
*HQHUDWLYH�$UW�
2ZHQ�*LOOHVSLH�DQG�,VDDF�=LQGD�����������

$EVWUDFW�
)RU�RXU�0LFURSURFHVVRU¶V�)LQDO�3URMHFW��ZH�VHW�RXW�WR�FUHDWH�D�SLHFH�RI�DUW�ZKLFK�LV�QHYHU�WKH�
VDPH�WZLFH��:H�JHQHUDWH�D�FRQWLQXRXVO\�HYROYLQJ�LPDJH�XVLQJ�D�SDUWLFOH�VLPXODWLRQ�UXQQLQJ�RQ�
RXU�PLFURFRQWUROOHU��7KH�PLFURFRQWUROOHU�VHQGV�WKLV�VHTXHQFH�RI�LPDJHV�WR�D�ILHOG�SURJUDPPDEOH�
JDWH�DUUD\��)3*$��SURJUDPPHG�ZLWK�KDUGZDUH�ZH�GHVLJQHG�WR�FRQWURO�DQ�/('�DUUD\��7KH�)3*$�
FRQWUROV�D���[���JULG�RI�/('V�ZKLFK�FDQ�HDFK�SURGXFH�D�TXDUWHU�RI�D�PLOOLRQ�XQLTXH�FRORUV��:H�
KRSH�WKDW�SHRSOH�ZLOO�HQMR\�ZDWFKLQJ�WKLV�DUW��

,QWURGXFWLRQ�
:DOO�KDQJLQJV�FDQ�EH�ERULQJ�²�DIWHU�DOO��WKH\�GRQ¶W�FKDQJH��:KHQ�D�SLHFH�RI�DUW�LV�WKH�VDPH�
GD\�LQ�DQG�GD\�RXW��LW�FDQ�EH�HDVLO\�IRUJRWWHQ��7KH�JRDO�RI�WKLV�SURMHFW�ZDV�WR�FUHDWH�DQ�/('�
PDWUL[�WKDW�FDQ�EH�KXQJ�RQ�D�ZDOO�ZKLFK�GLVSOD\V�HYHU�HYROYLQJ�DUW��:H�KRSH�WKDW��VLQFH�RXU�DUW�
ZLOO�QHYHU�ORRN�WKH�VDPH�WZLFH��LW�ZLOO�FRQWLQXH�WR�EH�HQJDJLQJ��PRQWKV��DIWHU�LQVWDOODWLRQ���
�
:H�EXLOW�RXU�/('�PDWUL[�IURP�1HR3L[HO�/('�VWULSV��7KH�/('V�DUH�PRXQWHG�DQG�SODFHG�EHKLQG�D�
IURVWHG�SLHFH�RI�DFU\OLF�VR�WKHLU�OLJKW�EOHQGV�WRJHWKHU��7KH�PDWUL[�LV���[���/('V�DQG�LWV�
GLPHQVLRQV�DUH����PHWHUV�E\����PHWHUV��:H�XVH�WKH�PLFURFRQWUROOHU�WR�JHQHUDWH�WKH�LPDJH�GDWD�
DQG�VHQG�WKLV�WR�WKH�)3*$��ZKLFK�ZULWHV�WR�WKH�/('V�LQ�SDUDOOHO�DQG�QRWLILHV�WKH�PLFURFRQWUROOHU�
ZKHQ�WKH�IUDPH�KDV�EHHQ�GLVSOD\HG�DQG�WKH�QH[W�RQH�FDQ�EH�VHQW��
�
2QH�RI�RXU�JRDOV�ZDV�WR�GHVLJQ�KDUGZDUH�FDSDEOH�RI�FRQWUROOLQJ�PD\�PRUH�/('V�WKDQ�ZH�FRXOG�
DIIRUG�WR�SXUFKDVH��2XU�)3*$�FDQ�FRQWURO�XS�WR����VWULSV�RI�/('V�LQ�SDUDOOHO��DOORZLQJ�XV�WR�GULYH�
PRUH�WKDQ���N�/('V�DW����)36��7KDW�ZRXOG�DOORZ�XV�WR�GULYH�D�IRXU�VTXDUH�PHWHU�/('�PDWUL[��
DVVXPLQJ�WKDW�WKH�PLFURFRQWUROOHU�5$0�LV�QRW�D�OLPLWLQJ�IDFWRU��,I�ZH�WULHG�WR�XVH�WKH�
PLFURFRQWUROOHU�DORQH�WR�GULYH�HYHQ�FORVH�WR�WKLV�PDQ\�/('V��LW�ZRXOG�XVH�DOO�RI�WKH�&38�F\FOHV�
ZULWLQJ�WKH�VLJQDO��DQG�ZRXOG�KDYH�QR�WLPH�WR�UHFHLYH�RU�JHQHUDWH�WKH�RXWSXW�GDWD��
�

�
)LJXUH����%ORFN�GLDJUDP�RYHUYLHZ�RI�RXU�HQWLUH�V\VWHP�



1HZ�+DUGZDUH�
7KLV�SURMHFW�UHYROYHV�DURXQG�VWULSV�RI�1HR3L[HOV��:6����%�/('V���ZKLFK�DUH�GLIIHUHQW�IURP�DQ\�
KDUGZDUH�ZH�KDYH�XVHG�EHIRUH��$�VLQJOH�1HR3L[HO�LV�FRPSRVHG�RI�UHG��JUHHQ��DQG�EOXH�/('V�
DORQJ�ZLWK�D�VXUIDFH�PRXQWHG�FKLS�WKDW�GULYHV�WKHP��:H�ZLOO�UHIHU�WR�RQH�RI�WKHVH�XQLWV�DV�D�
SL[HO��DQG�D�FROOHFWLRQ�RI�WKHP�ZLUHG�WRJHWKHU�DV�D�VWULS��1HR3L[HOV�XVH�D�VHOI�FORFNLQJ�GDWD�
SURWRFRO�VR�WKDW�DQ�HQWLUH�VWULS�FDQ�EH�FRQWUROOHG�XVLQJ�RQO\���SLQ��,Q�SDUWLFXODU��WKHUH�DUH�WKUHH�
VLJQDOV�WKDW�FDQ�EH�VHQW��$�ELW�RI�GDWD��HLWKHU�D���RU����RU�D�UHVHW��%LWV�DUH�VHQW�E\�KROGLQJ�WKH�
VLJQDO�KLJK�IRU�D�VSHFLILHG�WLPH��DQG�WKHQ�ORZ�IRU�D�VSHFLILHG�WLPH��'HSHQGLQJ�RQ�KRZ�ORQJ�WKH�
VLJQDO�VWD\V�KLJK�RU�ORZ��LW�LV�LQWHUSUHWHG�DV�D���RU�D���E\�WKH�1HRSL[HOV��7KLV�SDWWHUQ�LV�VKRZQ�
EHORZ�LQ�)LJXUH���ZLWK�WKH�H[DFW�WLPLQJV�LQ�7DEOH����

�
)LJXUH����:DYHIRUPV�IRU�1HR3L[HO�GDWD�SURWRFRO�

�

�
7DEOH����7LPLQJ�VSHFLILFDWLRQV�IRU�1HR3L[HO�GDWD�SURWRFRO�

�
,Q�RUGHU�WR�VHW�WKH�VWULS�WR�D�VHTXHQFH�RI�FRORUV��WKH�XVHU�WUDQVPLWV�WKH�GHVLUHG�FRORU�RI�HDFK�
SL[HO�LQ�WKH�VWULS�LQ�RUGHU�E\�VHQGLQJ����ELWV�RI�GDWD����E\WH�HDFK�IRU�UHG��JUHHQ��DQG�EOXH��IRU�DQ\�
QXPEHU�RI�SL[HOV�FRQVHFXWLYHO\��DQG�WKHQ�VHQGV�WKH�UHVHW�FRGH�WR�LQGLFDWH�WKDW�DOO�RI�WKH�GDWD�
KDV�EHHQ�VHQW�RXW�DQG�WKH�1HRSL[HOV�VKRXOG�XSGDWH�WR�WKH�FRORUV�VHQW�DQG�SUHSDUH�IRU�D�QHZ�
GDWD�WUDQVPLVVLRQ��%HFDXVH�HDFK�SL[HO�KDV�D�FKLS�ZKLFK�ODWFKHV�RQWR�WKH�ILUVW����ELWV�RI�WKH�
WUDQVPLVVLRQ��UHIUHVKHV�WKH�UHVW�RI�WKH�VLJQDO��DQG�IRUZDUGV�LW�WR�WKH�QH[W�SL[HO��D�VLQJOH�SLQ�FDQ�
LQ�WKHRU\�FRQWURO�DQ\�QXPEHU�RI�SL[HOV��)LJXUH���VKRZV�DQ�H[DPSOH�RI�KRZ�WKH�GDWD�SURSDJDWHV�
GRZQ�D�VWULS�EHORZ��



�
)LJXUH����1HR3L[HO�VWULS�H[DPSOH�GDWD�WUDQVPLVVLRQ�

�
+RZHYHU��WKH�OLPLWLQJ�IDFWRU�LQ�FKDLQLQJ�1HR3L[HOV�EHFRPHV�WKH�UHIUHVK�UDWH��%HFDXVH�WKH�
VHOI�FORFNLQJ�GDWD�SURWRFRO�RQO\�DOORZV�IRU�WKH�WUDQVPLVVLRQ�RI���ELW�SHU�������V��WKH�DPRXQW�RI�
WLPH�LW�WDNHV�WR�VHQG�D�³IUDPH´�RI�GDWD��WKH�FRORU�GDWD�IRU�HDFK�SL[HO�LQ�D�VWULS��VFDOHV�OLQHDUO\�ZLWK�
WKH�QXPEHU�RI�SL[HOV��7KLV�HIIHFWLYHO\�OLPLWV�D�PLFURFRQWUROOHU�WR�FRQWUROOLQJ�a�����SL[HOV�DW����
)36��%\�FRQWUROOLQJ�PDQ\�VWULSV�RI�1HR3L[HOV�LQ�SDUDOOHO�ZLWK�DQ�)3*$��ZH�FDQ�UXQ�PRUH�WKDQ����
WLPHV�DV�PDQ\�SL[HOV�EHIRUH�WKLV�FRQVWUDLQW�EHFRPHV�D�SUREOHP��

0LFURFRQWUROOHU�'HVLJQ�
$UW�$OJRULWKP�([SODQDWLRQ�
�
$UW�LV�JHQHUDWHG�RQ�WKH�PLFURFRQWUROOHU�XVLQJ�D�SDUWLFOH�VLPXODWLRQ��3DUWLFOHV�DUH�SODFHG�UDQGRPO\�
RQ�WKH�VFUHHQ�ZLWK�D�UDQGRP�YHORFLW\�DQG�D�UDQGRP�FRORU��7KHUH�DUH�WZHQW\�SDUWLFOHV�DW�DOO�WLPHV�
²�LI�D�SDUWLFOH�HYHU�OHDYHV�WKH�VFUHHQ��LW�LV�UHSODFHG�ZLWK�D�QHZ�SDUWLFOH��UDQGRPL]HG�LQ�WKH�
IDVKLRQ�GHVFULEHG�DERYH��3DUWLFOHV�DUH�DIIHFWHG�E\�D�³JUDYLW\´�DFFHOHUDWLRQ��VR�WKH\�WHQG�WR�IDOO�
GRZQ���
�
(YHU\�IUDPH��HDFK�SL[HO�RQ�WKH�VFUHHQ�LV�VHW�WKH�FRORU�RI�WKH�QHDUHVW�SDUWLFOH��7KH�PLFURFRQWUROOHU�
WKHQ�ZDLWV�XQWLO�WKH�IOXVKLQJ�VLJQDO�IURP�WKH�)3*$�LV�ORZ��LQGLFDWLQJ�WKDW�WKH�)3*$�LV�UHDG\�WR�
DFFHSW�QHZ�SL[HO�GDWD��$W�WKLV�SRLQW��FDOFXODWHG�SL[HO�YDOXHV�DUH�VHQW�WR�WKH�)3*$�RYHU�D�FXVWRP�
VHULDO�SURWRFRO��GLVFXVVHG�LQ�WKH�³)3*$�'HVLJQ´�VHFWLRQ��)RU�D�PRUH�GHWDLOHG�GHVFULSWLRQ�RI�WKH�
PLFURFRQWUROOHU¶V�IXQFWLRQLQJ��VHH�)LJXUH���EHORZ���



�

�
)LJXUH����)ORZ�FKDUW�RI�WKH�DOJRULWKP�ZH�XVHG�WR�JHQHUDWH�DUW�DQG�VHQG�LW�WR�WKH�)3*$�

�
5HIUHVK�5DWH�
�
,Q�WKLV�VHFWLRQ��ZH�FDOFXODWH�KRZ�ORQJ�LW�WDNHV�WKH�PLFURFRQWUROOHU�WR�JHQHUDWH�DUW�DQG�KRZ�ORQJ�LW�
WDNHV�WR�VHQG�D�IUDPH�RYHU�63,��)LUVW��ZH�FDOFXODWH�WKH�QXPEHU�RI�ELWV�ZKLFK�QHHG�WR�EH�VHQW�WR�
XSGDWH�WKH�VFUHHQ��
�

4 (strips) 5 (LED / strip) 4 (bits / LED) 14400 bits2 × 2 × 2 =  �
�
:H�KDYH�FRQILJXUHG�63,�WR�XVH�D�FORFN�GLYLGHU�RI�����6LQFH�WKH�FORFN�UXQV�DW����0+]��WKH�63,�
FORFN�LV�a��0+]��:H�FDQ�FRPELQH�WKLV�LQIRUPDWLRQ�ZLWK�WKH�SUHYLRXV�HTXDWLRQ�WR�ILQG�WKH�WLPH�
WDNHQ�WR�VHQG�HDFK�IUDPH��
�

4400 (bits / f rame) /1000000 (second / bits) 4.4ms1 * 1 = 1 �
�
8VLQJ�D�VFRSH�ZH�KDYH�PHDVXUHG�WKDW�RXU�UHIUHVK�SHULRG�LV���PV��VR�LW�PXVW�WDNHV�DURXQG� 5ms4 �
WR�JHQHUDWH�RXU�DUW��,I�ZH�ZLVK�WR�DFKLHYH�D�IDVWHU�UHIUHVK�UDWH�LQ�WKH�IXWXUH��ZH�VKRXOG�SULPDULO\�
LQYHVWLJDWH�ZD\V�WR�VSHHG�XS�WKH�SDUWLFOH�VLPXODWLRQ�LQ�VRIWZDUH��DV�ZHOO�DV�VSHHGLQJ�XS�63,��
�
7HVWLQJ�,PDJH�*HQHUDWLRQ�
�
:H�ZDQWHG�WR�EH�DEOH�WR�GHYHORS�RXU�DUW�TXLFNO\��ZLWKRXW�QHHGLQJ�WR�IODVK�RXU�PLFURFRQWUROOHU�RU�
EH�LQ�WKH�ODE�DW�DOO��,Q�RUGHU�WR�GR�WKLV��ZH�EXLOW�D�VRIWZDUH�VLPXODWLRQ�WKDW�SUHWHQGV�WR�EH�RXU�
)3*$���1HR3L[HO�KDUGZDUH�EXW�LV�DFWXDOO\�HQWLUHO\�VRIWZDUH�EDVHG���
�
2UGLQDULO\��WKH�PHWKRG��send_frame ��LV�XVHG�WR�VHQG�D���[���IUDPH�WR�WKH�)3*$�WR�EH�
GLVSOD\HG�RQ�WKH�1HR3L[HOV��$W�WKH�WRS�RI�RXU�SURJUDP��ZH��#define �D�FRQVWDQW�FDOOHG�



TESTING ���,I�ZH�KDYH��#define TESTING 0 ���ZH�DUH�QRW�WHVWLQJ�DQG�WKH�UHDO��send_frame ��LV�
XVHG�ZKLFK�DFWXDOO\�VHQG�D�IUDPH�WR�RXU�KDUGZDUH�RYHU�63,��,I�ZH�KDYH�ZULWWHQ��#define 
TESTING 1 ���ZH�DUH�WHVWLQJ�DQG�LQVWHDG�RI�VHQGLQJ�WKH�IUDPH�WR�DFWXDO�KDUGZDUH���send_frame�
RXWSXWV�WKH�IUDPH�WR�ILOHV�RQ�GLVN��7KHVH�ILOHV�RQ�GLVN�DUH�WKHQ�UHDG�E\�D�3\WKRQ�SURJUDP��ZKLFK�
GUDZV�WKH�IUDPH�WR�D�FRPSXWHU�ZLQGRZ��)LJXUH����LQFOXGHG�EHORZ��LV�D�VFUHHQ�FDSWXUH�IURP�WKLV�
VLPXODWRU��
�

�
)LJXUH����$�VFUHHQ�FDSWXUH�RI�RXU�VRIWZDUH�/('�VLPXODWRU��UXQQLQJ�WKH�SDUWLFOHV�DQLPDWLRQ�

)3*$�'HVLJQ�
2XU�PRWLYDWLQJ�UHDVRQ�IRU�XVLQJ�WKH�)3*$�LQ�WKLV�SURMHFW�ZDV�WR�FUHDWH�D�GHYLFH�ZKLFK�FRXOG�
GULYH�WKRXVDQGV�RI�1HR3L[HOV�DW�D�UHDVRQDEOH�IUDPH�UDWH��6LQFH�D�VLQJOH�VWULS�LV�OLPLWHG�WR�D�
OHQJWK�RI�DERXW������SL[HOV�DW����)36��RXU�)3*$�GHVLJQ�LV�IXQGDPHQWDOO\�DERXW�DOORZLQJ�PDQ\�
VWULSV�WR�EH�GULYHQ�LQ�SDUDOOHO��
�
$W�D�KLJK�OHYHO��WKH�)3*$�GHVLJQ�IRU�WKLV�SURFHVV�LV�FRPSRVHG�RI�DQ�63,�PRGXOH�ZKLFK�UHFHLYHV�
FRPPDQGV�IURP�WKH�PLFURFRQWUROOHU��DQG�D�VHULHV�RI����VWULS�FRQWUROOHUV�ZKLFK�PDLQWDLQ�WKH�VWDWH�
RI�RQH�VWULS�DQG�KDQGOH�ZULWLQJ�GDWD�WR�LW��7KH�63,�FRQWUROOHU�UHDGV�LQ�FRPPDQGV�IURP�WKH�
PLFURFRQWUROOHU�RYHU�63,��7KH�KLJK�OHYHO�PRGXOHV�DQG�FRQWURO�VLJQDOV�DUH�VKRZQ�LQ�)LJXUH����



�
)LJXUH����)3*$�GHVLJQ�KLJK�OHYHO�PRGXOHV�DQG�FRQWURO�VLJQDOV�

�
7KH�FRPPDQG�SURWRFRO�FRQVLVWV�RI�D�ZULWH�FRPPDQG�ZKLFK�VSHFLILHV�D�VWULS�QXPEHU�DQG�D�SL[HO�
RIIVHW�EHIRUH�VHQGLQJ�FRORU�GDWD�IRU�DQ\�QXPEHU�RI�SL[HOV�DV�VKRZQ�LQ�)LJXUH����7KH�FRPPDQG�LV�
WHUPLQDWHG�ZKHQ�FKLS�VHOHFW�JRHV�ORZ��7KLV�ZLOO�EH�LQWHUSUHWHG�DV�ZULWLQJ�WR�WKH�SL[HOV�RQ�WKH�VWULS�
VWDUWLQJ�DW�WKH�JLYHQ�RIIVHW�DQG�LQFUHDVLQJ�WKH�LQGH[�LQWR�WKH�VWULS�E\�RQH�HYHU\���E\WHV�RI�FRORU�
GDWD��$V�WKH�63,�PRGXOH�UHDGV�WKLV�FRPPDQG��LW�VHWV��write_en ��WR�KLJK���strip_num ��WR�WKH�
DSSURSULDWH�VWULS�QXPEHU��DQG�FKDQJHV��write_data ��DQG��write_addr ��WR�UHIOHFW�WKH�
DSSURSULDWH�GDWD�IRU�WKH�VWULS�FRQWUROOHU�WR�ZULWH�WR�LW¶V�LQWHUQDO�5$0�DQG�WKH�FRUUHFW�RIIVHW�IRU�WKDW�
GDWD���

�
)LJXUH����:ULWH�FRPPDQG�GDWD�IRUPDW�

�
:KHQ�WKH�63,�FRQWUROOHU�UHFHLYHV�WKH�IOXVK�FRPPDQG��D�VLQJOH�PDJLF�E\WH�DV�VKRZQ�LQ�)LJXUH����
LW�VHWV�WKH�IOXVK�VLJQDO�KLJK�IRU�RQH�F\FOH��

�
)LJXUH����)OXVK�FRPPDQG�GDWD�IRUPDW�

�
%HWZHHQ�WKH�63,�PRGXOH�DQG�WKH�VWULS�FRQWUROOHUV��WKHUH�LV�VRPH�ORJLF�WKDW�GRHV�D�RQH�KRW�
HQFRGLQJ�RI�WKH�VWULS�QXPEHU�ZKHQ��write_en ��LV�KLJK��,Q�WKH�IXWXUH�WKLV�FRXOG�EH�LQFRUSRUDWHG�
LQWR�WKH�63,�PRGXOH��
�



(DFK�VWULS�FRQWUROOHU�PDLQWDLQV�WKH�VWDWH�RI�WKH�VWULS�LQ�D�5$0�PRGXOH��:KHQ�LW¶V��write_en�
VLJQDO�JRHV�KLJK��LW�ZULWHV��write_data ��LQ�5$0�WR��write_addr ���:KHQ�IOXVK�JRHV�KLJK��LW�VHWV�
byte_flushing ��KLJK��RXWSXWV�WKH�HQWLUH�FRQWHQWV�RI�WKH�VWULS�LQ�WKH�:6����%�GDWD�HQFRGLQJ�
RYHU�LW¶V�SL[HOV�RXWSXW��KROGV�WKH�SL[HOV�RXWSXW�ORZ�IRU�����V�WR�HQFRGH�D�UHVHW�LQVWUXFWLRQ��DQG�
WKHQ�VHWV�LWV��byte_flushing ��ORZ�DJDLQ��

6FKHPDWLF�

�
)LJXUH����6FKHPDWLF�RI�WKH�FLUFXLWU\�ZH�EXLOG�

5HVXOWV�
$OO�DVSHFWV�RI�WKLV�SURMHFW�ZRUNHG�RXW�WR�VSHFLILFDWLRQ��:H�KDYH�IDEULFDWHG�D���[���/('�PDWUL[�
DQG�PRXQWHG�WKLV�EHKLQG�D�SLHFH�RI�IURVWHG�SODVWLF�WR�GLIIXVH�WKH�OLJKW��:H�JHQHUDWH�DUW�RQ�WKH�
PLFURFRQWUROOHU�DQG�WKHQ�VHQG�LW�WR�WKH�)3*$��ZKLFK�ZULWHV�WR����/('�VWULSV�LQ�SDUDOOHO���
�



:H�LPSURYHG�XSRQ�RXU�LQLWLDO�SURSRVDO�IRU�WUDQVIHUULQJ�GDWD�EHWZHHQ�WKH�PLFURFRQWUROOHU�DQG�WKH�
)3*$��:H�DGGHG�D�&6�SLQ�LQ�DGGLWLRQ�WR�WKH�RULJLQDOO\�SURSRVHG�GDWD�DQG�FORFN�SLQV�LQ�RUGHU�WR�
VXSSRUW�EXUVW�PRGH��
�
7KH�UHIUHVK�UDWH�ZH�DFKLHYHG�LQ�RXU�ILQLVKHG�SURGXFW�LV�DERXW���+]��$V�H[SODLQHG�LQ�RXU�
³5HIUHVK�5DWH´�VXEVHFWLRQ��WKLV�ORZ�UHIUHVK�UDWH�LV�SULPDULO\�GXH�WR�WKH�WLPH�WDNHQ�WR�JHQHUDWH�D�
FRPSOH[�SDWWHUQ��+RZHYHU��WKH�)3*$�GHVLJQ�VXFFHHGHG�LQ�ZULWLQJ�WR�����/('V�LQ�DERXW���PV��
ZKLFK�ZRXOG�KDYH�DOORZHG�D���������+]�UHIUHVK�UDWH�RU�EHHQ�DEOH�WR�GULYH�WKRXVDQGV�RI�/('V�DW�
DQ�DFFHSWDEOH�UHIUHVK�UDWH�LI�LW�ZHUH�GULYHQ�E\�D�IDVWHU�PLFURFRQWUROOHU�RYHU�D�IDVWHU�FRQQHFWLRQ��
�
)XWXUH�ZRUN�FRXOG�LQYROYH�PRGLI\LQJ�WKH�JHQHUDWHG�SDWWHUQ�EDVHG�RQ�XVHU�LQSXW��:H�SURSRVH�
DGGLQJ�DGGLWLRQDO�YLVXDOL]DWLRQV��DV�ZHOO�DV�UHDFWLQJ�WR�YLHZHU�LQSXW�VXFK�DV�E\�DOORZLQJ�WKH�
YLHZHU�WR�FKDQJH�WKH�GLUHFWLRQ�RI�JUDYLW\��RU�PRGLI\LQJ�WKH�FRORU�RI�QHZO\�VSDZQHG�SDUWLFOHV�
EDVHG�RQ�DPELHQW�QRLVH��

5HIHUHQFHV�
:6����%�'DWDVKHHW�²��KWWSV���FGQ�VKRS�DGDIUXLW�FRP�GDWDVKHHWV�:6����%�SGI�
$76$0�6�)DPLO\�'DWDVKHHW�²�
KWWS���SDJHV�KPF�HGX�KDUULV�FODVV�H����$76$0�6B)DPLO\B'DWDVKHHW�SGI�
�0XGG�%RDUG�6FKHPDWLF�²�
KWWS���SDJHV�KPF�HGX�KDUULV�FODVV�H����X0XGG0DUN9B�/RJLFBSULQW�SGI�

%20�
:KHQ�D�SULFH�LV�QRW�OLVWHG��WKH�LWHPV�ZHUH�WDNHQ�IUHH�RI�FKDUJH�IURP�WKH��3V�ODE��PDNHUVSDFH��RU�
HQJLQHHULQJ�VWRFNURRP���
�
0HFKDQLFDO�

Ɣ ����´�WKLFN���´�[���´�DFU\OLF�VKHHW��²��������
Ɣ ô´�WKLFN���´�[���´�ZRRG�VKHHW�²����
Ɣ �����´�Q\ORQ�VSDFHUV�²����
Ɣ )URVWHG�SULYDF\�ILOP��²�������
Ɣ �����´������EROWV�²����
Ɣ ���������QXWV�
Ɣ ����PHWDO�EUDFNHWV�
Ɣ ����ZRRG�VFUHZV�

�
(OHFWULFDO�

Ɣ �0XGG�'HYHORSPHQW�%RDUG��DQG�VXSSOLHG�EUHDGERDUG��
Ɣ �����:6����%�����/('�6WULSV��²��������
Ɣ ��$��9�3RZHU�6XSSO\��LQFOXGHV�IHPDOH�DGDSWHU���²��������
Ɣ �����ZLUH�FDSV�
Ɣ a��PHWHUV����JDXJH�VLQJOH�VWUDQGHG�ZLUH�

https://cdn-shop.adafruit.com/datasheets/WS2812B.pdf
http://pages.hmc.edu/harris/class/e155/ATSAM4S_Family_Datasheet.pdf
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/*
main.c
*/

// outputs frame to local files when we are testing
// outputs frame to strips over SPI when we aren't testing
#define TESTING 0

#include "particles.h"

// need to redefine this sometimes because ATSAM's version of math.h doesn't
// include this constant
#ifndef M_PI
#define M_PI 3.1415
#endif

// to simplify boolean logic
#define TRUE 1
#define FALSE 0

typedef unsigned char byte;

int main() {
  #if TESTING == 0
    samInit();
    pioInit();
    spiInit(72, 0, 1);
    pioPinMode(CS_PIN, PIO_OUTPUT);
    pioPinMode(FLUSHING_PIN, PIO_INPUT);
  #endif

    particles_animation();
}
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/*
particles.h

Because we want to work with integers and not floats, all velocities and
posititions are measured in 1/1024th pixel units.
*/

#include "screen.h"
#include <stdio.h>
#include <stdlib.h>
#include <math.h>

#define NUM_PARTICLES 20

// units per pixel
#define UPS 1024
// max velocity (in units / frame)
// note that this is not pixels / frame
#define MAX_VEL_UNITS 50

// how much velocity changes by each frame in y direction
#define GRAVITY 10
#define FALSE 0
#define TRUE 1

typedef struct {
    int x_pos;
    int y_pos;
    int x_vel;
    int y_vel;
    color col;
    int active;
} particle;

particle particles[NUM_PARTICLES];

int randrange(int min, int max) {
    return (rand() % (max-min)) + min;
}
particle spawn_particle() {
    int rand_x_vel = randrange(-MAX_VEL_UNITS, MAX_VEL_UNITS);
    int rand_y_vel = randrange(-MAX_VEL_UNITS, MAX_VEL_UNITS);

    int rand_x_pos = randrange(0, (WIDTH * UPS));
    int rand_y_pos = randrange(0, (WIDTH * UPS));

    color rand_color = (color){(byte) (rand() % 256), (byte) (rand() % 256), 
(byte) (rand() % 256), 255};

    return (particle){rand_x_pos, rand_y_pos, // position
        rand_x_vel, rand_y_vel,
        rand_color, // color
        TRUE}; // active?
}

particle get_closest_particle(int x_pos, int y_pos) {
    particle closest_particle;
    // larger than max distance
    unsigned int closest_particle_distance = 4294967295; // max value of int
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    for (int i = 0; i < NUM_PARTICLES; i++) {
        int distance = (x_pos - particles[i].x_pos) * (x_pos - 
particles[i].x_pos) +
                       (y_pos - particles[i].y_pos) * (y_pos - 
particles[i].y_pos);

        // this will make the pattern look worse, but will save LOTS of 
cycles
        // int distance = abs(x_pos - particles[i].x_pos) + abs(y_pos - 
particles[i].y_pos);

        if (distance < closest_particle_distance) {
            closest_particle_distance = distance;
            closest_particle = particles[i];
        }
    }

    return closest_particle;
}

float p;

void particles_animation() {
    // initialize all particles to
    for (int s = 0; s < NUM_PARTICLES; s++) {
        particles[s].active = FALSE;
    }

    while (TRUE) {
        // for (int i = 0; i < 10000; i++) { // 100000 2 fps
        //  p = sqrt(i);
        //}

        for (int s = 0; s < NUM_PARTICLES; s++) {
            // add this particle if it has fallen off of the screen
            if (particles[s].active == FALSE) {
                // spawn a new particle
                particles[s] = spawn_particle();
            }

            // move particles
            particles[s].x_pos += particles[s].x_vel;
            particles[s].y_pos += particles[s].y_vel;

            particles[s].y_vel += GRAVITY;
        }

        // color pixels based on which particle is closest
        for (int x = 0; x < WIDTH; x++) {
            for (int y = 0; y < HEIGHT; y++) {
                color pixel_color = get_closest_particle(x*UPS, y*UPS).col;
                set_screen_color(y, x, pixel_color);
            }
        }

        send_frame();

        // remove particles which have fallen off of the screen
        for (int s = 0; s < NUM_PARTICLES; s++) {
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            if (particles[s].x_pos >= WIDTH * UPS || particles[s].x_pos < 0 
||
                particles[s].y_pos >= HEIGHT * UPS || particles[s].y_pos < 0)
            {
                particles[s].active = FALSE;

            }
        }
    }
}
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/*
screen.h
*/

#include <stdio.h>

typedef unsigned char byte;
typedef struct {
  byte red;
  byte green;
  byte blue;
  byte alpha;
} color;

// number of cols
#define WIDTH 25

// number of rows
#define HEIGHT 24

// we send 3 pixels -- red, green, blue -- over SPI
#define PIXEL_SIZE 3

// constant we send when we want to flush
#define FLASH_CONSTANT 70 // 0b10101010

// all colors are bitshifted by this constant, which acts like a dimmer
#define BRIGHTNESS_SHIFT 2

#define RED 0
#define GREEN 1
#define BLUE 2

#if TESTING == 1
#include <sys/stat.h>
#include <sys/types.h>
#endif

#if TESTING == 0
#include "SAM4S4B_libs/SAM4S4B.h"
#endif

#define FLUSHING_PIN PIO_PA26
#define CS_PIN PIO_PA27

byte screen[HEIGHT * WIDTH * PIXEL_SIZE];

void set_screen_color(unsigned char h, unsigned char w, color pixel_color){
  screen[(h * WIDTH * PIXEL_SIZE) + (w * PIXEL_SIZE)] = pixel_color.red;
  screen[(h * WIDTH * PIXEL_SIZE) + (w * PIXEL_SIZE) + 1] = 
pixel_color.green;
  screen[(h * WIDTH * PIXEL_SIZE) + (w * PIXEL_SIZE) + 2] = pixel_color.blue;
}

void set_screen(unsigned char h, unsigned char w, unsigned char red, unsigned 
char green, unsigned char blue){
  screen[(h * WIDTH * PIXEL_SIZE) + (w * PIXEL_SIZE)] = red;
  screen[(h * WIDTH * PIXEL_SIZE) + (w * PIXEL_SIZE) + 1] = green;
  screen[(h * WIDTH * PIXEL_SIZE) + (w * PIXEL_SIZE) + 2] = blue;
}
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byte get_screen_red(unsigned char h, unsigned char w){
  return screen[(h * WIDTH * PIXEL_SIZE) + (w * PIXEL_SIZE)];
}

byte get_screen_green(unsigned char h, unsigned char w){
  return screen[(h * WIDTH * PIXEL_SIZE) + (w * PIXEL_SIZE) + 1];
}

byte get_screen_blue(unsigned char h, unsigned char w){
  return screen[(h * WIDTH * PIXEL_SIZE) + (w * PIXEL_SIZE) + 2];
}

/*
Code which is used in order to send frames over SPI (not for testing).
*/
#if TESTING == 0
void spi_send_byte(byte data){
  while (pioDigitalRead(FLUSHING_PIN)) {}
  spiSendReceive(data);
}

void set_cs_high(){
  pioDigitalWrite(CS_PIN, PIO_HIGH);
}

void set_cs_low(){
  pioDigitalWrite(CS_PIN, PIO_LOW);
}

void flush(){
  set_cs_high();
  spi_send_byte(FLASH_CONSTANT);
  set_cs_low();
}

void send_strip(byte strip_number, byte strip_data[WIDTH][PIXEL_SIZE]){
  set_cs_high();
  spi_send_byte(strip_number); // Start by sending strip number
  spi_send_byte(0); // 0 offset
  for (int w = 0; w < WIDTH; w++) {
    for (int p = 0; p < PIXEL_SIZE; p++){
      spi_send_byte((char) strip_data[w][p]); // send all of the data from 
the strip using "burst mode"
    }
  }
  set_cs_low();
}
#endif

/*
Code which is used to save frames to files (for testing).
*/
#if TESTING == 0
void send_frame(){
  for (int h = 0; h < HEIGHT; h++) {
      set_cs_high();
      spi_send_byte(h); // Start by sending strip number
      spi_send_byte(0); // 0 offset
      for (int w = 0; w < WIDTH; w++) {
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        for (int p = 0; p < PIXEL_SIZE; p++){
          spi_send_byte(screen[(h * WIDTH * PIXEL_SIZE) + (w * PIXEL_SIZE) + 
p] << BRIGHTNESS_SHIFT); // send all of the data from the strip using "burst 
mode"
        }
      }
      set_cs_low();
  }
  flush();
}
#endif

#if TESTING == 1
void send_frame() {
  static int frame_number = 0;
  char frame_name[50];

  sprintf(frame_name, "frames/frame_%d.txt", frame_number);

  int result = mkdir("frames", 0777); // create frames dir if it doesn't 
exist
  FILE* fd = fopen(frame_name, "w+");

  for (int h = 0; h < HEIGHT; h++) {
    for (int w = 0; w < WIDTH; w++) {
      fprintf(fd, "%u,%u,%u\n", get_screen_red(h, w), get_screen_green(h, w), 
get_screen_blue(h, w));
    }
  }

  fclose(fd);
  frame_number += 1;
}
#endif
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module top (input logic clk, reset, sclk, mosi, cs,
           output logic [23:0] pixels,
           output logic flushing, cs_out,
           output logic [1:0] spi_state);

  assign cs_out = cs;

  neopixel_driver #(75) neopixel_driver1(clk, reset, sclk, mosi, cs, pixels, 
flushing, spi_state[0], spi_state[1]);
endmodule

module neopixel_driver #(parameter STRIP_LENGTH)
          (input logic clk, reset, sclk, mosi, cs,
           output logic [23:0] pixels,
           output logic flushing);

  logic flush, write_en;
  logic [7:0] write_data, write_addr;
  logic [4:0] strip_num;

  spi spi(clk, sclk, mosi, cs, flush, write_en, write_data, write_addr, 
strip_num);

  logic [23:0] byte_flushing, write_en_list;
  assign flushing = & byte_flushing;

  assign write_en_list[0] = (strip_num == 5'd0) ? write_en : 1'b0;
  assign write_en_list[1] = (strip_num == 5'd1) ? write_en : 1'b0;
  assign write_en_list[2] = (strip_num == 5'd2) ? write_en : 1'b0;
  assign write_en_list[3] = (strip_num == 5'd3) ? write_en : 1'b0;
  assign write_en_list[4] = (strip_num == 5'd4) ? write_en : 1'b0;
  assign write_en_list[5] = (strip_num == 5'd5) ? write_en : 1'b0;
  assign write_en_list[6] = (strip_num == 5'd6) ? write_en : 1'b0;
  assign write_en_list[7] = (strip_num == 5'd7) ? write_en : 1'b0;
  assign write_en_list[8] = (strip_num == 5'd8) ? write_en : 1'b0;
  assign write_en_list[9] = (strip_num == 5'd9) ? write_en : 1'b0;
  assign write_en_list[10] = (strip_num == 5'd10) ? write_en : 1'b0;
  assign write_en_list[11] = (strip_num == 5'd11) ? write_en : 1'b0;
  assign write_en_list[12] = (strip_num == 5'd12) ? write_en : 1'b0;
  assign write_en_list[13] = (strip_num == 5'd13) ? write_en : 1'b0;
  assign write_en_list[14] = (strip_num == 5'd14) ? write_en : 1'b0;
  assign write_en_list[15] = (strip_num == 5'd15) ? write_en : 1'b0;
  assign write_en_list[16] = (strip_num == 5'd16) ? write_en : 1'b0;
  assign write_en_list[17] = (strip_num == 5'd17) ? write_en : 1'b0;
  assign write_en_list[18] = (strip_num == 5'd18) ? write_en : 1'b0;
  assign write_en_list[19] = (strip_num == 5'd19) ? write_en : 1'b0;
  assign write_en_list[20] = (strip_num == 5'd20) ? write_en : 1'b0;
  assign write_en_list[21] = (strip_num == 5'd21) ? write_en : 1'b0;
  assign write_en_list[22] = (strip_num == 5'd22) ? write_en : 1'b0;
  assign write_en_list[23] = (strip_num == 5'd23) ? write_en : 1'b0;

  strip_controller #(STRIP_LENGTH) strip_controller0(clk, reset, 
write_en_list[0], flush, write_data, write_addr, byte_flushing[0], 
pixels[0]);
  strip_controller #(STRIP_LENGTH) strip_controller1(clk, reset, 
write_en_list[1], flush, write_data, write_addr, byte_flushing[1], 
pixels[1]);
  strip_controller #(STRIP_LENGTH) strip_controller2(clk, reset, 
write_en_list[2], flush, write_data, write_addr, byte_flushing[2], 
pixels[2]);
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  strip_controller #(STRIP_LENGTH) strip_controller3(clk, reset, 
write_en_list[3], flush, write_data, write_addr, byte_flushing[3], 
pixels[3]);
  strip_controller #(STRIP_LENGTH) strip_controller4(clk, reset, 
write_en_list[4], flush, write_data, write_addr, byte_flushing[4], 
pixels[4]);
  strip_controller #(STRIP_LENGTH) strip_controller5(clk, reset, 
write_en_list[5], flush, write_data, write_addr, byte_flushing[5], 
pixels[5]);
  strip_controller #(STRIP_LENGTH) strip_controller6(clk, reset, 
write_en_list[6], flush, write_data, write_addr, byte_flushing[6], 
pixels[6]);
  strip_controller #(STRIP_LENGTH) strip_controller7(clk, reset, 
write_en_list[7], flush, write_data, write_addr, byte_flushing[7], 
pixels[7]);
  strip_controller #(STRIP_LENGTH) strip_controller8(clk, reset, 
write_en_list[8], flush, write_data, write_addr, byte_flushing[8], 
pixels[8]);
  strip_controller #(STRIP_LENGTH) strip_controller9(clk, reset, 
write_en_list[9], flush, write_data, write_addr, byte_flushing[9], 
pixels[9]);
  strip_controller #(STRIP_LENGTH) strip_controller10(clk, reset, 
write_en_list[10], flush, write_data, write_addr, byte_flushing[10], 
pixels[10]);
  strip_controller #(STRIP_LENGTH) strip_controller11(clk, reset, 
write_en_list[11], flush, write_data, write_addr, byte_flushing[11], 
pixels[11]);
  strip_controller #(STRIP_LENGTH) strip_controller12(clk, reset, 
write_en_list[12], flush, write_data, write_addr, byte_flushing[12], 
pixels[12]);
  strip_controller #(STRIP_LENGTH) strip_controller13(clk, reset, 
write_en_list[13], flush, write_data, write_addr, byte_flushing[13], 
pixels[13]);
  strip_controller #(STRIP_LENGTH) strip_controller14(clk, reset, 
write_en_list[14], flush, write_data, write_addr, byte_flushing[14], 
pixels[14]);
  strip_controller #(STRIP_LENGTH) strip_controller15(clk, reset, 
write_en_list[15], flush, write_data, write_addr, byte_flushing[15], 
pixels[15]);
  strip_controller #(STRIP_LENGTH) strip_controller16(clk, reset, 
write_en_list[16], flush, write_data, write_addr, byte_flushing[16], 
pixels[16]);
  strip_controller #(STRIP_LENGTH) strip_controller17(clk, reset, 
write_en_list[17], flush, write_data, write_addr, byte_flushing[17], 
pixels[17]);
  strip_controller #(STRIP_LENGTH) strip_controller18(clk, reset, 
write_en_list[18], flush, write_data, write_addr, byte_flushing[18], 
pixels[18]);
  strip_controller #(STRIP_LENGTH) strip_controller19(clk, reset, 
write_en_list[19], flush, write_data, write_addr, byte_flushing[19], 
pixels[19]);
  strip_controller #(STRIP_LENGTH) strip_controller20(clk, reset, 
write_en_list[20], flush, write_data, write_addr, byte_flushing[20], 
pixels[20]);
  strip_controller #(STRIP_LENGTH) strip_controller21(clk, reset, 
write_en_list[21], flush, write_data, write_addr, byte_flushing[21], 
pixels[21]);
  strip_controller #(STRIP_LENGTH) strip_controller22(clk, reset, 
write_en_list[22], flush, write_data, write_addr, byte_flushing[22], 
pixels[22]);
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  strip_controller #(STRIP_LENGTH) strip_controller23(clk, reset, 
write_en_list[23], flush, write_data, write_addr, byte_flushing[23], 
pixels[23]);

endmodule

module RAM(input logic clk,
           input logic [7:0] write_addr, write_data,
        input logic write_en,
        input logic [7:0] read_addr,
        output logic [7:0] read_data);

  logic [7:0] mem[255:0];

  always_ff @(posedge clk) begin
      read_data <= mem[read_addr];
      if (write_en) mem[write_addr] <= write_data;
    end
endmodule

module bit_transmitter (input logic clk, reset, start, in,
                output logic out, done);

  typedef enum logic [1:0] {WAITING, WRITING} statetype;
  statetype state, next_state;

  // longest it needs to be is 1.25 uS == 50 cycles
  // low_level is the number of cycles we hold low
  logic [5:0] counter, next_counter, low_level;

  // 18 cycles == .45 uS
  // 34 cycles == .85 uS
  assign low_level = in ? 6'd18 : 6'd34;

  // write 0 when there's no valid output
  assign out = (state == WRITING) ? (counter > low_level) : 1'b0;
  assign done = state == WAITING;

  always_ff @(posedge clk, posedge reset)
    if (reset) begin
        state <= WAITING;

      end
    else
      begin
        state <= next_state;
        counter <= next_counter;
      end

  always_comb
    case (state)
      WAITING:
        if (start) begin
          next_state = WRITING;
          next_counter = 6'd50;
        end else begin
          next_state = WAITING;
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          next_counter = 6'dx; // doesn't matter
        end
      WRITING:
        if (counter == 0) begin
          next_state = WAITING;
          next_counter = 6'dx;
        end else begin
          next_state = WRITING;
          next_counter = counter - 6'd1;
        end
    endcase
endmodule

// when start goes high, we transmit
module byte_transmitter (input logic clk, reset, start,
                  input logic [7:0] in,
                 output logic out, done);

  typedef enum logic [1:0] {WAITING, WRITING_START, WRITING_BLOCK} statetype;
  statetype state, next_state;

  logic [2:0] counter, next_counter;

  logic bit_start, bit_in, bit_done;

  bit_transmitter bit_trasmitter1(clk, reset, bit_start, bit_in, out, 
bit_done);

  logic store_byte;
  logic [7:0] byte_read;

  always_ff @(posedge clk)
    if (store_byte) byte_read <= in;

  always_ff @(posedge clk, posedge reset)
    if (reset) begin
        state <= WAITING;
      end
    else
      begin
        state <= next_state;
        counter <= next_counter;
      end

  assign done = state == WAITING;

  always_comb
    case(state)
      WAITING:
        begin
          bit_in = 1'bx;
          bit_start= 1'b0;

          if(start) begin
              store_byte = 1'b1;
              next_counter = 3'b000;
              next_state = WRITING_START;
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            end
          else begin
              store_byte = 1'b0;
              next_counter = 3'bxxx;
              next_state = WAITING;
            end
        end

      WRITING_START:
        begin
          store_byte = 1'b0;
          next_state = WRITING_BLOCK;
          next_counter = counter;
          bit_in = byte_read[counter];
          bit_start = 1'b1;
        end

      WRITING_BLOCK:
        // if the bit controller finished writing its bit
        if (bit_done) begin
            if (counter == 3'b111) begin
                store_byte = 1'b0;
                next_state = WAITING;
                next_counter = 3'bxxx;
                bit_in = 1'bx;
                bit_start = 1'b0;
              end
            else begin
                store_byte = 1'b0;
                next_state = WRITING_START;
                next_counter = counter + 3'b001;
                bit_in = 1'bx; // no need to set this valid here
                bit_start = 1'b1;
              end
          end
        // if the bit controller is still writing its bit
        else begin
            store_byte = 1'b0;
            next_state = WRITING_BLOCK;
            next_counter = counter;
            bit_in = byte_read[counter];
            bit_start = 1'b0;
          end
    endcase
endmodule

module strip_controller #(parameter STRIP_LENGTH)
                         (input logic clk, reset, write_en, flush,
                          input logic [7:0] write_data, write_addr,
                  output logic flushing, data_out);

  logic [7:0] read_addr, next_read_addr, read_data;

  RAM strip_data(clk, write_addr, write_data, write_en, next_read_addr, 
read_data);

  logic byte_start, byte_out, byte_done, next_byte_start;
  // Counts to 2000 cycles = 50 microseconds
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  logic [10:0] waiting_counter, next_waiting_counter;

  byte_transmitter byte_transmitter1(clk, reset, byte_start, read_data, 
byte_out, byte_done);

  // when flush goes high, enter "flushing" state
  typedef enum logic [1:0] {LOADING, FLUSHING_START, FLUSHING_BLOCK, WAITING} 
statetype;
  statetype state, next_state;

  always_ff @(posedge clk, posedge reset)
    if (reset) begin
        state <= LOADING;
        read_addr <= 8'hxx;
        byte_start <= 1'bx;
        waiting_counter <= 11'bx;
      end
    else
      begin
        state <= next_state;
        read_addr <= next_read_addr;
        byte_start <= next_byte_start;
        waiting_counter <= next_waiting_counter;
      end

  assign flushing = (state == FLUSHING_START || state == FLUSHING_BLOCK || 
state == WAITING);
  assign data_out = byte_out;

  always_comb
    case(state)
      LOADING:
        if(flush) begin
            next_state = FLUSHING_START;
            next_read_addr = 8'h00;
            next_byte_start = 1'b1;
            next_waiting_counter = 11'bx;
          end
        else begin
            next_state = LOADING;
            next_read_addr = 8'hxx;
            next_byte_start = 1'b0;
            next_waiting_counter = 11'bx;
          end
      FLUSHING_START:
        begin
          next_state = FLUSHING_BLOCK;
          next_read_addr = read_addr;
          next_byte_start = 1'b0;
          next_waiting_counter = 11'bx;
        end
      FLUSHING_BLOCK:
        if(byte_done) begin
            if (read_addr == (STRIP_LENGTH - 1)) begin
                next_state = WAITING;
                next_read_addr = 8'hxx;
                next_byte_start = 1'b0;
                next_waiting_counter = 11'b0;
              end
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            else begin
              next_state = FLUSHING_START;
              next_read_addr = read_addr + 8'h01;;
              next_byte_start = 1'b1;
              next_waiting_counter = 11'bx;
              end
          end
        else begin
            next_state = FLUSHING_BLOCK;
            next_read_addr = read_addr;
            next_byte_start = 1'b0;
            next_waiting_counter = 11'bx;
          end
      WAITING:
        if (waiting_counter == 11'd2000) begin
            next_state = LOADING;
            next_read_addr = 8'hxx;
            next_byte_start = 1'b0;
            next_waiting_counter = 11'bx;
          end
        else begin
            next_state = WAITING;
            next_read_addr = 8'hxx;
            next_byte_start = 1'b0;
            next_waiting_counter = waiting_counter + 11'b1;
          end
      default: begin
          next_state = state;
          next_read_addr = 8'hxx;
          next_byte_start = 1'bx;
          next_waiting_counter = 11'bx;
        end
    endcase
endmodule

module spi(input logic clk, sclk, mosi, cs,
        output logic flush, write_en,
        output logic [7:0] write_data,
        output logic [7:0] write_offset,
        output logic [4:0] strip_num);

  logic [7:0] byte_read;
  logic strip_num_en, offset_en, offset_incr, byte_done, gated_cs;

  // this outputs everything in the clk clock domain
  // it outputs byte_read, which is the byte read, and raises
  // new_byte for 1 cycle after byte_read becomes valid

  // TODO: gated cs is very hakcy, fix this ;)
  spi_byte_reader spi_byte_reader1(clk, sclk, cs, mosi, byte_done, gated_cs, 
byte_read);

  assign write_data = byte_read;

  spi_controller spi_controller1(clk, gated_cs, byte_done, byte_read, 
strip_num_en, offset_en, write_en, offset_incr, flush);
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  always_ff @(posedge clk)
    if (strip_num_en) strip_num <= byte_read[4:0];

  // offset holds the offset from the address pointer
  // where we will write data
  always_ff @(posedge clk)
    if (offset_en) begin
        if (offset_incr) write_offset <= write_offset + 8'b1;
        else write_offset <= byte_read;
      end
endmodule

// all outputs are synchronized to clk
module spi_byte_reader(input logic clk,
                input logic sclk, cs, mosi,
                output logic byte_done, gated_cs,
                output logic [7:0] byte_read);

  logic [7:0] sclk_byte_read;
  logic [2:0] sclk_bit_counter;

  always_ff @(posedge sclk)
    if (cs) begin
        sclk_byte_read <= {sclk_byte_read[6:0], mosi};
        sclk_bit_counter <= sclk_bit_counter + 3'd1;
      end
    else begin
        sclk_byte_read <= 8'h00;
        sclk_bit_counter <= 3'd0;
      end

  logic [2:0] bit_counter, previous_bit_counter;

  always_ff @(posedge clk) begin
      byte_read <= sclk_byte_read;
      bit_counter <= sclk_bit_counter;
      previous_bit_counter <= bit_counter;
      gated_cs <= cs;
    end

  // when bit counter goes from 7 --> 0, make a pulse
  assign byte_done = (previous_bit_counter == 3'd7 && bit_counter == 3'd0);
endmodule

module spi_controller(input logic clk, cs, byte_done,
               input logic [7:0] byte_read,
               output logic strip_num_en, offset_en, write_en, offset_incr, 
flush);

  typedef enum logic [1:0] {RESET, FLUSH, READ_OFFSET, READ_DATA} statetype;
  statetype state, next_state;

  always_ff @(posedge clk)
    if (cs) state <= next_state;
    else state <= RESET;
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  always_comb
    if (byte_done)
      case(state)
        RESET: if(byte_read == 8'b01000110) next_state = FLUSH;
             else if(byte_read < 8'd24) next_state = READ_OFFSET;
             else next_state = RESET;
        READ_OFFSET: next_state = READ_DATA;
        READ_DATA: next_state = READ_DATA;
        FLUSH: next_state = RESET;
      endcase

    else
      next_state = state;

  always_comb begin
    if (byte_done)
      case (next_state)

        RESET: begin
            strip_num_en = 1'b0;
            offset_en = 1'b0;
            write_en = 1'b0;
            offset_incr = 1'b0;
            flush = 1'b0;
          end

        FLUSH: begin
            strip_num_en = 1'b0;
            offset_en = 1'b0;
            write_en = 1'b0;
            offset_incr = 1'b0;
            flush = 1'b1;
          end

        READ_OFFSET: begin
            strip_num_en = 1'b1;
            offset_en = 1'b0;
            write_en = 1'b0;
            offset_incr = 1'b0;
            flush = 1'b0;
          end

        READ_DATA: begin
            // if we are moving from READ_OFFSET --> READ_DATA
            // we want to save the offset in a register
            if (state == READ_OFFSET) begin
                strip_num_en = 1'b0;
                offset_en = 1'b1;
                write_en = 1'b0;
                offset_incr = 1'b0;
                flush = 1'b0;
              end
            else begin
                strip_num_en = 1'b0;
                offset_en = 1'b1;
                write_en = 1'b1;
                offset_incr = 1'b1;
                flush = 1'b0;
              end
          end
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        default: begin
            strip_num_en = 1'bx;
            offset_en = 1'bx;
            write_en = 1'bx;
            offset_incr = 1'bx;
            flush = 1'bx;
          end
        endcase

    else begin
        strip_num_en = 1'b0;
        offset_en = 1'b0;
        write_en = 1'b0;
        offset_incr = 1'b0;
        flush = 1'b0;
      end
  end
endmodule
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