸?I�]LK9C��UE}C_I�otC_<RKF`�� �UEHCFIq;=otC_<RK ��`�K [ C/a ��� EcI�G�bJI�>�o�I�C �RjcCF]LKqC!¶¹KqIw>�� r ¶c>PKw>/GAz�>-]L<H>AE?] [ GAKTz�I�G�o

K [ C�¶c>PKw>A�?>J]LCJ`�]qC_<RK9K [ C�¶c>PKw>²KqG¹a ����`R>A<?¶tI�C_E}CF>AKqCF¶¹K [ ;=]�EcI�G r CF]�]Tjc<c;hKq@�>A@=@UK [ C�]L<H>AE?] [ GAKw]T³nCFIqC+¶c;=]qEc@l>�x�CF¶��
:3;hbJjcI�C 	c� ��] [ GP³+]-K [ C´±?GP³ G�z�¶c>PKw>�;=< � �UE}C_I�;hotC_<RK��J�)kDz K�C_ItI�C r CF;hv\;=<cb�>A@=@nK [ C�¶c>PKw>c` �/u ��]LK�>�ILK�CF¶$K�G
¶U;l]LE?@=>�xJ��e [ CpIqC!>�]qG�<mz�GJI/¶c;=]qEc@l>�xR;=<cb�>Pz KqCFI/IqC r C_;=v\;h<?b�>A@=@3K [ C�¶c>AK�>�³�>J]+K�G�>�vJG�;l¶mv\;=¶cC_G �y;·KqKqC_I!�¹e3>A�?@hC 	c� �
] [ GP³+]nK [ C-I�CF]qjc@hK�]gj?]q;h<?b´¶U; ��C_I�C_<RKgK�>��c@=CF]F�

e3>A�c@=C/j?]qCF¶ e GAKw>A@�Kq;=otC ��]LC r � ¶c>AK�>A�H>�]qC�K�;hotC ��]qC r � <?C,Ky³�G�I�^tKq;=opC ��]qC r �
vP>A@=jcC E}C_I ¶c>�x � �U� �J� � � �H� �R� � �?� � � �
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Table 3.1. Experiment 1. Fetch the data for a snapshot.
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Figure 3.1. Performance Profiling for experiment 1
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3.2 Database
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Table 3.2. performance in different sizes of data set

3.2.1 Different query approach
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Figure 3.2. Retrieving the whole day instead of a snapshot
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Table 3.3. Experiment 2. Fetch data of the whole day.
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3.3 Network
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Figure 3.3. Pipelining traffic data.
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Table 3.4. Experiment 3. Response time. The buffer size is three snapshots. value per day is used.
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�$C�]LCFC�K [ >PKDK [ C-I�CF]qEHGJ<?]LC²K�;hotC-³g>�]�^�CFEUK�>AI�G�jc<H¶´�?� �p]LC r GJ<?¶c]�z�G�I+>�@h@ r >�]qCF]F�

3.4 Conclusion

e [ C r GU¶UC�EcI�GA¸?@=;=<cb C��UE}C_I�;hotC_<RKw]´I�C_v�C!>A@=CF¶�K [ >AK�K [ C)¶c>AK�>A�H>�]qCm;=]´K [ C��}GAKqKq@=C_<cC r ^���s�jcC�KqG K [ C)]qot>�@h@
>AotGJjc<RK�]pGAz�K [ C�KqIw>�� r ¶c>PKw>�z�GJIpKqIw>�� r v\;l¶UC_GH`�<cC_Ky³nGJIq^ �?>�<?¶U³D;l¶\K [ ;l]t<cGAK�>$EcIqGJ�c@=C_oµ� �2;hK [ IqCFbJ>�I�¶
KqG)IqC!]LE}G�<?]qCpKq;=otC�`T³nC�] [ GJjc@l¶�o�>�<?>AbJCtK [ C�K�I�>�<?]�> r K�;hGJ<?]/�}C,Ky³�C_C_< K [ C�¶c>AK�>��?>�]qC´>A<?¶�a ���->�<?¶ k+EcEc@=C,K
>AE?EcIqGJEcI�;=>AKqC_@=xmK�G�b�C_K�K [ C�otGJ]LK�G�jUKpGAzDG�jcI¹]LxU]LKqC_oµ� ��j ��C_I�;h<cb r >A< �}C�j?]qCF¶$K�G�;=opE?IqGPvJCtK [ C´I�CF]qE}G�<?]qC
Kq;=otC��

e [ CDGJ<c@hx�IqCFot>�;h<?;h<cb/;l]q]qjcCD;l]3K [ C�¶c>PKw>A�?>J]LC�EHCFILz�GJIqo�>�< r CJ� ��v�C_<¹K [ G�jcb [ ]qG�otCD;=opE?IqGPvJC_otC_<RK [ >�]|�}C_CF<
o�>�¶UC�K�G�K [ CD¶c>PKw>A�?>J]LCJ`P;·K9;l]T<cG�KTCF<cG�j?b [ z�G�I|> [ ;hb [ d EHCFILz�GJIqo�>A< r Cn]qxU]yK�C_oµ� �f<pGJjcIT<cC��\K9]qC r K�;hGJ<�`A³�CD¶c¶UI�CF]�]
K [ C�¶c>PKw>A�?>J]LC²EHCFILz�GJIqo�>�< r CJ�
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X]C��%?#"N��� 4

Task 3: Develop

Visualization

Algorithm

�f< K [ ;=] rw[ >�EUKqCFIF`T³�C�EcI�G�E}GJ]qC�]qG�@=jUKq;=G�<?]¹>A<?¶�>A@=b�I�;·K [ o�]-KqG�;hotEcI�GPv�C´¶?>PK�>��?>�]qC´E}C_Iqz�G�I�o�>A< r C��):3;=I�]LKF`T³�C
¶U;l] r j?]�]n]qG�otC�¶?>PK�>��?>�]qC�;l]�]LjcC!]�³ [ ; rw[ >��}C r KgEHCFILz�GJIqo�>�< r CJ� �g>�]qCF¶´G�<�K [ C²¶c;=] r j?]�]q;hGJ<�`\³nC�KqI�x¹K�G�¸H<cC,d Kqjc<?C
K [ C�E}C_Iqz�G�I�o�>A< r C�� Z C r G�<?¶Y`P³�Cg¶UC_vJC_@=G�E�C�� r ;=C_<RK9>A@=b�G�I�;hK [ o�] ³ [ ; rw[pr >�<¹�}Cgj?]LC!¶��\x-v\;=]qj?>�@h;��F>AKq;=G�<�otGU¶Ujc@=C��
�$CD;h<RKqI�GU¶Uj r C+>A<�>A@=b�GJIq;hK [ o�z�G�I9]qE?>PK�;=>�@cG�jUK�@h;=C_I9¶cC,KqC r K�;hGJ<�³ [ ; rw[�r >A<p�HC�>�EcEc@=;hC!¶¹KqG�>AjcKqG�o�>AKq; r >A@=@=x�¶UC,K�C r K
z�>Aj?@·Kyx�KqIw>�� r ]yKw>PKq;=G�<H]D>A<?¶ �Rjc; r ^\@=x´;l¶UC_<RKq;hz�x�>��c<cGJIqo�>A@}K�I�>�� r E?>AKLK�C_I�<?]_�

4.1 Introduction

�f<¹K [ CDEcI�C_v\;=G�j?]T]qC r Kq;=G�<�`A³�CD¶UC,K�C_I�ot;h<cC!¶¹K [ >AK3K [ C+¶c>AK�>A�H>�]qCn;l]3K [ CD�}GAKqKq@=C_<cC r ^�� �f<¹K [ ;l]9]qC r Kq;=G�<p³nCD¶U;l] r j?]�]
K [ C9j?]qC9GAzU;=<?¶UC��UC!]YKqG�;hotEcI�GPv�C9¶c>AK�>��?>�]qCTEHCFILz�GJIqo�>A< r C�����Cn³D;h@=@J>�@=]qG+¶UC_vJC_@=G�E->A<-C�� r ;=C_<RK >A@=b�GJIq;hK [ o£³ [ ; rw[
¸?<c;l] [ CF]g;=<µG�<cC�] r >�<��

4.1.1 Experiment design

Parameters

eg³�G�z�> r K�G�Iw]²>��}C r K�GJjcI�¶c>PKw>A�?>J]LCtE}C_Iqz�G�I�o�> r CJ�pe [ C_x�>�IqC�¶U;l]q^ � # � ]->�<?¶);=<?¶UC��UCF]F���²;hvJC_< >�K�>A�?@hCJ`�K [ C
¶c>AK�>A�H>�]qC/Kq;=opC¹;=]�EcI�G�E}G�IqKq;=G�<?>�@YKqG�K [ C�<\jco¹�HCFI�G�zTI�GP³+]+> r_r C!]q]qCF¶�� �f<H¶UC��UCF]�;h<c±?jcC_< r C [ GP³ K [ C�¶c>AK�>��?>�]qC
]qCF>AI rw[ C!]�z�G�I�I�C r GJI�¶?]_� �2;hK [ G�jUKm;=<?¶UC��UC!]_`�¶?>PK�>��?>�]qC�³D;=@h@-¶UG�K�>��c@hC ] r >A<(`+³ [ ; rw[ K�>�^�CF]�o�j rw[ Kq;=otC)K�G
> rFr GJopE?@h;l] [ �
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Table design

�f< Z C r Kq;=G�<��c� 	?���J`�³nC�otCF<JK�;hGJ<cCF¶$K [ C´¶c>AK�> r j?�HC�>J]�>�KqG\GJ@|KqG�]qjcEcE}G�IqK�v\;=]qj?>A@=;��F>PK�;hGJ<���e [ C´¶c;hotC_<H]L;=G�<?]
>A<H¶�otC!>�]qjcIqC!]�GAz3K [ C r jc�}C�] [ GJjc@l¶��}C/¸?CF@=¶c]+GAzTG�jcIgKw>A�c@=C���e3>A�?@hC²¸?vJC ot;h< ��e3>A�c@=C��U� 	 ��] [ GP³+]�K [ C�;=¶UC!>pGAz
>�¶c>PKw> r jc�}C��t: ;=C_@l¶$]L;l¶);l]²K [ Ct]qE?> r Ct¶U;hotCF<?]L;=G�<(�p:3;=C_@l¶)I�C r G�Iw¶ ¶UKLKqo ;=]²K [ CpKq;=otCt¶c;hotC_<H]L;=G�<�� �|G�@=jcotC�`
>�v\b v�GJ@hjcotC->A<H¶�G rFr jcE?>�< r x�>AI�C�K [ C-otCF>�]qjcI�CF]F�

k+<µ>A@hKqCFIq<H>PKq;=v�C²¶UCF]q;=b�<´K�GtIqC!¶Uj r C�K [ C²GPvJC_I [ CF>J¶�GAzT]L;l¶�>�<?¶�IqC r G�Iw¶ ¶\KLK�o ³ [ CF<�]LKqGJIq;=<cb¹CF> rw[ otCF>�]qjcI�C
;l]D] [ GP³D<�;h<µe3>A�c@=C��U� ��� ��> rw[ IqGP³£;h<�K [ C-vP>�@hjcC EHCFI ¶c>�xtKw>A�c@=C-]yK�G�I�CF]nKqIw>�� r ¶c>PKw>¹z�IqGJo >p]LK�>AKq;=G�<�z�G�IgK [ C
³ [ GJ@hCp¶c>�x��/:3;hCF@=¶�]L;l¶�;l]+K [ Ct]LE?> r Cp¶U;hotCF<?]L;=G�<(`}I�C r G�Iw¶ ¶c>PK�C�`�K [ C�K�;hotCt¶U;hotCF<?]L;=G�<(`�¶?>PK�>J�

�

¶c>AK�>R� ���U`UK [ C
otCF>J]LjcI�CF]g>AK�¶U; ��C_I�C_<RKgKq;=otC�GAzT¶c>�x��

Query design

� jcI�¸?I�]LK�]LKqCFE´³g>�]|K�G-¸?<?¶´G�jUKnK [ C �RjcC_I�;hC!]9j?]qCF¶t;=<´GJjcIn]qxU]yK�C_oµ� �²C_<cCFI�>�@H]qEHC!>A^\;h<?b?`JK [ CFIqC²>AI�CgKy³nG�>�EcEc@=;·d
r >AKq;=G�<?]F� � <cC²;=]�K�I�>�� r v\;=¶cC_G?`\³ [ ; rw[ <cC_C!¶c]nK [ C-¶c>AK�>pGAz(GJ<cC-¶c>�x��Te [ C/GAK [ C_Ig;l]D¶c>PKw> r jc�}C²v\;l]LjH>A@=;��!>PKq;=G�<(`
³ [ ; rw[ >�@h³g>�xU]9I�C �Rjc;=IqC!]�¶c>AK�>¹GAz ]qC_vJC_Iw>A@H¶?>�x\]F�TBDC_bR>AIw¶U@hC!]q]�GAz�K [ C/¶U; ��C_I�C_<RKgotC,K [ G\¶?]gGAz(v\;l]Lj?>�@h;��F>AKq;=G�<�`JK [ C
<\jco��}C_I-G�z�I�GP³+]�G�z�¶c>AK�>�³ [ ; rw[ >�IqCt> rFr CF]�]qCF¶�>�IqC¹K [ C´¶cC,KqCFIqot;=<c;=<cb�z�> r K�G�I²z�G�I-E}C_Iqz�G�I�o�>A< r C���e3>A�c@=Ct�?� �
>AI�C²K [ C-�}C_< rw[ o�>AI�^ �Jj?C_I�;hC!]�KqG�C_vP>�@hj?>AKqC²K [ C-EHCFILz�GJot>�< r C/G�z3>�]qG�@=jUKq;=G�<��


 �+>A<H¶�
/�->AI�Cgz�G�I�K [ C�KqIw>�� r v\;=¶cC_G?� 
 �+I�C �Rjc;=IqC!]9¶c>AK�>/z�I�G�o >A@=@H]LK�>AKq;=G�<?]�G�< �R>A< �F]LKF` � � � ��³ [ ;=@hC 
/�
I�C �Rjc;=IqC!]9¶c>PKw>²z�IqGJo ]LK�>AKq;=G�<?]9G�< � d 	J���5>A<H¶ �R>A< �!]yK!` � � � �U� 
 	

�


 �²>�IqCgz�GJI|K [ C�¶c>PKw> r j?�HC+v\;l]LjH>A@=;��!>PKq;=G�<(�
e [ C/¶UCF]q;=b�<´G�z�K [ C!]LC �RjcC_I�;=CF]n;=]nKqGt> rFr C!]q]�¶U;��}CFIqCF<JKg<\jco��}C_I�GAz IqGP³+]F� 
 	�IqC"�Jj?CF]LK�]�¶c>PKw>�GAz G�<cC/¶c>�x�`R³ [ ; rw[
r GJ<RK�>A;=<?] ��� � �-IqGP³+]�G�zT¶c>AK�>?� 
��tI�CF>J¶c] � 	 	 	 ��IqGP³+]F�

~+jco 
�jcCFIqx

 � �²C_K+v�G�@=jcotC²z�G�I+>�@h@�]LK�>AKq;=G�<?]�z�I�G�o �Ak�{ KqG �Jk�{ G�< �R>A< �F]LKF` � � � �U�

/� �²C_K�>�v�C_Iw>AbJC�vJG�@=jcotC�z�GJI+>A@=@�]yKw>PK�;hGJ<?]gG�< � d 	R��� ]LGJjUK [ z�I�G�o ��k�{ KqG � �n{ GJ< �R>A< �F]LKF` � � � �\�

 	 �²C_K�>�v�C_Iw>AbJC�vJG�@=jcotC²vU]�K�;hotC-GAz|¶c>�x´GJ< �R>A< �F]LKF` � � � �\�

�� �²C_K�>�v�CFI�>�b�C�vJG�@=jcotC/z�G�I+C!> rw[ Kq;=otC�GAz|¶c>�x�>�<?¶�CF> rw[ ³�C_CF^\¶?>�x�z�IqGJo �R>A< �F]LKF`�� � � �/K�G �J>�< �!K [ `

� � � �U�

/� �²C_Kg>�vJC_Iw>Ab�CDvJG�@=jcotC�z�GJInC!> rw[ K�;hotC²GAz ¶?>�xt>�<?¶´C!> rw[ ³�C_CF^U¶c>�x�z�I�G�o �R>A< �F]LKF` � � � ��K�G �R>A< �F�AK [ `

� � � �U�

 � �²C_Kg>�vJC_Iw>Ab�CDvJG�@=jcotC�z�GJInC!> rw[ K�;hotC²GAz ¶?>�xt>�<?¶´C!> rw[ ³�C_CF^U¶c>�x�z�I�G�o �R>A< �F]LKF` � � � ��K�G �R>A<�� �,K [ `

� � � �U�

 � �²C_K�>�v�C_Iw>AbJC�vJG�@=jcotC�z�GJIDCF> rw[ K�;hotC-GAzT¶c>�x�>�<?¶�CF> rw[ ³nCFC_^U¶c>�xtz�GJIDK [ C-otGJ<JK [ G�z �R>A<(` � � � �\�

 � �²C_K�>�v�CFI�>�b�C²v�G�@=jcotC-z�GJI+CF> rw[ K�;hotC�G�z9¶c>�x�>�<?¶µCF> rw[ ³�C_CF^U¶c>�x�z�G�I�K [ C�opGJ<RK [ GAz �R>A<m>A<H¶m:cC_�(`

� � � �U�

Table 4.1. Queries
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�f<´K [ ;l]gC��UEHCFIq;=otC_<RKF`\³�C�otC!>�]qjcIqC!¶�K [ C²¶?>PK�>��?>�]qC+K�;hotCJ�9e [ C-¶c>PKw>A�?>J]LC�Kq;=opC/³g>�] r >�@ r jc@=>AKqC!¶�z�I�G�o K [ C
Kq;=otC9K [ C Z 
²i �RjcC_I�x/³�>J](]qjc�cot;·KqKqC!¶/KqG�K [ CnKq;=otC9K [ C�EcI�G�bJI�>�o£I�C r CF;hvJCF¶->�@h@JK [ C�¶c>PKw>Dz�I�G�o ¶c>PKw>A�?>J]LCJ�(s�jcILd
;=<cb�K [ C�C��UE}C_I�;hotC_<RK!`c¸?vJC ot;h<m³g>�]Dz�>�]LKqC_I+K [ >�<mv�>�@hj?C E}C_I ¶c>�x´z�GJIDK [ C�KqIw>�� r v\;=¶cC_G?����jUK�vP>A@=jcC EHCFI ¶c>�x
³�G�I�^�CF¶�z�>J]yK�C_I+z�GJIDK [ C¹¶c>AK�> r jc�HC¹v\;=]qj?>A@=;��F>PK�;hGJ<��De(G�]LCFC [ GP³ G�jcI�otC,K [ G\¶?]+;=opE?IqGPvJCF¶�K [ C¹EHCFILz�GJIqo�>�< r CJ`
³�C rw[ GJ]qC�K [ C-�}CF]LK+K�>��c@hC/z�GJIDCF> rw[ >�EcEc@=; r >PKq;=G�<(�9e [ jH] 
 �

�


/��³�>J]�KqCF]LKqC!¶�j?]L;=<cbt¸?vJC ot;h<µ³ [ ;=@=C 
 	
�


 �

j?]qCF¶�vP>A@=jcC E}C_I ¶c>�x��

4.1.2 Relevant Characters of MySQL Database Server

e [ CFIqC�>AI�C�]LGJotC r G�<?]LKqIw>A;=<RK�]²;=opE}GJ]qCF¶$�\x�K [ C´¶c>AK�>A�H>�]qCp]qC_I�v�CFIF��e [ C�¶c>AK�>A�H>�]qCp³�Ctj?]qCF¶$;h< GJjcI-;hotEc@=C,d
otC_<RK�>AKq;=G�<�³�>J]D{mx Z 
²i s�;l]LKqI�;h� 	c� � 	?� 	 �c�Te [ C r GJ<?]yK�I�>�;h<RKw]n³�C�>AI�C²;h<RKqCFIqC!]yK�CF¶µ>AI�C�!

� k+@=@�;h<H¶UC��UCF]D>�IqC��nd KqI�C_CF]F�
� e [ C-]L;��_C/GAz|>t¶c>PKw>A�?>J]LC/;l]g@h;=ot;·K�CF¶Y�ne [ C_I�C/;=]D>��HGJjUK��A�J��{ �»z�I�C_C-]qE?> r C²GJ<�K [ C�{mx Z 
²i ]qC_I�v�CFIF�

� �f<?¶UC��UC!]D>AI�C r IqC!>PKqC!¶�>�jUKqGJo�>PKq; r >�@h@=x�z�GJIDEcIq;=o�>AI�x�^�CFx�¸?C_@l¶c]F�

4.2 Use Index to Improve Performance

k�]²;l]²^R<?GP³D<�`�;h<?¶cC��UCF] r >�<)]qEHCFCF¶�jcE�K [ Cp]qCF>�I rw[ z�G�I²IqC r G�Iw¶c]F� �2;hK [ G�jUK-;=<?¶UC��UC!]_`�>�¶c>PKw>A�?>J]LC¹ot>�x [ >�vJC
KqGm¶UGµKw>A�c@=C�] r >A<?]²K�G�¸?<?¶$G�jUK�>�@h@ r >A<?¶c;=¶c>AKqC!]_��{mx Z 
²i [ >J]²K [ I�C_Ct^\;h<H¶c]-GAz�;h<H¶UC��UCF]F`(<H>AotC_@=x�EcI�;ho�>�IqxJ`
jc<c;��RjcC�`H>A<?¶�<cG�I�o�>A@Y;=<?¶UC��\C!]_�

� �9I�;ho�>AI�xt;h<H¶UC�� !|;=<?¶UC����cjc;=@·K+GJ<µEcIq;=o�>AI�x�^�CFx�¸?C_@l¶c]F�
� u+<c;��RjcC-;h<H¶UC�� !|;=<?¶UC����cjc;=@·K�GJ<�¸HC_@l¶c]g³ [ ; rw[�[ >�v�C²jc<c;��Jj?C-v�>�@hj?CF]F�
� ~+G�I�o�>A@�;=<?¶UC�� !|;=<?¶UC����cjc;=@hK+G�<m>A<\xt¸?CF@=¶c]F� � K+;l]+>A@l]LGp^\<cGP³D<µ>�]D>t]LC r GJ<?¶c>AI�x�;=<?¶UC��Y�

~+G�KqCpK [ >PK²K [ CtEcI�;ho�>�Iqxµ;=<?¶UC��$¶UCF] r I�;h�}CF¶ [ C_I�Cp;=]->�@h;hKLK�@hC�¶U;���C_I�C_<RKF��u�]LjH>A@=@hxJ`�;·zg>´Kw>A�c@=Cpj?]LC!]/>�EcI�;=ot>�Iqx
;=<?¶UC��Y`UK [ C�¶c>AK�>pIqC r GJI�¶c]�>AI�C/E [ xU]L; r >�@h@=x´G�Iw¶UCFIqC!¶´G�<µ¶U;l]L^U]F� �njcK [ C_I�C�`\K [ C-EcI�;ho�>AI�x´;=<?¶UC�� �yj?]LK+opC!>A<?]D>�<
;=<?¶UC����cjc;=@·K+GJ<�E?Iq;=o�>AI�x´^�CFx�¸?C_@l¶c]F�
�f< K [ C´C��UE}C_I�;hotC_<RK!`3³�C r G�<U¸?bJjcI�CF¶�K [ C�¶c>PKw>A�?>J]LCtK�G�j?]qC´<cG�;=<?¶UC���`TEcI�;=ot>�Iqx�;h<H¶UC�� >A<?¶ ]qC r G�<?¶?>AI�x

;=<?¶UC���;=<$G�Iw¶UC_I�KqGµ]LCFC [ GP³ K [ C!]LCt>���C r K²K [ CpEHCFILz�GJIqot<?> r C���e3>A�?@hCp�?� �´] [ GP³+]�IqC!]Ljc@hK�]²G�z9K [ Ct�}C_< rw[ ot>�Iq^
�RjcC_I�;=CF]F�T~�GAK�C/K [ >AK 
 �

�


/�-jH]LC!¶�K [ C/¸?vJC ot;h<�K�>��c@=C�>A<?¶ 
 	 � ��� 
 �¹j?]qCF¶�K [ C-vP>�@hjcC EHCFI ¶c>�x´K�>A�?@hCJ�
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�jcC_I�x <cGt;=<?¶UC�� EcI�;ho�>�Iqx´;=<?¶UC�� ]qC r G�<?¶c>�x�;=<?¶UC�� I�GP³+]g> r_r CF]�]LC!¶ K�GAK�>�@�<\jco��}C_IDG�z3I�GP³+]

 � ��� 	c� � � � �c� �J��� �U� � � � ��� � ��� � �A� � � ���

/� 	 � 	c� 	J� � �?� � 	�� ��� �J��� ���\� � � �A� � � ���

 	 �J� � � � �?� ��� � �c� 	J��� ��� � � � � � �!���

�� �U� ��� ��� � � ��� �A� � � 	 	 	 � � � � �!���

/� 	?� �A��� 	?� � � � 	c� � ��� � � � 	�� � � � �!���

 � �H� � ��� �c� �R� 	 �U� 	J�A� 	 � � � � � � � �!���

 � �?� �R� � �?� � � � �c� � � � � � � �A� � � � �!���

 � � ��� � �A� � ��� � � � � �J� ��� � � �!� � � � � � � �!���

Table 4.2. Impact of indexing on performance.
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Table 4.3. Response time using five min

4.2.2 Improvement for data cube visualization
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Figure 4.1. Data Cube Visualization and Index.
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Table 4.4. Impact of indexing on performance.
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Figure 4.2. Performance of value per day and five min
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4.5 Spatial Outlier Detection: Problem Definition and Proposed

Algorithms
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4.5.1 Problem Definition
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Spatial Outlier Detection Problem
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Figure 4.3. An example of an outlier

4.5.4 Conclusion
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Task 4: Prototype

Software

Implementation
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GAzD>PKqKqI�;h�?jUKqC!]_��:3;=<?>A@=@=x�`3³nC�] [ GP³¯K [ C�;=opE?@hCFopCF<RK�>PK�;hGJ< GAzgot>�E r jc�}C´G�E}C_Iw>PK�;hGJ<?]F`(]Lj rw[ >J]/IqGJ@h@|j?E�`3¶cIq;=@h@
¶UGP³D<�`\>A<H¶´]L@=;l¶UC�>�<?¶�¶U; r C�`\;=<�K [ C�]qx\]LKqCFoµ� �$C�>�@=]qG�¶U;l] r j?]�]n]qG�otC+;=<RKqCFIqC!]yK�;h<cb�E?>PKqKqC_I�<?]�¶U;l] r GPv�C_I�CF¶p;=<�K [ C
v\;=]qj?>�@h;��F>AKq;=G�<�G�z K [ C/KqIw>�� r ¶c>AK�>c�

5.1 Prototype Software Design

5.1.1 Design Requirements

User Friendliness

Z ;=< r Cµj?]qC_Iw]�>AI�Cµ>A@=@nz�>�ot;h@=;=>�I�³D;·K [ K [ Cµ³�G�I�@=¶�³D;=¶UCµ³�C_��`�³�C�¶UC r ;l¶UCF¶
K [ >PK´>$³nCF�
;=<RKqCFILz�> r C�³nGJjc@=¶
�}C
CF>J]L;=C_InKqGpj?]qC²KqGp;h<RKqCFI�> r Kg³D;·K [ GJjcIg]LxU]LKqC_oµ� �f<?]LKqC!>�¶�GAz : � B+{8Kw>Abp;h< ��eD{�i)KqGt;=<RKqC_Iw> r Kq;=v�C�³D;·K [ j?]qC_Iw]F`
³�C rw[ GR]LC �J>�vP>´>�EcEc@=C,K�]F� �J>�vP>�EcIqGPv\;l¶UCF]�>A�cj?<?¶c>A<RK/k�� e r G�otE}G�<cCF<JKw]/>A<?¶mjH]LC_z�jc@|¶UCF]q;hbJ<�E?>AKLKqCFIq<H]_`�@=;h^JC
{mGU¶UCF@	��;=C_³�anG�<RKqI�G�@ `RKqGt�cjc;=@l¶ r G�otEc@=C���;h<RKqCFILz�> r C!]_�
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Portability

� jcI|]qx\]LKqCFo�] [ G�jc@l¶��}CD>A�c@=C�K�G/�HCD> rFr C!]q]qCF¶-I�C_bR>AIw¶U@=CF]�]�GAz}o�> rw[ ;=<cCF]3j?]qCF¶�� Z ;=< r C �R>�vP>+;l]3KqG�jcKqCF¶¹>�] � �$I�;·K�C
G�< r C�`UI�jc<m>A<\x\³ [ CFIqC �c`R³nC rw[ GR]LC²;hK�>�]gG�j?IDEcIqGJb�Iw>Aotot;h<?b�@l>A<cbJj?>AbJC��

Performance

�f<?]LKqC!>�¶ GAzDj?]q;=<cbmEc@l>A;=< KqC��\K¹¸?@hC!]-K�G)]yK�G�I�CtKqIw>�� r ¶c>AK�>c`3³�C�]q>�vJCtK [ C´KqIw>�� r ¶c>AK�>µ;=<�>�¶c>PKw>A�?>J]LCJ��e [ C
¶U;l]q>J¶UvP>A<RK�>�b�C+G�z(j?]q;h<?b�KqC��\K�¸H@hC!]�;l]nK [ >AK�³�C�<?C_CF¶´KqGp¶UGp>�z�jc@=@�] r >A<�K�G�¸?<H¶´G�jcKnK [ C²¶?>PK�>�³nC²<cCFCF¶Y`\³ [ ; rw[
;l]�¶UC�z�> r K�GmK�>��c@=C�] r >A< ;=<�¶c>AK�>��?>�]qCtKqCFIqo�]F� �f<�¶c>PKw>A�?>J]LCJ` ³�C r >A<�j?]qC´;=<?¶UC��\C!]-K�G [ CF@hE�]qCF>�I rw[ z�GJI�K [ C
<cCFCF¶UC!¶�¶?>PK�>t>�<?¶´K [ j?]+>�v�GJ;=¶´K�>��c@hC�] r >�<��

5.1.2 Software Design

�g>�]qCF¶�G�<�K [ C�I�C �Rjc;=I�C_otC_<RK->A<?>�@hxU]q;=]F`Y³nC r G�<?]LKqI�j r K�CF¶$>A<$;h<RK�C_Iw> r K�;hvJCt³nCF�Ud �H>�]qCF¶�v\;l]LjH>A@=;��!>PKq;=G�<$]LxU]LKqCFo��
e [ ;l]n]qxU]yK�C_o r GJ<RK�>A;=<?]�K [ I�C_C�otG\¶cjc@hC!]_`\<?>�otC_@=x�`JK [ C �²I�>�E [ ; r u�]LCFI �f<RKqCFILz�> r C � �/u � �,`\K [ C�anG�ototG�<��/>AKqC,d
³g>�x �f<RKqCFILz�> r C � a ��� ��³�C_��]qC_I�v�CFIF`|>�<?¶$K [ Cµ{mx Z 
²i ¶?>PK�>��?>�]qC�]qC_I�v�CFIF��:3;=b�jcI�C��c����] [ GP³+]�K [ C�IqCF@=>AKq;=G�<
�}C,Ky³�C_C_< K [ CF]qC�otGU¶Ujc@=CF]F�µe [ C �/u �-> rFr CFEUK�]-;=<cEcjcK�]-z�I�G�o�j?]qC_Iw]->A<?¶ ]qC_<H¶c]-I�C �RjcCF]LK�]-KqGmK [ C�a ����� e [ C
a ���pIqC r C_v\;=CF]tK [ CmI�C �RjcCF]LK�]�z�IqGJo K [ C �/u ��>A<?¶»bJC_<cCFI�>AKqCF]�>�EcEcI�G�EcI�;l>PKqC Z 
²i �RjcCFIq;=CF]tK�G K [ C�{�x Z 
²i
¶c>AK�>A�H>�]qC²]qC_I�v�CFIF`UkDz K�C_IDI�C r C_;=vR;=<cbt¶c>PKw>¹z�IqGJo�K [ C�¶?>PK�>��?>�]qC/]LCFIqvJC_I!`JK [ C�a ����]qC_<H¶c]�K [ C-¶c>AK�>p�?> r ^�KqGpK [ C
�/u ��� ��C-³D;=@h@(;h<RKqI�GU¶Uj r C�K [ CF]qC-otGU¶Ujc@=CF]g;=<µ¶cC,K�>�;h@ >�]�z�G�@=@=GP³+]_�

DatabaseGUI

CGI
Figure 5.1. Software architecture

Graphic User Interface (GUI)

e [ ;l]totG\¶cjc@hCm;l]tI�CF]qEHGJ<?]L;=�c@=C�z�GJI�b�C_KLKq;=<cb ;=<cEcjUKw]pz�IqGJo j?]qC_Iw]�>A<?¶»¶U;l]LEc@l>�x\;h<?b)K [ CµIqC!]Ljc@hK�]t;=<1>�bJI�>�E [ ; r
o�>A<c<?C_I!� �g>�]qCF¶¹G�<tK [ CDj?]qC_Iw]_º�;h<cE?jUK�]F`J;hKn]qC_<?¶?]|IqC"�RjcCF]LK�]3K�G/K [ C+³�C_��]qC_I�v�CFITKqG-I�C �RjcCF]LK|KqIw>�� r ¶c>AK�>?�3k+z KqC_I
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I�C r CF;hv\;=<cb�KqIw>�� r ¶c>PKw>c`�;hK-KqIw>A<?]Lz�G�I�o�]�K [ C´¶c>AK�>�;h<RK�G�¶U; ��C_I�C_<RK r GJ@hGJI�]/> r_r GJI�¶c;h<cb�KqG�> r GJ@hGJI/] rw[ CFopC�>�<?¶
¶U;l]LE?@=>�xU]²KqIw>�� r o�>AEH]-G�<$K [ C�] r IqCFC_<�� � [ C_< ¶U;l]LE?@=>�x\;=<cb�> [ ;=b [ ³�>�xmo�>�E�` C!> rw[ ]yKw>PK�;hGJ<$;l]-I�C_EcI�CF]qC_<RK�CF¶
�\x�>�EHGJ@hx\b�GJ<��1e [ Cµb�C_GJb�Iw>AE [ ; r >A@ r G\G�Iw¶U;h<H>PKqC!]pGAz�K [ Cµv�CFILK�; r CF]pGAz²CF> rw[ ]yKw>PK�;hGJ<�º ]tE}G�@=x\b�GJ<
>AI�Cµ]yK�G�I�CF¶
;=< K [ C´¶c>AK�>��?>�]qC���e [ ;=]-otGU¶Ujc@=C�K�I�>�<?]yz�CFI�]/bJC_GJb�Iw>AE [ ; r >�@ r G\G�Iw¶U;=<?>PK�CF]²KqG�] r I�C_CF< r G\G�Iw¶U;h<H>PKqC!]²z�G�I�E?IqGJEHCFI
¶U;l]LE?@=>�x\;=<cb?� e [ C r jcI�I�C_<RK¹otGU¶Ujc@=C�;l]¹;hotEc@=C_otC_<RK�CF¶
j?]L;=<cb �J>�vP>)>�EcEc@=C,Kw]_� � K r >�<��HC�Ec@=jcb�bJCF¶�;h<RKqG�³nCF�
�cI�GP³+]LCFI�]F`HK [ j?]->A@=@=GP³D;h<cb�;·K/K�Gµ> r_r CF]�]LC!¶m³nGJIq@l¶\d ³D;=¶cC���e [ ;l]²otG\¶cjc@hCt³g>�]²�cjc;=@hK/jH]L;=<cb � � �J>�vP>´E?IqGJb�Iw>Ao�]
³D;hK [ ���J�J�¹@h;=<cCF]gG�z r GU¶UC��

CGI web server

�fotEc@=C_otC_<RKqC!¶m;=< �TC_I�@(>A<?¶µ;=<?]LK�>�@h@=CF¶µ;=<)>�³�C_��]qC_I�v�CFIF`UK [ Cpa ���DEcI�G�bJI�>�o�]g³nGJIq^�>J]+ot;l¶c¶U@=C,d Kq;=C_I��}C,Ky³�C_CF<
K [ Cµ¶?>PK�>��?>�]qCµ>A<?¶ �/u ��� � K´> rFr CFEUK�]pI�C �RjcCF]LK�]¹z�I�G�o �/u �¹>�<?¶
]qC_<H¶c]t>AEcEcI�G�E?Iq;l>PK�C Z 
²i �RjcC_I�;=CF]¹KqG$K [ C
¶c>AK�>A�H>�]qC´KqG$I�C �RjcCF]LKpK [ Cµ<cCFCF¶UC!¶�¶c>AK�>c�
e [ CµIqC!]Ljc@hK�]p>AI�Cµ]LCF<JKt�?> r ^ KqG��/u �¹>J]¹]LKqI�;=<cbJ]F��:cGJI �/u ��K�G
¶UC r ;=E [ C_I+K [ C�;=< r G�ot;h<?b´]yK�Iq;=<cbJ]F`?]q;hotEc@=C�EcI�GAK�G r G�@l]g�}C,Ky³�C_C_< �/u �g>�<?¶)a ����³nCFIqC�¶UC!]L;=b�<?CF¶Y��e [ C�otGU¶Ujc@=C
r GJ<RK�>A;=<?] 	R�A�¹@h;=<cCF]gG�z �TCFIq@ r G\¶cC��

Database server

�$C�j?]qCF¶�{mxRd Z 
²i�>�]�K [ C/¶c>AK�>A�H>�]qC�]LCFIqvJC_I!� e [ CFIqC²>AI�C²�-K�>A�?@hC!]�;=<´K [ C�¶c>AK�>��?>�]qC�`R<?>AotCF@hxtvP>A@=jcC E}C_I ¶c>�xJ`
¸?vJC ot;h<�`H]yKw>PKq;=G�<(`RE}G�@=x\b�GJ<�>A<?¶ r GJ@hGJIF�Te >��c@=CF]D�U� �

�

�U� �¹] [ GP³1K [ C-¶UC,¸?<?;·K�;hGJ<�>�<?¶�¶UC_K�>�;h@=CF¶�]yK�Iqj r KqjcI�C²GAz
K [ CF]qC/K�>A�?@hC!]_�

e3>A�c@=C��U� � �9>�@hj?C E}C_I ¶?>�x�] [ GP³+]�K [ C�]LKqGJIqC!¶�KqIw>�� r ¶c>AK�>pGAzT>�]yKw>PK�;hGJ<�z�GJI+>¹³ [ G�@=C/¶?>�x�� ��> rw[ Kyx\E}C-GAz
KqIw>�� r ¶c>AK�>�G r_r j?Ec;hC!]�>�IqGP³¯;h<$K [ ;=]/Kw>A�c@=C���anGJ@hj?op< ]q;=¶$;l]²K [ C´]LK�>AKq;=G�< �y¶Y��I�C r G�Iw¶ ¶?>PKqC�;l]²K [ C�¶c>PK�CtGAz
K [ C�I�C r G�Iw¶Y� I�C r G�Iw¶ Kyx\EHC²;h<H¶U; r >PK�CF]�³ [ >PK�^\;h<?¶�GAz3¶c>PKw>�;hK�;l]_� � K r >�<��}C�K�GAKw>A@�v�GJ@hjcotCJ`R>�vJC_Iw>Ab�CDvJG�@=jcot<�GJI
G r_r jcE?>A< r x���anGJ@hjcot<µ¶c>PKw>��¹;=]�K [ C-otCF>J]LjcI�C�z�G�ID��� ! �J��k�{�`\¶?>PK�> ��K [ C-otCF>J]LjcI�C�z�G�ID��� ! �R�Ak�{�`\>�<?¶�]LGpG�<��
e3>A�c@=C+�U� 	²:3;=v�C op;=<pK�>��c@hCDI�C_E?IqC!]LCF<JKw]T>�¸Hv�C,d ot;h<¹KqIw>�� r ±?GP³
opC!>�]qjcI�C��T]L;l¶�;l]TK [ C+]yKw>PK�;hGJ<¹;l¶Y�TIqC r GJI�¶ ¶\KqKqo
;=<?¶U; r >PK�CF]�K [ C�¶?>PKqC�>A<?¶$K�;hotC�G�zgK [ ;l]�I�C r G�Iw¶Y��vJG�@=jcotC�`|>�v\b v�GJ@hjcotC´>�<?¶ G r_r j?E?>A< r x$>�IqCtK [ C´otCF>J]Lj?IqC!]
z�G�IgK [ >PK²]yKw>PKq;=G�<µ>PKDK [ >PK�EHGJ;h<RK+GAz3Kq;=otC���e3>A�?@hC��c� ��]LKqG�I�CF]�K [ C r GRGJI�¶c;h<?>AKqC!]nG�z K [ C-v�CFILK�; r CF]gG�zT>tE}G�@=x\b�G�<(`
³ [ ; rw[ I�C_E?IqC!]LCF<JKw]g>p]LK�>AKq;=G�<�G�<�K [ C²o�>�E��9]L;l¶�;=]�K [ C�]LK�>PK�;hGJ<�;l¶Y�9]qC �RjcCF< r C <\jco¹�HCFI+;=<?¶U; r >PK�CF]D>�<�;l¶UC_<RK�;·Kyx
GAz K [ C-vJC_IqKqC���� ��>�<?¶�x�>AI�C�K [ C-b�CFG�bJI�>�E [ x r GRGJI�¶c;h<?>AKqC!]_�|e3>A�c@=C/�c� �p]LKqGJIqC!]n;=<Uz�GJIqo�>PK�;hGJ<�>��HGJjUK�>¹]LK�>AKq;=G�<��
]LK�>PK�;hGJ< <\jco��}C_I+;l]gK [ C�]LK�>PK�;hGJ<µ;=¶Y� [ ;hb [ ³�>�x´;=<?¶U; r >AKqC!]gK [ C [ ;hb [ ³g>�x�K [ ;=]�]yKw>PKq;=G�<µ;l]DG�<(� �yjc< r Kq;=G�<mI�C_v�C!>A@l]
³ [ CFIqCpK [ C�]yKw>PK�;hGJ<�;l]-G�<$K [ C [ ;=b [ ³�>�xJ�´¶U;=IqC r Kq;=G�<$;=<?¶U; r >PK�CF]-³ [ ; rw[ �}G�jc<?¶ G�znK [ C [ ;=b [ ³g>�xµK [ ;l]�]LK�>PK�;hGJ<
;l]+G�<(�g]qC �RjcCF< r C <Rj?o��}C_I�;l]DK [ C�]qC �RjcCF< r C-<\jco¹�HCFI�GAzTK [ C�]LK�>PK�;hGJ<mG�<µK [ C [ ;=b [ ³g>�x�� � KFº ]+<\jco��}C_I�CF¶�z�I�G�o
<cGJILK [ KqG�]LGJjUK [ GJI�³�CF]LK�K�G�CF>J]yK!��:?G�I�C��c>AotEc@=C�`}K [ C¹<cG�IqK [ CF]LK²]LK�>PK�;hGJ<�G�< [ ;hb [ ³�>�x � d 	R��� Z G�jcK [ �}G�j?<?¶
;l]�bJ;hvJC_<$]LC"�Jj?C_< r C¹<\jco¹�HCFI/�?��^�CFx ]LK�>AKq;=G�<$] [ GP³+]�K [ >PK/K [ ;l]/]yKw>PK�;hGJ<);l]->�]LK�>AKq;=G�<)G�z�;=<JK�C_I�CF]LKF��e3>A�?@hC��U� �
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anG�@=G�IgKw>A�c@=C�]LKqGJIqC!]�K [ C r G�@=G�I+] rw[ C_otC!]_�DanG�@=jcot<m;=¶µ;l]gK [ C�;=¶µG�zTK [ C r G�@=G�I!� [ C�� r GU¶UC�]yK�G�I�CF]+�A�Ad �c;·K�B � �
vP>A@=jcC/GAz3K [ C r G�@=G�I!�3] rw[ CFopC-;l]�K [ C-<?>AotC/GAz3K [ C r G�@=G�ID] rw[ C_otC��

r GJ@hj?op<�<?>�opC ¶c>AK�>¹Kyx\EHC EcI�;ho�>�Iqx�^JC_x r GJopotCF<JK
]q;=¶ ]qot>�@h@=;=<JK 
 C!] ]yKw>PKq;=G�<�<\jco��}C_I

I�C r GJI�¶ ¶?>PKqC ¶c>AKqC 
 C!] K [ C�¶c>AKqC/GAz3K [ C-IqC r G�Iw¶
IqC r GJI�¶ Kyx\EHC rw[ >AI 
 C!] K [ C/Kyx\EHC/G�z K [ C-IqC r GJI�¶

¶c>AK�>�� j?<?]L;=b�<?CF¶�]Lo�>A@=@=;h<RK ~�G ¶c>PKw>�z�GJI+��� ! �J�¹k�{
¶c>AK�> � j?<?]L;=b�<?CF¶�]Lo�>A@=@=;h<RK ~�G ¶c>PKw>�z�GJI+��� ! �R��k�{
�=�=� �=�h� �=�h� �h�=�

¶c>PKw>J����� j?<?]L;=b�<?CF¶�]Lo�>A@=@=;h<RK ~�G ¶c>AK�>¹z�G�I�� 	
! ��� ��{

Table 5.1. Value per day

r GJ@hjcot<µ<?>�opC ¶?>PK�>¹Kyx\E}C EcIq;=o�>AI�x�^�CFx r GJotopCF<RK
]LEH> r C rw[ >AI	����� � 
 CF] ]Ldf¶U;hotCF<?]L;=G�<

IqC r GJI�¶ ¶\K ¶?>PKqC 
 CF] K [ C�¶?>PKqC-G�z(K [ C-IqC r GJI�¶
I�C r G�Iw¶ Kqo Kq;=otC 
 CF] Kq;=otC-GAz3¶?>�x
>�v\b v�GJ@hjcotC ±?GR>PK ~+G

Table 5.2. Dt cube

r G�@=jcot<µ<?>AotC ¶c>PKw>¹KyxRE}C EcI�;ho�>�Iqx´^JC_x r GJotopCF<RK
]L;l¶ ]Lo�>�@h@=;h<RK 
 C!] ]yKw>PK�;hGJ<�<\jco¹�HCFI

I�C r G�Iw¶ ¶UKLKqo ¶c>PK�C,K�;hotC 
 C!]
v�GJ@hj?opC ]Lo�>�@h@=;h<RK ~+G K�GAKw>A@Yv�GJ@hj?opC

>�vRb vJG�@=jcotC ]Lo�>�@h@=;h<RK ~+G >�vJC_Iw>AbJC�v�GJ@hj?opC
G r_r jcE?>A< r x ]Lo�>�@h@=;h<RK ~+G G r_r jcE?>�< r x

Table 5.3. Five min

5.2 Software Utilities

e [ Ct]LG�z Ky³�>�IqC�jUKq;=@h;hKq;=CF]/³�C¹¶cC_v�CF@hGJEHC!¶)]qG´z�>�I²;=< r @hj?¶cC�K [ IqCFC r G�otE}G�<cCF<JKw]�!+KqIw>�� r v\;l¶UC_GH`}v\;l]LjH>A@=;��!>PKq;=G�<)GAz
>PKqKqI�;h�?jUKqC�>�<?¶�¶?>PK�> r jc�HC-v\;l]LjH>A@=;��!>PKq;=G�<(�



5.2.1 Video Visualization 53

r GJ@hj?op<µ<?>�otC ¶c>PKw>�Kyx\E}C E?Iq;=o�>AI�x´^�CFx r GJotopCF<RK
]q;l¶ ]Lo�>�@h@=;h<RKDjc<?]q;=b�<cC!¶ 
 CF]

]LC"�RjcC_<c< r C <\jco¹�HCFI ]qo�>A@=@h;=<RK 
 CF]
� ¶cG�jc�c@=C ~+G � r G\GJI�¶U;=<?>AKqC
x ¶cG�jc�c@=C ~+G x r G\GJI�¶U;=<?>AKqC

Table 5.4. Polygon

r G�@=jcot<�<?>�otC ¶c>AK�>¹Kyx\EHC EcI�;ho�>�Iqx�^JC_x r GJotopCF<RK
]LK�>AKq;=G�< <\jco��}C_I ;=<RK+jc<?]q;hbJ<cCF¶ 
 C!]

[ ;=b [ ³g>�x rw[ >AI ~�G K [ C [ ;=b [ ³�>�xtK [ ;l]+]yKw>PK�;hGJ<�;l]D;=<
�yjc< r Kq;=G�< rw[ >AI ~�G K [ C �yjc< r Kq;=G�<�K [ ;=]�]yKw>PKq;=G�<�;l]+>PK
¶U;=IqC r Kq;=G�< rw[ >AI ~�G

]qC �RjcCF< r C <\jco��}C_I ]qot>�@h@=;=<JK ~�G
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Figure 5.2. A Snapshot from Traffic Video
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Figure 5.3. Traffic Video for I-94
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Figure 5.4. Comparison of traffic video of two different dates.

Figure 5.5. Volume map
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Figure 5.6. Outlier detection

Figure 5.7. Data cube visualization

5.3.2 Traffic Dimension Hierarchy
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Figure 5.8. Traffic Dimension Hierarchy. In this hierarchy, time dimension is broke into Date(D) and TOD(T).
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k+bJb�I�C_bR>PKq;=G�<mGJ<$¶c;hotC_<H]L;=G�<?] r >A<)I�CF¶cj r CpK [ Cp<\jco¹�HCFI/GAzn@l>PKqKq; r C!]_�pe [ ;=] r G�I�IqC!]LE}G�<H¶c]+K�G�K [ CtI�G�@=@·d jcE
G�E}C_Iw>PK�G�I/GAzD¶c>AK�> r jc�}C �RjcCFIq;=CF]F��e [ C´>AbJb�I�C_bJ>AKq;=G�<�GJ<$K [ C´e�df¶U;=opCF<?]q;hGJ< r >A< �HC ��otG�I�<c;h<?b�I�j?] [ [ G�jcIw]F`
C_vJC_<c;=<cb
Iqj?] [ [ GJjcIw] �,` ��otG�I�<c;=<cb?`�C_v�CF<c;=<cb?`D<c;=b [ K!`�ot;=¶c<c;hb [ K���� anjcI�I�C_<RK�;=opE?@hCFopCF<RK�>PK�;hGJ<£GJ<c@hx1>A@=@=GP³+]
>AbJb�I�C_bR>PKq;=G�<�GPv�C_ItK [ Cm³ [ GJ@hC�¶c>�xJ�£e [ C�>AKLKqI�;=�cjUKqC!]���]yKw>PK�;hGJ<?] �pG�z�K [ C Z df¶U;=otC_<?]q;hGJ<»>�IqCmGJIqbR>A<c;��_C!¶�;=<2>
E?>�ILK�;=>�@�G�Iw¶UCFIF�m:cGJI�C��U>�otEc@hCJ`3K [ CFx$>�IqC´GJIqbR>A<c;��_C!¶$;h< [ ;=b [ ³g>�x �ys >A<?¶�¶U;hI�C r Kq;=G�<���:?G�I¹CF> rw[ � [ ;hb [ ³�>�xJ`
¶U;=IqC r K�;hGJ<
��`DK [ C ]yKw>PKq;=G�<H]�>AI�C�GJI�¶UCFIqC!¶»z�IqGJo5<cG�IqK [ K�G
]qG�jUK [ G�I�³nC!]yK�KqG
CF>�]LKF� �g>�]qCF¶1G�< K [ ;l]�GJI�¶cC_I!`
K [ C Z df¶U;hotCF<?]L;=G�< r >A< �HC�>Ab�bJIqCFbJ>AKqCF¶)> r_r G�Iw¶U;=<cb�KqG [ ;=b [ ³g>�x �y¶Yº ]-G�I-K [ C r G�o��?;h<?>AKq;=G�<$GAz [ ;=b [ ³�>�x �y¶Yº ]
>A<H¶$¶c;hI�C r Kq;=G�<$GAz�K [ C [ ;=b [ ³g>�x��´k�<cGAK [ C_I�>�b�b�I�C_bR>PK�;hGJ<�G�< Z df¶U;=opCF<?]q;hGJ< r >A<$�HC´> �FG�<cCJ`(@=;h^JC�¶UGP³D<RKqGP³D<
{m;=<c<cC!>AE}G�@=;=]F�|anj?IqI�C_<RK�;=otEc@hCFotC_<RK�>AKq;=G�<´¶UG\CF]�<cGAK�>A@=@hGP³1>AbJb�I�C_bJ>AKq;=G�<¹G�<tK [ C Z dfs�;=otC_<?]q;hGJ<��|s+df¶U;=otC_<?]q;hGJ<
r >�<µ�HCp>Ab�bJIqCFbJ>AKqCF¶�> rFr G�Iw¶U;=<cbpKqG´¶c>�x�GAz|x�C!>AI!`c³�C_C_^U¶c>�x�G�I+otG�<RK [ �Danj?IqI�C_<RK+;=opE?@hCFopCF<RK�>PK�;hGJ<�>A@=@hGP³+]D>�@h@
K [ IqCFC/>�b�bJIqCFbJ>PK�;hGJ<?]nG�<�K [ C�s�d ¶c;hotC_<H]L;=G�<��

k+@=@�K [ C�vR;l]qj?>A@=;��!>PK�;hGJ<?]´]qG z�>AI r >A<£�HC)¸cK�;=<RKqG�K [ ;l]�¶c>AK�> r jc�}C�z�Iw>AotC_³�G�I�^�� e [ C�e I�>�� r vR;l¶UCFG�;=]
]qG�otC_³ [ >AK�]LE}C r ;=>�@�� ��C r >Aj?]qCm³nC�>AI�C�¶U;=]qEc@l>�x\;h<cb > o�>�E�`�K [ C Z ¶U;hotCF<?]L;=G�<2] [ G�j?@=¶1�}C��cI�G�^JC_<1;h<RK�G��
¶U;=otC_<?]q;hGJ<?]F`��$>�<?¶$x�¶U;=otC_<?]q;=G�<?]F� e [ Cte Iw>�� r vR;l¶UCFGµK [ CF< r >A< �}C�vR;=C_³�CF¶ >J]->m]L@=;=¶cC´] [ GP³ GAz�K [ C 
 � e
o�>PK�Iq;��Y�T~�GAK�C�K [ >PK+s ;l]D]L@=; r CF¶´z�G�I+>p]LE}C r ;·¸ r ¶?>PKqCJ� ��C r >A<�>�@=]qGt>Ab�bJIqCFbJ>AKqC�s �\x�³�C_C_^U¶c>�xJ`RK [ CF<�]qC_C²K [ C
>�v�CFI�>�b�C�KqIw>�� r vR;l¶UCFG¹z�GJID³nCFC_^U¶c>�xU]F�

5.3.3 D-T matrix

�9;=v�G�Kq;=<cbµK [ C r jc�}C´K�GmK [ C�s�d e z�> r C´b�;=v�C!]-j?]¹s+dfe o�>PKqI�;����me [ C�xJdf>��U;l]-GAzgK [ ;=]¹o�>PK�Iq;���;l]�¶c>AKqCJ��e [ ;=]
o�>PK�Iq;�� r >�<�>�<?]q³nCFInK [ C/z�G�@=@=GP³D;h<cb �RjcCFIqx !

:3;h<H¶�K [ C�>�v�CFI�>�b�C+vJG�@=jcotC²z�G�IDCF> rw[ ³�C_CF^U¶c>�x´>A<?¶�z�GJIDCF> rw[ Kq;=otC-GAzT¶c>�x��
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e G²bJC,K�:3;=b�jcI�C+�U� � `A³�CD>Ab�bJIqC!>AbJCn>A@=@?]LK�>AKq;=G�<?]|>�<?¶pEc;hvJGAKTKqG/K [ C+s�d e�z�> r C�� ��>J]LC!¶�GJ<p¸?b�jcI�C+�U� � >A<?¶p>Ab�d
b�I�C_bR>PK�;h<cb->�@hGJ<cb²K [ C�s�df¶U;hotCF<?]L;=G�<´>�<?¶pb�I�G�jcE?;h<cb-�\x¹³nCFC_^U¶c>�xU]_`�³nC r >A<�b�C_K9³nCFC_^U¶c>�xRdfe � s � ¸?bJjcIqC��c���!� �,�
:3;hbJjcI�C-�c��� ��;l]+]q;hot;=@=>�IgKqG�:3;hbJjcI�C-�c���!��C�� r C_EcKDK [ >AKDK [ C�>�b�b�I�C_bR>PK�;hGJ<�;=]DbJIqGJjcE}CF¶��Rx�opGJ<RK [ ]F�

:3;hbJjcI�C��U� �!�²;l]�>-@=;·KqKq@=C�¶U;���C_I�C_<RK9z�I�G�o K [ C�EcIqCFv\;hGJj?]T¸?bJjcIqC!]_� � Kn>�b�b�I�C_bR>PK�CF]|>A@=@H]LK�>AKq;=G�<?]9G�<c@=x¹GJ< � d 	R���
]qG�jUK [ >A<?¶´¶?>PKqC!]9GPvJC_I�>-otGJ<JK [ >A<?¶�K [ CF<�]L@=; r CF]9K [ C r jc�}C�GJ<�K [ C Z df¶U;hotCF<?]L;=G�<tz�GJI � d 	J��� ]qG�jUK [ �|:3;h<?>�@h@=x�`
Ec;=v�G�Kq;=<cbpKqGpK [ C�s�dfe z�> r C/³nC�]qC_C²¸?bJjcI�C-�c�����U�

:3;hbJjcI�C��U� �F� [ >J]�>�<�;h<RKqCFIqC!]yK�;h<?b�G��?]qC_I�vP>PK�;hGJ<��3B+j?] [�[ G�jcIw]|GJ<�:cI�;=¶?>�x¹�}C_bJ;h<�C!>AI�@h;=C_I|K [ >A<�G�<�K [ C�G�K [ CFI
z�G�j?ID³nCFC_^U¶c>�xU]_�

Figure 5.9. Day of year vs. Time of day.

Figure 5.10. Weekday vs. Time of day.

Figure 5.11. Month vs. Time of day.

5.3.4 D-S matrix

e [ ;l]Do�>PK�Iq;�� r >�<�>�<?]q³nCFInK [ C/z�G�@=@=GP³D;h<cb �RjcC_I�x !
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Figure 5.12. Month vs. Time of day on I-35W south
:3;h<H¶�K [ C�>�v�CFI�>�b�C+vJG�@=jcotC/G�<m> [ ;hb [ ³�>�xtz�GJIDCF> rw[ ³�C_C_^U¶c>�xJ�
e [ Cµs+d Z o�>AKqI�; ��] [ GP³+]�K [ C�otCF>�]qjcI�CF]�z�G�ItCF> rw[ ]LK�>PK�;hGJ<�GJ<�>�]qE}C r ;h¸ r�[ ;=b [ ³�>�x >�<?¶�GJ<�CF> rw[ ¶c>�xJ�

anjcI�IqCF<RK�;hotEc@=C_otCF<JKw>PK�;hGJ<)>A@=³�>�xU]D]q@h; r C!]+z�GJI�>´]qE}C r ;h¸ r�[ ;hb [ ³�>�xJ� � K�]+xRdf>��U;l]+;l]DK [ C¹s�d ¶U;=otC_<?]q;=G�<)>�<?¶µK [ C
�\d >��U;=]-;l]/K [ C�]LK�>PK�;hGJ<?]�G�zg> [ ;hb [ ³�>�x)>�<?¶ ¶U;=IqC r K�;hGJ<���~�GAK�C�K [ >AK�K [ C´E?>AIqKq;l>A@�G�Iw¶UC_I-G�z�K [ C Z df¶U;=otC_<?]q;hGJ<
>AE?Ec@hxU] [ C_I�C��(K [ Cge�df¶U;hotCF<?]L;=G�<�;=]3>A@=³�>�xU] >Ab�bJIqCFbJ>AKqCF¶�GPv�CFI�K [ Cn³ [ G�@=Cn¶c>�x/;=<-K [ C r j?IqI�C_<RK ;=otEc@=C_otC_<RK�>AKq;=G�<��

e GmG��UKw>A;=<�: ;=b�j?IqC��c��� 	 `3³�C´>AbJb�I�C_bR>PKqC�>�@h@|K�;hotC!]�G�z�K [ C�¶c>�xJ`3]q@=; r C�K [ C Z d ¶c;hotC_<H]L;=G�< K�G�@hC!>�v�CtG�<?@hx
]LK�>PK�;hGJ<?]|GJ< � d 	J��� ]qG�jUK [ >A<?¶pEc;=v�G�K|KqG/K [ C�s�d Z z�> r C��Te [ ;l]9o�>PK�Iq;��p] [ GP³+]3K [ >PK9K [ CDE?>AKLKqCFIq<�I�C_E}CF>AK�]|;hK�]qC_@hz
C_vJC_I�x �p¶c>�xU]_�

�g>�]qCF¶�G�< :3;hbJjcI�C��U� � 	c` ³nC r >A<�>�b�b�I�C_bR>PK�C�K [ C�s+df¶U;=otC_<?]q;hGJ<�>A<?¶$bJIqGJjcE �Rx�³nCFC_^U¶c>�x)>�<?¶$b�C_K¹:3;hb�d
jcI�C²�c���F�?� � z ³�C�>AbJb�I�C_bR>PKqCgK [ C-s+df¶U;=otC_<?]q;hGJ<�>A<H¶´b�I�G�j?E´�\xpotGJ<JK [ GJ<�:3;hbJjcI�C²�U� � 	?`J³�C [ >�v�C�:3;=b�jcI�C²�c�����

Figure 5.13. Day of year vs. stations on I-35W south.

Figure 5.14. Weekday vs. stations on I-35W south.
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Figure 5.15. Month vs. stations on I-35W south.

5.3.5 S-T matrix

e [ ;l]Do�>PK�Iq;�� r >�<�>�<?]q³nCFInK [ C/z�G�@=@=GP³D;h<cb �RjcC_I�x !
:3;h<H¶�K [ C-v�GJ@hj?opC->AKD>�<\x�Kq;=otC-GAz|¶c>�xtz�G�I+>�@h@(]LK�>AKq;=G�<�G�<µ> [ ;=b [ ³�>�xJ�
�f<tK [ ;=]no�>PKqI�;���`JK [ C�xRd >��U;=]�;=]9K [ C²]yKw>PKq;=G�<H]9G�<�> [ ;=b [ ³�>�xp>A<?¶pK [ C �\df>��U;l]9;l]|Kq;=otC�G�z�¶c>�x�� �9;=v�G�Kq;=<cb-K [ C

r j?�HC�KqG´K [ C Z d e z�> r C�bJ;hvJCF]+K [ C Z d e o�>AKqI�; �Y��e [ ;l]�ot>AKqI�; �µ;l]�<cG�K�;=otEc@hCFotC_<RKqC!¶m;h<�K [ ;l]²opGU¶Uj?@hC¹�cjUK²>�<
>A@hKqCFIq<H>PKq;=v�C²v�CFI�]q;=G�< [ >�]g�}C_C_<µ;=otEc@hCFotC_<RKqC!¶m>�]�K [ C-v�G�@=jcotC/o�>PKqI�;����

:3;hbJjcI�C¹�U� � �t;l]+z�I�G�o8]qC r Kq;=G�<)�U� �U� �U� � K/;l]�>A< Z d e o�>AKqI�; �µG�< � d 	J��� ]LGJjUK [ �}G�jc<H¶�G�< �R>A< �AK [ ` � � � �U�
�f<µKqCFIqo�]DG�zT¶?>PK�> r jc�}C�`}³nC�]q@h; r C/z�GJI � d 	J����]qG�jUK [ >�<?¶ �J>�< �PK [ `�� � � �U��e [ C_<µ³�C�Ec;=v�G�KDK [ C�]qjc�Ud r j?�HC/K�G
Z dfe2z�> r C�>A<H¶�bJC,KDK [ C/¸?b�jcI�C��|~�GAKqC²K [ >PKDK [ C_I�C-;=]g<?Gt>�b�bJIqCFbJ>PK�;hGJ< [ CFIqCJ�

{mGR]yK²GAz|K [ C�K�;hotC�`Y³�C¹>�IqC�<cGAK²;h<RKqCFIqC!]yK�CF¶m;=<)�}GAK [ ¶U;=I�C r K�;hGJ<?]�GAz�> [ ;hb [ ³g>�x�� �9vJC_<µK [ G�jcb [ K [ CFx�>AI�C
b�CFG�bJI�>�E [ ; r >A@=@=xp<?CF>AI!`c]LK�>PK�;hGJ<?]gG�<µ¶U;��}CFIqCF<RK�¶U;hI�C r Kq;=G�<?]�G�zT> [ ;=b [ ³g>�x´>AI�C²;=I�IqCF@hCFv�>�<RKF�
�f<RKqCFIqC!]yK�;h<cbJ@hxJ`c³�C�]LCFC�otG�I�<c;=<cb´I�j?] [µ[ GJjcIw]+G�<µK [ C�]qC r Kq;=G�<µKqG´K [ C¹<cG�IqK [ G�z|¶cGP³D<JK�GP³D<m{m;h<?<cCF>�EHGJ@h;l]_�

e [ ;l]�otC!>A<?]�K [ >AKpotGR]yKpGAz+K [ C�E}G�E?jc@=>AKq;=G�<�³�G�I�^\;h<?b�;h<
¶UGP³D<RKqGP³D<�{m;=<c<cC!>AE}G�@=;=]p;l]�z�I�G�o�K [ C�<cGJILK [ C_I�<
]qjc�cjcI��?]F�ge [ C�]LC r K�;hGJ<µz�IqGJo ¶UGP³D<RK�GP³D<�{m;=<c<cC!>AE}G�@=;=]+KqG � d �J�p;l]�>�@h³g>�xU]g�cj?]qx�¶cjcIq;=<cb�¶?>�x´Kq;=otC�� �$C r >�<
>A@l]qG¹¶U;l] r GPv�CFI�K [ >PKgK [ C_I�C²>�IqC�K [ I�C_C r @=j?]LKqCFI�]�GAz3]yKw>PKq;=G�<H]_� �2;hK [ ;=<µCF> rw[�r @=j?]yK�C_I!`\K [ C-]LK�>AKq;=G�<?] [ >�vJC�]q;hot;=@=>�I
�}C [ >�v\;=G�I!�

Figure 5.16. Stations on highway I-35W vs Time of day.
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5.3.6 T matrix

e [ C�e£ot>AKqI�; � r >A<m>�<?]L³�C_I�K [ C/z�G�@=@hGP³D;=<cb �RjcC_I�x !
:cGJI+>t]yKw>PKq;=G�<�G�< �R>A< �F�c` � � � �\`R¸?<?¶�K [ C-v�G�@=jcotC->PKDCF> rw[ K�;hotC-G�zT¶c>�xJ�
Z @=; r ;h<?bpGJ< Z d e #As+dfe o�>PK�Iq;��´z�GJIgK [ C�e�df¶U;=opCF<?]q;hGJ<�bJ;hvJCF]�j?]gK [ C-e£o�>PK�Iq;��Y��anjcIqI�C_<RKD;=opE?@hCFopCF<RK�>PK�;hGJ<

;l]�;=<mK [ C�v�GJ@hj?opC�ot>AKqI�; �µotGU¶Ujc@=C���:3;=b�jcI�C¹�c��� �p;=]²> �_d s e ot>AKqI�; �µz�I�G�o K [ C Z dfe ot>AKqI�; �µotGU¶Ujc@=C���e [ C
s�d ¶U;=otC_<?]q;=G�< >A<?¶ Z df¶U;hotCF<?]L;=G�< >AI�Cp<cGAK�>AbJb�I�C_bR>PKqC!¶m;=<)K [ ;=]�ot>AKqI�; �Y�te(GµbJC,K²K [ ;l]-o�>PK�Iq;��Y`�³nC r >A<�]q@=; r C
K [ C Z d e2o�>AKqI�; ��z�GJInGJ<cC²]LK�>AKq;=G�<��|:3;=b�jcI�C/�c��� �-] [ GP³+]�K [ C��\d xtEc@=GAKDG�z >¹e ot>AKqI�; �Y�|k+<?GAK [ C_IgEcI�CF]qC_<RK�>AKq;=G�<
GAz|> �,dfs o�>PKqI�;�� r >�<��}C�> r G�@=G�ID�H>AI!�

5.3.7 D matrix

e [ C�s o�>AKqI�; � r >A<µ>A<?]q³�C_I�K [ C/z�GJ@h@=GP³D;=<cb �Jj?C_I�x&!
s�;=]qEc@l>�x�K [ C/K�GAKw>A@�KqIw>�� r v�GJ@hj?opC²z�GJI+>A@=@�]yKw>PKq;=G�<H]�z�G�IDC_vJC_I�x´otG�<RK [ G�IDCFv�CFIqx�xJCF>AI!�
e [ C �\df>��U;l]+GAz9e [ Cps¯o�>AKqI�; �m;l]DK [ C¹s�d ¶U;=otC_<?]q;=G�<�`�³ [ ; rw[�r >�<��HCp>AbJb�I�C_bJ>AKqC!¶�;=<RKqG´³�C_CF^\¶?>�x�`?otGJ<JK [

G�IDxJCF>�IF�Te [ C-xRd >��U;=]�;l]gK [ C/K�I�>�� r vJG�@=jcotC��
k+@hK [ G�jcb [ ³�C [ >�v�C²<cGAKDx�C_K�;=otEc@=C_otC_<RKqC!¶�K [ ;l] r GJopE}G�<?C_<RKF`\K [ C-s ot>AKqI�; � r >A<��HC-C!>�]q;h@=x r GJ<?]LKqI�j r K�CF¶

;=<�K [ C�]q;hot;=@=>�IDopC_K [ GU¶µ>�]�K [ C�e o�>AKqI�; �Y�

5.3.8 S matrix

e [ C Z o�>PKqI�;�� r >�<�>�<?]q³nCFInK [ C/z�G�@=@=GP³D;h<cb �RjcC_I�x !
:cGJI �J>�<�` � � � ��] [ GP³£K [ C�>�vJC_Iw>AbJC�v�GJ@hj?opC²z�GJIDC_v�CFIqx´]LK�>AKq;=G�<�G�< � d 	J��� ]LGJjUK [ �
e [ C �\df>��U;=]�G�z K [ C Z o�>PKqI�;���;=]DK [ C Z d ¶U;=otC_<?]q;=G�<�`c³ [ ; rw[mr >�<��}C�>�b�b�I�C_bR>PK�CF¶�;=<RKqG [ ;=b [ ³g>�x�G�IDI�C_b�;=G�<(�

e [ C-xRdf>��U;=]�;l]�K [ C/K�I�>�� r vJG�@=jcotC��
k+@hK [ G�jcb [ ³�C [ >�v�C²<cGAKDx�C_K�;=otEc@=C_otC_<RKqC!¶�K [ ;l] r GJopE}G�<?C_<RKF`\K [ C-s ot>AKqI�; � r >A<��HC-C!>�]q;h@=x r GJ<?]LKqI�j r K�CF¶

;=<�K [ C�]q;hot;=@=>�IDopC_K [ GU¶µ>�]�K [ C�e o�>AKqI�; �Y�

5.3.9 Album

k+<H]L³�C_I�K [ C�z�G�@=@hGP³D;=<cb �RjcC_I�x !p:?G�I¹CF> rw[ [ ;hb [ ³g>�x)>�<?¶ z�G�I¹CF> rw[ otGJ<JK [ ;=< K [ C�x�C!>AI � � � �U` ¶U;l]qEc@=>�x�K [ C
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Figure 5.17. Time curve.
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Figure 5.18. Slice data cube and pivot small data cubes to get album.

5.4 Supporting Utilities

5.4.1 Change color scheme function
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5.4.2 Change color threshold function
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Figure 5.19. 2-D album
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GJ<�K�I�>�<?]LE}G�IqK�>AKq;=G�<�<cC,Ky³�G�I�^U]ydf>p]Ljcoto�>AI�x´G�z3I�CF]qjc@hK�]F� �_�B��� 
 -��!& � $ $.& * & $�L 1 )�'�� )��!& '�� �!� �0� &!� $=`
� � ���,` �J>�<\j?>AI�x � � � �\�

� 	���
 Z � ZU[ C_^ [ >�IF`?a��ci�j(` ���ce3>A<�` Z �Ha [ >�³D@=>?`U>A<?¶�B-�cB-� �9>AK�]�>�v�>�;��T{�>�E r jc�HC!]�!9k v\;l]Lj?>�@h;��F>AKq;=G�<�KqG\G�@�z�GJI
]qE?>PK�;=>�@�¶c>AK�>µ³g>AI�C [ GJj?]LC!]_� �f< � �!-�/!) � �("�1�1 ) - �!& ' ( "%��L )�" � �!& � )�'!"�� $!-���� � )�$ �.-�� ��W4"%,('*�.�+� 3 "�& "�&��
�.& '+* & $�L 1 )�'�� ) � " ��,�$!/!) - � � ��* �
��` � � � � �

� 	 � 
 Z � Z\[ CF^ [ >AI!`Ua��Ui(j�` ���Ue >�<�` Z �ca [ >�³D@=>?`R>�<?¶´B-�UB-� �9>AK�]�>�v�>�;���{)>AE r jc�HC!]�!|k v\;=]qj?>A@=;��F>PK�;hGJ<tKqG\G�@}z�GJI
]qE?>PK�;=>�@�¶c>PKw>�³g>AI�C [ G�j?]qCF]F� �f< � )�$ �*-�� �KW "%, � �!� � �("�& "�&!� �!& ' * & $�L 1 )�' � ) � " � ,�$./ )�- � � � �.-�/ ) � �("�1�1 )�-
�.& ' ( "%�JL ) " � �!& � )�' ��$ �P�He3>�x\@hGJID>A<?¶�:cIw>A< r ;=]F`?�A�J� �J�

� 	J��
 �T� Z KqG�@=G�IqK �J` ���n~�>A^P>Ao¹jcI�>?` ���9{mCF]qI�G��c;l>A<�`g>A<H¶
C_K�>A@ �£:H>�]LK Z E?>AKq;=GAdfe(CFopE}G�Iw>A@+s²>PKw> {m;=<c;h<?b GAz
i >AI�b�C �²CFG�E [ xU]q; r >A@\s�>AK�>�]qC,Kw]_� �f<�	 -�$ ,�)�)�'."�&��.� $ � ��W )�� "�-���� ��& � )�-�& �!�#"%$!& �!1 � $!& � ) -�) & ,�) $!& * & $�L 1 )�' � )
� " ��,�$./ )�- � �.& ' � �!� � �("�& "�&���� ��� �
� 	 -�)�����`UE?>AbJCF] 	J��� � 	��R�U` � � � �U�

� 	 	�
�{ � �$G�I��}GPx\]F� ��� � ��� � $.3 � 24� "�&!��	 ) -��	� )�, �#"�/ )_��e3>�x\@hGJIg>�<?¶�:cIw>A< r ;=]F` � � � �U�



.1 Overview 69

� ����	n�����������\��&��9��"�"!�+�3�,�-� �£�(���n		��'µ��	n&

.1 Overview

e [ ;l]�¶UG r jcotC_<RK�¶UC!] r Iq;=�HC!]DK [ C�]LKqC_EH]+<cCFCF¶c]+KqG´E}G�IqK+K [ C�EcI�GAK�GAKyx\EHC-v\;l]LjH>A@=;��!>PKq;=G�<m]qxU]yK�C_o � anjc�}C ��;hCF³ �gK�G
>A<?GAK [ C_ID³�C_�µ]LCFIqvJC_Iw]_�

e [ C/^�CFx r GJ< r CFEUKDKqGtE}G�IqK�anjc�HC ��;=C_³ ;l]�!
� �9jUKgK [ C¹a ���nEcI�G�bJI�>�o�]�;=<m]LGJopC-¶U;=I�C r K�G�I�x�³ [ ; rw[µr >A<��HC�> r_r CF]�]LC!¶´K [ IqGJjcb [ ³nCF���
� {mGU¶U;·z�x�K [ C �R>�vP>¹]qG�j?I r C�K�G�IqC_±?C r K�K [ C rw[ >�<cb�C!]nG�zTu�B+i GAz9a ���y]
� BDC r G�otEc;=@hC �R>�v�> r GU¶UC

� �9jUKgK [ C-IqC!]Ljc@hKqC!¶ �R>�vP> r @l>�]�]�¸H@hC!]D;h<m>t¶U;=IqC r K�G�I�x�³ [ ; rw[mr >A<��HC�> r_r C!]q]qCF¶��\x��cI�GP³+]LCFI�]F�

~+G�KqCDK [ >PKg]LGJotC�>�¶?¶U;·K�;hGJ<?>A@H³nGJIq^ r >�<´�HC²¶UG�<?CDKqG¹ot>�^�CDK [ C�E}G�IqKq;=<cb¹³D;·K [ G�jUK�otG\¶c;·z�x\;=<cb �R>�vP>-]LGJjcI r C
r GU¶UCJ�»e [ C�a ���¹u�B�i ] [ GJjc@=¶
�}CmEcjUK´;=<»¶c>AK�>��?>�]qC�GJI�>)±}>PKtKqC��RK�¸H@hCJ� ��v�CFIqx$Kq;=otCµK [ Cm¶U;=I�C r K�G�I�x ;=]
rw[ >�<cb�C!¶Y`U³nC �yj?]LK+<cCFCF¶�KqGtotGU¶U;·z�x�K [ C�¶?>PK�>��?>�]qC/G�I�KqC��\KD¸?@hCJ�

e [ C�¶c>PKw>A�?>J]LC r G�j?@=¶-�}CD>A<\x/¶c>PKw>A�?>J]LCnj?]L;=<cb Z 
²i�>J] �RjcCFIqx/@l>A<cbJj?>AbJC�� Z ;h< r C�K [ Cg>AEcEc@=C,Kw] >�IqCnC��UC r jUKqC!¶
�\x´�}G�I�³+]LCFIF`UotGJ]LKq@=x � ��`Uv�C_Iw]q;hGJ< ��� �/GAz �J>�vP> r GJopE?;h@=C_ID;l]gC_<cGJjcb [ �

e [ C²z�G�@=@=GP³D;h<cb�]qC r Kq;=G�<?]D¶UC!] r Iq;=�}C�K [ C�]LKqC_EH]g;h<m¶UC_K�>A;=@ �
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.2 Steps

.2.1 Un-tar the CubeView.jar

anG�E\xtK [ C�anjc�HC ��;=C_³-� K�>�IgKqG�>¹¶c;hI�C r KqG�I�x�³ [ CFIqC�KqGtEcjUK+>�@h@}K [ C/¸?@hC!]_�|u�]LC²K�>�IgjUKq;=@h;hKyx�K�Gpj?<Ud�Kw>AI�K [ C²³ [ G�@=C
E?> r ^�>�b�C%!

K�>AI �UvRz|anj?�HC ��;=C_³-� K�>AI
�f<�K [ C¹anjc�}C ��;hCF³ ¶U;hI�C r KqGJIqxJ`RxJG�j�³D;h@=@Y¸?<H¶�]qG�otC/<cCFCF¶UC!¶�¶U;=I�C r K�G�I�;hC!]�!
� r b�;hd �c;h<�!Te [ C¹a ����EcI�G�bJI�>�ot]
� k+EcEc@=C,Kw]�!9e [ C �J>�vP>pk+EcE}C_@hK�]

� �L>�v�> !|e [ C �J>�vP>pEcI�G�b�Iw>Ao�]�z�G�I+¶c>AK�> r j?�HC-v\;l]Lj?>�@h;��F>AKq;=G�<
� ¶UG r !|s�G r jcotC_<RK�]F`c;=< r @=j?¶U;=<cb´k � �9K�G �J>�vP>¹EcIqGJb�Iw>Ao�]F�

.2.2 Modify Java Source Code

e [ Cpa ���+u�B+i(]�>AI�C [ >�I�¶\d r GU¶UC!¶�;h<mK [ C�]qG�jcI r C r GU¶UC�³D;hK [ GJjUK�E}G�IqKq;=<cbtK�G�GAK [ C_I�]LxU]LKqC_o�]�;h<�ot;=<?¶m³ [ CF<
¶UC!]L;=b�<c;=<cb�anjc�}C ��;=C_³-� �²G�KqG�K [ Ct¶c;hI�C r KqG�I�xmGAz+anjc�}C ��;=C_³-�tu�]qC � & '¹>�<?¶ �*-�) � r GJopo�>�<?¶c]�KqG�¸?<?¶�G�jcK
K [ C-Ec@=> r C!]�KqGtotG\¶c;·z�x !

¸?<?¶$�Td <H>AotC � � � �L>�vP> ��� �c>AI�bJ]9b�I�C_E � [ KLK�E�! �
BDCFEc@=> r C�K [ C/u�B+i��}C,z�G�I�C+K [ C²¸?@=C�<?>�otC�³D;hK [ K [ C²<cC_³£u�B+i9�U:?G�I�C��c>AotEc@=C�`\;hz�K [ C/<cCF³ u�B+i)z�G�I�K�I�>Az d

¸ r ¶c>A;=@hxc�c� r b�;P;l] [ KLKqE�!$#%#�<cCF³ #�jcI�@ #�KqG # r j?�HC v\;=C_³ # r b�;hd �?;h<&#�KqIw>�� r ¶c>�;h@=xc�U� r b�; `,K [ C|I�C_Ec@l> r CDº [ KLK�E�! #�#�³D³D³-� r ]F� jcot<�� C!¶Uj&#PIqC!]LC!>AI rw[
b�I�G�j?E&#�v\;l]_º\³D;hK [ º [ KqKqE�! #�#P<cC_³ #PjcIq@ #!K�G # r jc�}C v\;hCF³-ºh�

.2.3 Recompile Java Source Code

s�jcC/KqG´¶U;���C_I�C_<RK+¶UC_vJC_@=G�EcotC_<RK+]LK�>AbJCF]F`\K [ CFIqC->�IqC²Ky³�Gt¶c;hI�C r KqG�I�;=CF]nKqG r GJotEc;h@=C��

./Applets directory

�f<�K [ ;l]+¶U;=I�C r K�G�I�x�`"�yj?]LKDKyx\EHC
�L>�v�> r � � �L>�vP>

KqG�¶UGtK [ C �yG��(�
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./java directory

�f<�K [ ;l]+¶U;=I�C r K�G�I�x�`\j?]qC�k+<RK+�cjc;=@l¶�K�G\G�@�KqG��?jc;h@l¶�K [ C r @=>J]q]n¸?@=C�!
>A<RK �L>AIqdf��¶Uo�>AE

� K r G�otEc;=@hC!]�>�@h@?K [ C �J>�vP>-]qG�jcI r CD¸H@hC!]9;=<��$#'�L>�vP>�¶U;=IqC r KqGJIqxp>A<?¶ �L>AI9K [ C r @=>J]q]9¸?@=CF]�>�<?¶ r IqC!>PKqC+>�� �L>�I9¸?@=C��
e [ ;l] �L>AIg¸H@hC/;l]D@hG r >PKqC!¶�;=< �$#Ak+EcE?@hC_K�]+¶U;=I�C r K�G�I�x

~+G�KqC²K [ >PK+x�GJj�] [ GJjc@=¶�I�C �Rjc;=IqC->A<H¶�;=<?]LK�>A@=@(k�<JK+GJ<�xJG�jcID]qxU]yK�C_o z�GJID�cjc;=@=¶c;h<cbtK [ ;l]+¶U;=IqC r KqGJIqxJ�

.2.4 Change Permission

CGIs

a [ >�<cb�C/otGU¶UC/KqG��A�J�-z�GJI+>A@=@3a ���y]g;=< r b�;hd �?;h<µ¶U;=IqC r KqGJIqxJ�
rw[ otG\¶ �A�J� � � r b�;

Java Class Files

a [ >�<cb�C/otGU¶UC/KqG����J��z�GJI+>A@=@ �R>�v�> r @l>�]�] # �L>AIn¸?@=CF]D;=<mk+EcE?@hC_K�]+¶U;=I�C r K�G�I�x��
rw[ otG\¶ ���J� � � r @=>J]q] rw[ otGU¶ ���J� � � �L>�I

kDz K�C_I�>�@h@�K [ ;l]_`cxJG�jµ>AI�C²>�@h@ ]LC_K�K�G�j?]qC�K [ C¹anjc�}C ��;hCF³£K�G´>A<?>�@hx �_C�KqIw>�� r ¶c>AK�>c�
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.3 Loading New Traffic Data

e [ C��Pd ot;=<�z�GJI�>A@=@(]LK�>AKq;=G�<?]gz�GJI�>t¶c>�x�;l] r G�otEc;=@hC!¶�;=<RKqG´>pK�C��\K+¸?@=C/z�G�I+@=GJ>J¶U;=<cbt;h<µK [ C�¶c>AK�>A�H>�]qC�� �$C-j?]qC
�TC_I�@�EcI�G�bJI�>�o�]�KqG r G�<\v�CFILKgKqC��\K�¸?@=C-KqG�¶c>PKw>A�?>J]LCJ� �n> rw[ @h;=<cC�;=<mK [ C-KqC��\K�¸?@=C�] [ G�jc@l¶µ�}C�;h<�K [ C-z�GJ@h@=GP³D;=<cb
z�G�I�o�>PK"!

]yKw>PKq;=G�< ;l¶Y`?¶?>PK�> z�G�I �J�
! ���?`\¶?>PK�> z�G�I ���
! �J�c`h�=�=�h`U¶c>AK�> z�GJI � 	
! ���
e [ C²¸?@=C-<?>AotC/GAz3K [ C/KqC��\KD¸?@=C�] [ G�jc@l¶��HC-;=<�K [ C/z�GJ@h@=GP³D;h<?b�z�GJIqo�>PK"!
e 
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 C!>AI!�
� {�{ !c{mGJ<JK [
� s�s !?s²>�x´GAzTotG�<RK [
u�]qC�K [ Cp;h<?] ¶c>AK�>J�c� E?@ ;=<�K [ C�� # r b�;hd �?;h<)¶c;hI�C r KqG�I�x�KqG�;h<?]qC_IqK�K [ C¹KqIw>�� r ¶?>PK�>´KqG�¶c>PKw>A�?>J]LCJ�²e [ C¹K�>��c@=C

KqGt;=<?]qC_IqKDK [ C�¶c>AK�>p;l]gv�>�@hj?C E}C_I ¶c>�x�>�]D¶cCF] r I�;h�}CF¶�;h<�K [ C/¸?<?>�@YIqCFEHGJILK!�Te [ C r G�oto�>A<H¶�³�G�jc@l¶�@hG\G�^�@h;=^�C%!
EHCFIq@Y;=<?] ¶c>PKw>J�U� Ec@�k � � � �P� �F� �J� K �\K


