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CHAPTER 1

Overview

1.1 4AraAYaCA3AR

Jelly aAIaAfAAAFPGAdyEaARIAeACIACcaChaC£aCd aCHaCsaCsaCTaCeaCijaCEaCaCsaCraCSeaNaAEcC7aA5aCUaCT aCCacLac
aCCaAlaCCaAIaAFFPGAARSaASAAS MIPS-1aCTaCd aCraAtasizd aCzaCCaCLaAsaCsaCeaCSelLaAUaAaC;aCTaCLaCsaCeac
time OS aCSaNTaANIAZaASAAIAANACL aCzaC£aCijaCLaAUaA §aCUaCmaCyaCaaCraCLaAgaAZaANaA A Y [i7E AAZAATXILINX
aRréimaAAUZAcaAmIA§IA§ICAIAAICLACEL 2§ Tez§AARRTLACHACTACCaCiesGeTe(Verilog)aAlaA ACPUsGeTE(C/C++/PythondAt
FPGAAARIAGADIAd AAd aIANAAKCE Xilinx aiC¢TIaARIAIEACIAeAADACNCzaAfAATAG721caAARIAFIATAADIACRTLGH; SAAF

1.2 =gN=LR
1.2.1 aCLaccCacuacGaceéaCnaCraCLact

’

1.2.2 rtl aCGacéacnaCraCLact

o
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O
|
O
(e}
——

1.2.3 project aCGac¢aCna

aAlaAGEzUete Tt 3CZaA6aCUaCmaCyaCgaCiaCLARDCIS



https://github.com/ryuz/jelly
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1.3 Real-time OS aAnaAd’aADaAe

&NZi;1JaAS HOS-V4a  3ARGAedAA#ERIVEAGS MPIS:zSeRZaCsaCéaA AMicroBlazedaA ACortex-R5
AAIAT AARAT AL1TAymAABAAZAAC

1.4 Real-time Neural Network aAnaAd’'aADaAe

4, 6ALEARC aZdetrel Y e£raAnA§ 7AASAARLUT  ¢Zt 2Odimec£SaAnaCLACNz$4sd imec£SaCcaCGaCA(LUT-
Network)¢TIaAGimec£ScSTacCaAlaAUaAeéUNcZ7:iymaASBinaryBrainiCClellyaA6¢ TzaCRaGecREACsaCsaCiaCijaCmaCsaCLaCS¢”
AXI4-Stream 3AAAGIAZ2sO¢TIcZDaAAAZ)AAC
aCaaCeaCtaCSazNaATaAZaAnACaCcaChaC£aCd aCaaAneOlenUctRedIaANaGzaE ZaReCiaA gAACACLAA A= JRaCUaCTr aCCac
1.5 JellyaCSij£aAcaA§aCuacCzaCEaCaaA6aCGaCcaNTeTz2

* Real-Time Deep Neural Network

¢ Real-Time GPU
IMX219 1000fps
+ IMX219+OLED
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https://github.com/ryuz/hos-v4a
https://github.com/ryuz/BinaryBrain
https://youtu.be/f78qxm15XYA
https://youtu.be/vl-lhSOOlSk
https://youtu.be/APEWDrVak-4
https://youtu.be/wGRhw9bbiik

CHAPTER 2

DMA

2.1 jelly_buffer_manager

DMAAAKAT aARGIANTAA AL 33CE4;SaAeACNaCRACCaCTaCaaCSc6acREAAZaCNACsaCé

2.2 jelly_buffer_allocator

~ 2

jelly_buffer_manager aANaCL aC;aCTaCLaCeaCgaCéaANaCRaCCaCTaCaal 5aCh4; SaAeaCSaRUAASaCN A ARLAAGACH aCsaCE:
2.3 jelly_dma_stream_write

2.3.1 eCeeA

NeiiadECegNéA#dAS Stream AANACL AXI4 3CaaCéaCaCRaCzaAyaAIaAAUIAceZyaAm ijaALACSeaNaAEIAC
eZyaAme;1jaALAELaAGECRACCACTACaallia ad AlaAAGCGACijaCLaAGeZyaAme 1jaALaAL AATACS¢NiiciNe AgénYaARzL A DA/
SEB6CIAARFIFOaCRACCACTaCaaCSelILaAUaAeaALACELAAAGCRACCACTaCaaAN27UaCZaA A AmAA§3CIACT ACZALEAAGIALHY
CPU3ANACL aA6aCHaCYaCzaCEcklizENad LaNUaC DAL saCEe; 1jaA£aAFAAASEESCIFIFOaA526NéGRAARCDaé UciECAARA X4
NeiiadECegNéAaCSaRDenadECaAS  first 3Al  last  4AZealaAZaACcLzaAn  last  aCSalr¢TiaAUaAe
aymelisaCGaCijaC£aCSaCsaCGacCeaCsaCraAUaA§aCLAA AL ZAL EaCGaCijaC£aCSaCnaCCaCLaAUaA§aCLAA A AmACNAACAA A
DMA éidaNT4;1JeZCaAn Streama 3AG ready aCSaCéaCtaCijaCLaAUaAeaAAICGACijaCLaCSaCzaCmaCCaCUIAZaCNal §eCjaAN
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2.3.2 aCnaCyaCzaCsazTaegyY

aC¢aCLaCnaCzaAfWISHBONEAAGaCaCijaCLaCéaC L aCnaCzaAC aCnaCyaCzaCeazEaCDALielI§aAd AAL pa-
rameter ®NGA6ZaAgAd L &Zt 4R7eC;aAC

2.3.3 aNTajlJetnaeYO

CTL_CONTROL 3A6 bit0 1AN14A62ZCaANziiadECegNéAxaAGICGACijaCLaAGmaG7aAUACSeaNIADIAAGRD2iadECIAGIE
CTL_CONTROL 3A% bit2 A1 13CScriNaAeaAIEADEZRACLAAMAA Ac7raCE£TAAUARNAAY aNTH; JACSeaNaAEZACCTL_CONTR(
aAG bit2 AN 13CSciNAAeaA§aA ARLAAFRNAZde2¢6 AAGONEZEAA FAA Abit0aATRGIANTACTACACEAATACNAAcA AL emcaAZACNEA
CTL_CONTROL dA8 bit1 aCSciiNaAeaCNaAl 13A62ZCaAfcziaCLe£TaAUaAGaICEACE aC§aCsaCraAgaCSaCraCaaCijaCLaAGIAL
CTL_CONTROL dA8 bit1 aAfRGIANTaCaCACEaATACNACNAAC aEEECIcZDaAnaCaaCeaCLacijaCnaCyaCzaCLaCSelILaAUdAe
AL 3aCEe 1jAALAAFAAA142daA57¢6 AAGANCtCaACRACN 2 OaANcZ7¢ T§AZaCNIACACSaCT aCaaCijaCLaAG=Zt @ Urizlct DaCSa

2.3.4 parameter éimadZ
aCGaCTaCraCnaCLaAd’ aANaCL ad L7t aAZaCNa£EeeAdA6IACACNAReCieAgaAGaACACNACCaAGaAZaASeI Y &ijL aAZaCNa
2.3.5 aCiaCijaCLazTagy

ellniaCéaCyaCeacijaCnaasaCiacCijaCLaAcaRDifaaRiaAz8aNIAGEAZaCLAAC
endian AAF ANT¢ZDaARd L ezt AAZaCNaASAIIATeCsa6ZaAUaAcAADIATIADIAGIA sl DRIACICRACZ47E4d L @ RZAAN; I

2.4 jelly_dma_stream_read

2.4.1 =eCéeA

(3AAA3ACGACRACCACTiymaA AwritedaCCaCzaCCaCLaAgéUNeZziym)

AXI4 4CaaCeaCtaCRaCzaANACL NetigdEComaA£aG7aAUdAe Stream aCSaGzab.7zaAZaCNaAC
emaG7aAUAELaAGICRACCACTACaal t4, aa AlaA AcmaG7aAUACGACijaC£aAGAL ¢ TIAAr AAIACS¢NRciNzAgén YaARzL saADIAd
SEB6CIAARFIFOaCRaCCaCTaCaaCSelILaAUaAeaALACELAAAGCRACCACTaCa27¢aCNaAUAAEADAL E6GRAAGIALACSemAA£AG
CPUaANACL aA6aCHaCYaCzaCEckiizENad LaNUaC DAL saCEe; 1jaA£aAFAAASEESCIFIFOaA526NEGRAARCDa Ui CAARA X4
(3CGaCijaC£aA6a6NEzEaCSc§eaCLaASaAD A ARLAAFAA AGCGACijaCLACSALT ¢T1AAZACNAAL 1A 63CsaCEaANACL 46NaZEAL §aC

2.4.2 aCnaCyaCzaCsazTaegyY

aC¢aCLaCnaCzaAfWISHBONEAAGaCaCijaCLaCéaC L aCnaCzaAC aCnaCyaCzaCeazEaCDALielI§aAd AAf pa-
rameter @NGA6ZaAgad’ L =Zt ARfeC;aAC
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2.4.3 aNTajlJetnaeY0O

CTL_CONTROL 3A8 bit0 1AN12A62ZCaAN2iadECegNéAxaAGICGACijaCLaAGmAGZAAUACSeaNIADIAAGRD2iad ECIAGAE
CTL_CONTROL 3A8 bit2 aAn13CScriNaAeaAtAADEZRACLAAFAA AcziaCEe£TaAUARNAAY aNTi; JACSeaNaAEAACCTL_CONTR(
AAG bit2 AN 13CSciNaAedA§air ARLAATNZdez¢6 AAGONEZEAA A A Abit0AARGINTACHACIACAATACNIA Al eméaAZaCNAA
CTL_CONTROL 3A% bit1 aCS¢iNaAeaCNaAl 13A62ZCaAfc7iaCLe£TaAUaAGICEACT aC§aCsaCTaAgACSaACT aCaaCijaCLAAGIAL
CTL_CONTROL 3A8 bitl aAfeGlNTaCaCtaCéaATaCNaCNaAC aEEéCl¢ZDaAnaCaaCeaCraCijaCnaCyaCzaC£aCS=ILaAUdAe

v

AL 3aCEe 1jAALAAFAA A 147d3AGe2¢6 AAAANCICACRACN 2 OaANcZ7¢ T§3AZACNAACACSACT aCaaCijaCLaAGeZt @ Utizlct DaCSa

2.4.4 parameter éimadZ
aCGaCTaCraCraCLaAd aANaCL ad'L =7t aAZaCNafEee AGAGIACICNARRC 2 AgaAGaACACNACCaAGaATaASI Y eijL aAZaCNa
2.4.5 aCiaCijaCLazT=gY

elliaCéaCyaCeacijaCnaAsaCiaCijaClaAGaRDifaaRaaAfzEaNIAGEAZaCLAAC
endian aAF ANT¢ZDaAnad L ezt AAZaCNaASIAlaATeCsasZaAUaAcAADIATIADIAGIA g2l DRIACACRACZ47E4d L @ RZaANH; L

2.5 jelly_dma_fifo

4d' UeClaCaaCeaCraCSalr ¢TiaaUaAsad gaCiaCd aCzaASFIFOaCSegN2LRIAZaCN

2.5.1 aCnaCyaCzaCtcazTaegY

aC¢aCLaCnaCzaAfWISHBONEdAaCraCijaCLaCcaCLaCnaCzaAC aCnaCyaCzaCLazEaCDALI=II§aAd dAf pa-

rameter £NGA6ZaAgad’ L eZt aRieCjaAC

aszeaell ngZDaAnaCaaCcaClaCSaL’ $aCLa; i SaAeaA@aAUaAbaALaAraAAaCzaCLaClaCu aCaaCGaCu aC£aAnar(,aAUaA¢au1ad’ géAlFH
aA83A1IAUIAAICaaCaCtaCRaCzazEaAANaCzaCLaCHAC jaCiaCRaCzazEaCLACLAd gaAmaA DAt aRL.AAAGCRACZ4zEALEaAGaC(
aCaaCcaCrmaAf=ZyiAmiAGiyacifaAgaCsaiCéaERaARGCCARAATAAIFIFOACS e NAIALIAeaALACEIAAICGACijaC£aAG2RCAA
aCraCyaCzaCeaAnaAfaCeaCd aCaaCcaCeaCLaCnaCyaCzaC£aCSeTieDRaAUIAeIALACEAAAICGACijAC£aCDl 7AAMIAN
awlen/wrlen 4A6aCtaCd aCzeRCiACRaAIAARIAeACCACLACH aCaaCEaCeaCLAAZACNAATR72¢6AAGCSeaNaAEIACACEACH aCaaCéa

2.6 jelly_dma_video_write

AXI4 Stream Video ®ZyjaAme;ijaALcTIAAGDMA jelly_dma_stream_write aAb N=3
4A6aCraCCaCSacCijaAlaAUaAeas8e¢EAATACNIAeaADACN

2.5. jelly_dma_fifo 5
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2.6.1 aCnaCyaCzaCsazTaegyY
aC¢aCLaCnaCzaAfWISHBONEAAGaCaCijaCLaCéaC L aCnaCzaAC aCnaCyaCzaCeazEaCDALielI§aAd AAL pa-

rameter ®NGA6ZaAgad’ L ezt aRieCjaAC

2.7 jelly_dma_video_read

AXI4 Stream Video emiA£3GzaAUcTIAAGSDMA

6 Chapter 2. DMA



CHAPTER 3

Video éUGéAS

Irtl/video dz&ayNaAnaACaCNaCcaCyaceacijaCi

3.1 jelly_video_parameter_update

3.1.1 x=eCeeA

frame start ACSad J4G7aAUaAeaCSaCT aCaaCijaCLa7t 2 UrifaaRaaCSaGzaA,
3.1.2 aCnaCyaCzaCscazTa=gy
aC¢aCLaCnaCzaAfWISHBONEaAGACaCijaCLacéaCLaCnaCzaAC aCnaCyaCzaCeazEaCDalizll§aAd AAF pa-
rameter ®NG&6ZaAgad L 27t aRieCiaAC

3.1.3 aNTajlJetnaeY0O

ARD¢TzaCRaGecREACsACEaAEaGecRESAT 1 ymaAnICSACT aCaaCijaC£aANAd L aNUaAZaCNaAyme T ARLACSeriaASaAZaCsaC
elliaCsaCcaAraA AAATACL aARcTZACRAGecREACsACcéUSaA siyme T ARLACSeraaASAATAAIADAA§AC AGARIA Ad; NeiiZaCsaC
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3.2 jelly_video_format_regularizer

3.2.1 =eCeeA

AXI4-Stream Video 3CSeNGa6ZaCTaCracCijaCdaCCaCLaAnemseeRANUIAZACN

3.2.2 aCnaCyacCzaCcazTaegy

aC¢aCLaCnaCzaAfWISHBONEaAGACaCijaCLaCéaCLaCnacCzaAC aCnaCyaCzaCeazEaCDalizll§aAd’aAF pa-

rameter @NGA6ZaAgad Lzt aRieC;aAC

3.2.3 aNTajlJetnaeYO

o

ayzaAncTzaCRaE8aEZaCGACRACH aC7aA6¢tAcDGaAGALGe UmaC

3.3 jelly_vin_axi4s

o

CSaCGaCtaEeat.ZaCS AXI4 Stream video AAf&d’ L &RZ

&

3.4 jelly_vout_axi4s

AXI4 Stream video aCSaCSaCGaCtaGzat.ZaAnad L eRZ
3.5 jelly_vsync_generator
aCSaCGaCtaGzat.Z¢ TiaAGaRN 21T §ifadRacT§e LR
3.6 jelly_dvi_tx

DVIaGzat.ZaCsaCé

3.7 jelly_mipi_csi2_rx

MIPI-CSI2 4A64RUi£aaCsaCé

v

al

v v

CGaCijaCLeniiaASaAAaCTaCraCijaCdac

Chapter 3. Video éU¢éAé
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3.8 jelly_hdmi_rx

2

HDMI 4RU#£3aCsaCé

3.9 jelly_vdma_axi4s_to_axi4

Video write DMA(AXI4-Stream to AXI4)

3.9.1 =eCeeA

AXI4-Stream Video aCS AX14 aCaaCéaCtaCRaCzaAn=ZyaAme; 1jaA£7¢6AAGCSEaNIAE

3.9.2 aCnaCyaCzaCsazTaegy
aC¢aCLaCnaCzaAfWISHBONEaAGaCaCijaCLaCéaCLaCnaCzaAC aCnaCyaCzaCeazEaCDAliall§aAd’ AAF pa-
rameter ®NGA6ZaAgad L &Zt 4ReC;aAC

3.9.3 aNTijlJetnaYO

CTL_CONTROL 3AG bit0 1AN12A62ZCaAn¢TzaCRACGaCijaCLaANzIsaCNaAlz¢é AAGCSeaNaAEZACCTL_CONTROL

4A6 bit2 aANlaA('Saét aR’LaAfaAAPARAM SIZE aLEéiééAAaAZaCNaAIaAIJ&léﬁAZaCN(bltOaAreGlaN’[ﬁCfﬁéléCé)ﬁAC
aAIaAEaAgﬁAlaADaat aRLaArgTzaCRaANaeIéﬁCNaA§aAgaAngzraCLe£TaAUezceAAaCSeqNaAEaAC

CTL_CONTROL dA6 bitl aAN1 aA6anCaArezceAAeUNagNaCDgifﬁCLeiT aAUaA6ﬁC£aCd’ aC§aC§aCféAg€1CSaCl’ vava aC£aAI

PARAM_SIZE 3Af PARAM_WIDTHAUPARAM_HEIGHT iAGiAmeTiaA3aACICNatEee AGIANIACACN ﬁANﬁAAélla(iZzeﬁagﬁﬁﬁA

3.10 jelly_vdma_axi4_to_axids

Video read DMA(AXI4 to AXI4-Stream)

3.10.1 eCeeA

AX14 3CaaCeaCtaCRaCzaANaCL emaA£4G7aAUdAe AXI4-Stream Video 3CSaG7aEZ

3.10.2 aCnaCyaCzaCeazTaegY

aCe¢aCLaCnaCzaAfWISHBONEAAGaCaCijaCLaCéaC L aCnaCzaAC aCnaCyaCzaCeazEaCDALielI§aAd AAL pa-
rameter ®NGA6ZaAgad L &Zt 4ReC;aAC

3.8. jelly_hdmi_rx 9
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3.10.3 aNT4jlJetnaeYO

CTL_CONTROL A bit0 4AN1aAG2ZCaAr¢T74CRACGAC] aC£aAoe{laG2ﬁAUaCSeaNaAEaACCTL CONTROL

4A06 bit2 aANlaAéSaét aRLaAfﬁAAPARAM SIZEaLEéic’éAAaAZaCNaAlaAIJ aeléﬁAZaCN(blthAreGlaNIaCraCch)aAC
aAIaAEaAgﬁAlaADaat aRLaArgTzaCRaAN @[EaCN aA§aA§aAngzraCLe£TaAUeiééAAaCSeaNaAEaAC

CTL_CONTROL dA0 bitl aANlaAoanCaAféiééAAeUNagNaCDngﬁCLe£TaAUaA6ﬁC£aCd’ aC§aC§aCfﬁAgﬁCSéCl’ ﬁCaﬁCij aC£aAl

PARAM_SIZE aAf PARAM_WIDTHAUPARAM_HEIGHT 3A6aCtaCd aC7aAgaACaCNaEEee AGIANGACACNEAC

10 Chapter 3. Video éUééAc



CHAPTER 4

4.1 img aCRaCzazTaegY

gTzaCRaG@gREaAnaALaADaA@aAAAXI4 Stream aCRaCzaAodaaRﬁéCSaATaCL’ ﬁAng:ra&YS aAnzl éﬁAEQCiéAnaAAJ ellyaAgaA;
1mgaCRaCzaAlaADaAEgNﬁéGiazTae gYaAnad’L’aeRZaAUaAgaG@gREaAUaA@aADaCNaAC

imgaCRaC7aAGiyza A i£aaRGaAf#284yNAAGEAZaCLAAAACACLAA AL Eee ATANAETTAAY AAeAANALECTZaCRAGecREAAREZY 6ZR:
img ACRaCzaAf=lIL 41.7aCTaCaCzaCriaANegDaaADaEr ARLAAR cke(ACiaCmaCCaCiaCd aCmacijaCUachn)aCSaCmacsacijaClLanZa
aAUZA$3ANIALIAeAA Acke AAG=IIL 3E.7aAel)§6USaAGAA£ACSaGecREAAZACNAATAIAAGCGACIjACLAAFAAZAAZAACEALCHZAAS
aAaA83AA¢TZaCRAGecREAANIALAADIAcaAAUIATIAUSGme ATARIAICNACTACHjACAACIjaGecREAARIALIADIAcIAACTZACI
iy AeUzaAg2lIL 4E2aCTaCaCzaCraCSed 73AZ de i£2aR3aCCACZaALaAeaADICNAACAS 72l TiicZDaARIAfcDat zaCTaCaCzaC
cke AAN#yNIASACLACNICNaANZAA3x33AEAT 1A 6aCUACHACCACHaGecREACSeaNaAEaAr ARLAAF2ITActCACT ACd aCsaA620C
aA;3A83AACTZaCRAGecREAAGAGZaEZEAOCINGANIALAADAAcIATIA Aijmee AGCTACFAC2aC1aASdeaCSiyNaASICNIASIAIZAE
aASACNaCLaARICLACLAd ZaARAAGAL A aifaaREACS 2L AUaAeAADACNIANIAAGASICNACL aCSaAZaA7aAcaL ECAL AATAA
aAG¢ciNaA§aAIADACGACHjaCLaARzZUaAGIAZaAZaAcIAGI£aaRGAAFCDadE 7aAIAAZaCNEaASaATAA3aAAGCHACzaCCaCLigaaRba
valid 3AaANaGANACRACN:£aaRGaA1GASTANIAZACNIASIATACCaRRCiaAIaAUIAeAADICNIAC

4.2 jelly_axi4s_to_img

AXI4 Stream aCS img aCRaCzaAnad LeRZaAUGAAcTzaCRAGecRES; NAAGGEMIAs AXI4  Stream
aAnelzaAZaCsaCeaAl

11
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4.3 jelly_img_blk_buffer

2

gTzaCRaCS NAUM aA(SﬁCUaCIaCCaCfﬁAnad’L’aeRZaAUaA@gTzaCRaG@gREaCSﬁ ¢aCa 21 zaC LaAZaCNaC§aCéﬁAC
aCl’aCd’aC§aCRaCCaCTaCaaAlaCTaCraCzaCnaCRaCCaCTvaaCSaCZaALaAAaCU aCmaCCa CraG@gREaAna;EEe@AaAlalYa‘laAg

M-1 aCr aCd’aC§aLEaAoeAEai1’iﬁANgZZgT§aAZaCNaAC

aAlaA6627aAAACTACHACAACijaGecREAATAAUIAe NONE, CONSTANT, REPLICATE, RE-
FLECT, REFLECT_101 aAHAliAG4GecREAANEA Ve daReCiaAEAACACELAAAOpenCV
aA6aAIaCN AlaAzaAljayAth aAZaCNaAC

4.4 jelly_img_demosaic_acpi
ACPIzsTaARICLACNaCGaCéaCaaCd aCe

4.5 jelly_img_color_matrix

2 2

aCnaCracCijaCdaCLacCtaCCaCraCzaGecRE

4.6 jelly_img_gaussian_3x3

2

3x3 6ZRa6ZaAsaCnaCeaCnaCéaCsaCTaCeacnace
4.7 jelly_img_sobel_core
Sobel aCTaCcaCnaC£aCsaCeé aZ746Z3Ad aAgaAGiTc6UaALIAGIA3aCZaC7aCLAANACL ¢imisZaAZaCNaChaCyaCzaCLaAfaAla

4.8 jelly_img_binarizer

2

iijSaAd’ aNUaCsaC¢é

4.9 jelly_img_selector

~ 2. v

¢T74CRaCzaCnaCraC£aAC 4yzaAnraCGaCRaCCaCreZCaAniymeUSaCGacijaCLaCSalGaCeZ£aALaAeaGraE. ZaAZaCNaALAAT A
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4.10 jelly_img_previous_frame

13Ad AL maAGaCTaChacCijaCaaCSad UéCiaCaaccaCtaAniciamY aAUaAeall ¢ TiaAZaCNaA§aC AGASDMAACcaCyaceaCijaCh

4.11 jelly_img_dnn_maxpol

DNN¢TiaAS MaxPooling a$d'aAC
¢y6arRaCSeaNaAD de 1AGcANAA§IAEADICGACijaC£aCSaGrat.ZaAZaCNaA§aICAGAATASIAGE; NaARGATACL aARcTZzaCRAGec]

AXI4 Stream 3Anel.7aAZa£Eee AAANIACACNIAC

4.10. jelly_img_previous_frame 13
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CHAPTER B

Library é0céAs

5.1 eeCeeA

/rtl/library dz&ayNaAnaAAGCLaARH£aAEACT aCd’aCUaCT aCtezDaAtaCéaCyaCeacijaCne d aCSéZEACAdAeaADACNGAC
aAICNaAZaARETNRIYaAGiEmeTt cREAAUACLAAEIAIZAUZAeAADICNIANGAACR  ¢cEidA; 3AXARA AADACCAAGICCeaRalTIAAL
5.2 aRDc¢loaCraCcd’acuacract

5.2.1 jelly_ram_XXX ¢sz

aEEeTtaCaaCeaCtéUceAcansaCraCd aCUacraCied

5.2.2 jelly_fifo_XXX ¢sz

FIFOaCS2 3Nzl RaAZaCNaCraCd aCUaCraCte, d

5.2.3 jelly_data_XXX ¢sz

aAdaAIANICELACS2NAIA§aAIEAD MY ¢Z7aA6aCGaCijaCLaAnar; AAUaAeaGecREACSeaNaAEaCT aCd aCUaCraCle, d

a§7ellicZDaAn AXIaCRaCz2Uz4ijRAAS valid/ready ®Uz3ijRaAgACRACsaCLaCuaCacijaCiaAZaCN

15
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5.2.4 jelly_stream_XXX ¢sz
last aCTaCT aCraAEAL A EaNZAL.GaC L aCNaCNayAéAcaAsaCzaCLaCtacCijaCiaCGacijaCeaAnar; AAUaAeaGecREACSeaNaAEACT

i £a61)ayEaCzaClaCtaCijaCasELéamacSealaAZ  first  aCSazYaASaCLaCNaCNaCCaasaCCaACaCNaAC
a§zelliicZDaAn AXIACRACz2Uz4ijRAAG valid/ready £UZaijRaAgACRACsaCL aCuaCacCijaCraAZaCN

5.2.5 jelly_address_XXX ¢sz

aRD¢isaCeaCraCnaCCacnaCsaCraAseCzaAsaCd aCsaCGaCCaCiaCzeTse L RaCmaCyaCCaCt
5.2.6 jelly_capacity XXX ¢sz

aRDcI64676 GR¢6acREACHACeaCsaCE

5.2.7 jelly_func_XXX ¢sz
ctDaA£ARLACRAAZAZde0faAMICLACNARDci6aC TaCaaCsaCraCaaC gaCseRRi;Z

5.2.8 aAiaAsazU

aAlaAGiz0aADICmAADACE
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CHAPTER O

CPU (MIPS-I compatible)

6.1 eeCeeA

Jelly aAIaAfAAAFPGAARSaASAAS MIPS-1 aClaCd aCraAlaS;azd aCzaCCaCLaAsaCsaCéaCSe L aAUaA§aC;aCTaCLaCsace
aCUaCmacCzaCCaCaaCsaCraCaaczaCEaCiaAgaAZaAC

6.2 CPUaCsaCéaAdaxeCeeA

Jelly aA63CZaALaCN CPU aCsaCcaAfaS;azd’ aCzaCCaCLaAlAAUaAeaAFIAA MIPS-1

aCraCa aCraAtaS;iazd’ aCzaCCaCLacs 4CZaALaAeaALACEaAAAgee AAEAT AANGCLACNEUNCZ7aANERRC aAEAAZAAC
aA§aAé€1A[°JaAA1W1 Iwr, swl, swr aSlazd’aAraCZaALaA@aADaAlaAbaAéﬁAgee§fze]5RaANa£Ee@AaAgﬁAZaAé

ars sec ij aA£aAlaAl’ aA(’ié’lS jazd’ aCzaCCaCLazead UaAozel §eC i aAra§za%IJ ngZDaAngNﬁéGlazTae gYaAlaAoaAgﬁACaARaAc aAg
ananaCSaCd’ acr aANaa;AngaAgéAlaCNaAlaADaAEaiééd’ UaAfMIPS acaac zaCEaC aaAlazS&RZa:A gaAraACaCLaA(, aAZaCSaA

v

6.3 jelly_cpu_top aC¢aCyacCeacijaCn

6.3.1 aCSaCracCaacCijaCe

continues on next page

17



(continued from previous page)

S EISISEPAV SIS EY

(continues on next page)

Chapter 6. CPU (MIPS-I compatible)




Jelly

(continued from previous page)

(continues on next page)
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(continued from previous page)
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6.3.2 aCiaCijaCLagaaRa

anaaATanbaic

(continues on next page)
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(continued from previous page)

SANACL!

L Ctacd aczaaN

(continues on next page)

6.3. jelly_cpu_top aCéacCy 21




(continued from previous page)

¢tacd’ aczanN

6.4 CPUaCGaCRaCCacCracCiacCijaCL

taCiaCijaCLaANaCL ayNelYaAsaCéaC L aCnaCzaAnaCéaciaCzaCzaAgaAmiA  AAZaAC

(continues on next page)
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(continued from previous page)

6.5 UARTctNcT$aCGaCRaCCaCraliaga

Jelly  aAgaAfaAA#yEIYaASCPUACGaCRaCCaCiaCiaCijaCLaCS  UART  ¢tN¢TsaAgalis; aaAZaCN
aC¢aCyaCeaCijaCnaCS¢TleDRaAUIAedADEA;AAZAAC UARTACUaCmACLaCsaChaAfizéiyNaAGaAIAALACLAAC

6.5. UARTctNcT$saCGaCRaCCaCraliiaga 23
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6.6 WISHBONEaCRaCz

JellyaAgaAr OpenCores(http [Iwww. opencores. org/) aAoaoZaCAaCNWISBONEaCRaCzan
aLr ngaAU aAgaADaAb aAZaAC WISHBON EaCRaCiéc;Rze aij aArad’ ZasRaAnaCRaA§ aAéﬁAeaADaAb aAZaAN aAAJ ellyaAgaAraCu
a£Ee¢AaAlaeIJAarReZRaAoa£aaRuaA6éA£aLl’ ngaAUaAgaADaAb aAZaAC azeayNaAnaLl ngaAUaA@aADaCNa£aaRuaA0aA£graal

AG4GbytedAda

6.7 Jelly bus

WISHBON EaéﬁaézaAraC;aCd’ aéraénaEEaAgaéLa@l’ aéwéuaéraéuaé gaé§aANa0N9§RaAZaCNaA§aCAad ZaARaAéaét ARL
ab£aL1’ éAgéAZaANaAAFPGAaAanEeT;S RAMaAoae gYaAnREADg;RzedIJ aAoaRUac UaANaanqaC;aCd’ ﬁCfiCﬁﬁAlaAlaCLaAA
aCaaCcaC%aAnCPUaC§aCcaCSth g;RaAZaCNaat’ ﬁRLaAngZyaeAgaANaeC}aADaAgéAZaAC
aAIaASaAgayNelYaA65CLaAEaA1gNneG%aCRaCzaCS jbus aAlaAUaAcééichl’ ﬁAUaA@aADaALﬁAZﬁAC

continues on next page
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(continued from previous page)

6.8 aSjazd’aCzaCCaCLcal

aASiAaaCL aA¢;6AADAAcIALAAmAA  AAZAAC
files/jelly_cpu.ods

6.8. aSjazdaCzaCCaCLcal 25
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CHAPTER /

Jd

MIPS-1 42SzeRZaCiaCTaCLaCsaCécSracC

7.1 aAfaAYaCAaAn

MicroBlazedaAN¢DaaD§aAgal I'¢TiaAzaAmIA AZynqaiANARMECsaCéaANzRmeijL aATACNAA Az aATAAIEALIAcIAFEAOZOZaAGE
Jelly aCaaCzaCEaCaaCSi;1JaCLagNaC AdA§aAmAACIANGASIAAANCPUACS 2 ZjaADaAcaALaASIADIAMAANCZ7cAfAAIIACIAS
rtl/cpu ACTaCraCraCAaAGEyNaAn; SeZCRTLACSeeZaALaA§aAATAANACLAAGICAAGRZaADIASCPUIAGRTLACsaCijaCL aAN:
HTML dAg=ZyaADaA§ehize YO=UGaCSazk é¢laAn Markdown dAnReZyaAmcZt AAUAAcaA£aA§AADAATe AlaADAA; AZZAC

27
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7.2 Jelly-CPUaAGcL 244t

« MIPS-1aCTaCd aCraAtas;azd aCzaCCaCLaAgaA Agee AAgCeIAetdéUN¢Z7aANaNaALaCN
« aCmaCeaCCacaaCer §eC;

o afE¢tRARLACaACACH TCM)l §C;

* Verilog 2001 aAgelYe£r

« DDR-SDRAMéf; 4£1J

« {ijITRON4.047TgY HOS-V4a af; 3£1)iim

. ICEaeNaalj;ngaAfSﬁCGaCRaCCaCfﬁCIaCuaCLaC ALaA@aADaCN

. aClaCeaCaaC§aCLaANaneaeIJ netd(a;1J eAEaANeNsetdaCRaAN aCSaAlaAD)

4

7.3 aCuaCzaCEaCaaAsetna YO

V'

7.4 CPUaCsaCcéaA6aCUaCmaCCaCraZs

aEyadNcZDaAleTZ¢3S=ZyaAl AALACLIijTeotaCSaCd aCUaCraCd aCsaAsaCéaCijaCmaCEaCiaC AaCeaAgaA AGCsaCeéClaAfaCR
aA AASAAASEE:TEA 3aCGaACRACCaCHaCeaCNaCCaCLaCCeTizDRaAUIAaALACLAAALD UClaANGCL CPUACsaCeaCSeZt &0
aCI‘aCl’aCraC1JaCGaCcaC§aCfﬁCCaEeaAéﬁA@aALaCLaAAEEOEaAl’aA(ia(’S§eaNaCeaCNaCCaCLaCSEXaCzaCEaCUaCyaAnaZzaCA
IaAgaAraClaCu aCLas; jazd’ aAoaenaaS jazd’ aAgaAraClaClj aCL ﬁAUaA§ aCnaCyaCz’ﬁC£aAraLl’ ngg@AzelééAgaAZaAoaAgaAAc;L 7
aAlaAGizUaA AFPGA¢ZDaAGEAd ieCZzaATaAUIAeaAFAAAGCTACT aCracCijaCGacaCsaCiansaCdaCnaC AaC UaCnaCraCaANFP
mflo)aAgizUc6UaAZaCNaCLAAEaAnIAUaAcaA AeeNaANEASHyEAAA#2Uc6UaAF1aCtaCd aCraCnaAgasscR aAsaAmAA AAUIA
aCGaCRaCCaCraCeaCNaCCaCLaAGACLAAEIAIECTACLACHaCmACCaCiaCSeN§aCSaAg Spartan-3

aA6aCzaCTaCijaCLaCiaChacijaCL -4aAg50MHzaABANTAADaAeAADAA; AAZaA63AZAA; AACIA; AACIAIAADIACIA§IAIZASACn

7.4.1 CPUACLaCCaCUaAsemaeY0azZs

CPUaCsaCcaAsad UaAnaA AGrECRARLACaaCeaCHTCM)aAIaCmaCeaCCacCuaCeaC SeRmijLaAUaAeaADIA; AAZaACTCMEATACH
FPGA3AGIEE:TECGaCEaCcaCnaCiaCijaCLRAMACS aNaANIAUAcaA ATijSAAd 3A6aCIaCIHjaCLACSaS 4z /aCGaCijaCLaARIL
afECtRARLACaaCeaCH TCM)aCCFPGAAABIEEeTaCGaCEaCcaCnacCiaCijaCLRAMAAGIALAANGASAA A AAS dzd /ACGACijaCELAC

7.2. Jelly-CPUaAo6¢Lzagt 29
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aRD¢i6aCRaCzaAIGAFOPENCORES.ORG A6 WISHBONEACRACz dAli7SeRZe AgaANGACACNACLAAEIAN JaACAA§AAd 4C(

7.4.2 Spartan3e statrer kit 4AgaA6aCuaCzaCEaCaaAoetnaYOazZs

47k aZdaA6aC1IaCijaCL aARaAFRS-232CaANiiSaCiaCijaCLaACaACNaAGACSaADIADIASIAIZAGGA AZCGACRACCaCraCiacijaCL
aA aAS aAAeidayyaAnaCuaC§aéfjaénaA1aCCaA’ ﬁAgﬁAZaANDDR SDRAMaAéiéiLﬁﬁ(, aRTLaCCaaZyaAIV)aA@aA;EaA(J aAfIaA§aAC
SDRAMaAf100MHzé gEaNTaAlaAoaAgaCraClaCCaCrazUaAZaANaALngaAéSﬁCUaClaCCaCyaAN aEeaAcaA@aADaAc aAZaAC

aCzaCtaCTaCgaCraCnaCRaCzaAnaAraRD¢l6aSIe; zaZdearaCSaAd aAIAADAAZAADAA; AAZAACIRC(EL §aCEe, ijaA£aCsaCsaCLAC
7.5 éUNcZzcSiacCaAnaAd'aADaAe
7.5.1 aCRaCijaCLaCeaCgacCécSiacC

eﬁNgZiﬁélJaéuaéL’aAﬁiAr Xilinx ﬁA(’S Spartan 3e  Starter KltaCSa,£aAéﬁA¢aADaA6aAUaA§aAC
aZLaAaaAlaEeaeL’NaAreZéﬁAUaADaAlaeAIaADaA(JaAZaA(iﬁAgéAAaACaARaAOaAgaRCeACaAgﬁAZaAC

v

7.5.2 aCjaCTaCLaCeaCgaCécSracC

Xilinx A6 ISE WebPack aCSij£aAcaAeaADAAGAZaAC

CelAeldaC§aC§aCS aCaacr aAra, SaZC gcc aAoaCraClaCz’ﬁC§aé§aCSaCd’ aCracs cyg-
win ayLaAge gN cflC aAUaA@a i £aAcaA‘<;aADaA6 aAUaA§aACaZLaAaaAl Windows
&t 6aA6éiZZﬁAgaCC WSL acDh VirtualBox aANaACaCLaAb aAZaAoaAg Linux

ayEaAgaCraCmaCzaCsaCsaCSaCd aCraAN: £aALACNaATzAlaADIA AAZAAC
swl,swr,Iwl,lwr cmL AN £3ALAAIEADIAGIAZAAITASAAIIASIAL2eFUaCSaAd IASAARIAFIATIADIAC

30 Chapter 7. MIPS-I 4282RZaC;aCTaCLaCsaCécSracC
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CHAPTER 8

Indices and tables

* genindex
* modindex

e search
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