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Bu deneyde kesintiler konseptini tanitip, RVfpga’de kesintilerin nasil kullanilacagini
gOsteriyoruz. Kesintileri yazilim da donanim da olusturabilir. Bu deneyde fiziksel bir ucun
degisimiyle tetiklenen donanim kesintilerine odaklaniyoruz. Bélim 2'de Programlanmig
Girdi/Cikti ile Kesinti-glidiimlu Girdi/Cikti ayrimini tanimlayarak bagliyoruz. Ardindan
RVfpga’in Kesinti Denetleyicisinin, ki bu SweRV EH1 ¢ekirdeginin pargasidir (Bélim 3),
islemini agikliyoruz. Bélim 4’'te Western Digital'in Peripherals Support Package'ini (PSP),
Board Support Package'ini (BSP), ki bunlar donanim gevre birimlerinin strtculerini igeren
yazihmlardir, kullanarak dis kenstilerin nasil yapilandirilacagini tanimliyoruz. Son olarak
(Bolim 5) 6rnek programlar gdsterip ardindan (Bélum 6) RVfpga’in donanim kesintilerini
kullanip genisletme icin alistirmalar éneriyoruz.

2. PROGRAMLANMIS I/0 VS. KESINTI-GUDUMLU I/0

Cevre birimleriyle etkilesime gegmek igin birden ¢gok yontem vardir: Programlanmisg 1/O,
Kesinti-gidumlu 1/O, Direkt Bellek Erisimi (DMA). 2-8 arasi deneylerde ¢evre birimleriyle
etkilesime gegmek igin Programlanmig 1/O kullandik. Programlanmigs 1/0’da kullanici
program sirekli I/O’yu yoklayip durumuna gdre tepki verir. Ornegin Deney 6’daki Temel
Alistirma anahtarlar surekli yoklayip programlanmis I/O kullandi. Programlanmis I/O’nun
gerceklestirmesi ¢ok kolay olup, ¢ok az donanim destegdi gerektirir, ancak surekli /0
yoklamasiyla iglemciyi kullanissiz igle dolu tutar.

Kesinti gudiumlii I/O bu engeli asip programin yalnizca etkinlik gevre biriminde
gerceklesince tepki vermesini saglar. Bu semada g¢evre birimi, bir etkinlik oldugunda
islemciye sinyal yollamakla (kesinti denir) sorumludur — érnegin, bir zamanlayici deger
asiminda, bir UART arayuzunde karakter alindiginda, bir buton basildiginda, gibi gibi. Bir
etkinlik gerceklesmediginde (bir diger deyisle kesinti yokken), islemci yararli isler yapmayi
srdurdr. islemci bir kesinti aldiginda calistirdi§i programi beklemeye alip bir kesinti hizmet
yordami (ISR), kesinti yéneticisi de denir, ¢alistirir. ISR 6ziinde kesintileri ydbneten, void
argumanh bir iglevdir — yani butonun yeni degerini okur, zamanlayici deger asimiyla ilgili
eylemler yapar, gibi gibi. islemciler genelde bir- ile goklu-vektdr modlarini destekler. Bir-
vektér modunda (Figlr 1), batin kesintiler ayni ISR’1 galigtirir. Dolayisiyla, bir kesinti
gercgeklesince islemci ana programi durdurup yaygin ISR’a sigrar, burada da ilk kesinti
kaynag: belirlenip, belirlenen kesinti nedenine karsilik gelen belirli ISR kodu yaratalar. Coklu-
vektér modunda (Figlr 2), batin kesintiler ayri ISR’lari galistirir. Dolayisiyla bir kesinti
olusturuldugunda ilk kesinti kaynagi belirlenip ardindan program bu nedene karsilik gelen
ISR’a sigrar.
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Figur 2. Goklu-vektor modunda 2 kesintili 6rnek

islemciler genelde kesintilere éncelik verilmesini saglar. Yiiksek éncelikli kesintiler yalnizca
ilk yonetilmez, tstine yuksek 6ncelikli kesinti ydnetilen disik éncelikli kesintiyi bekletebilir.
Ornegin, diyelim ki buton kesintisine 5 dnceligi verildi, zamanlayici kesintisine 7 dnceligi
verildi, esik ise 4’e ayarlandi (yani iki 6ncelik de esigin yukarisinda). Program normal akisini
yuratirken buton basilirsa kesinti olusup islemci ISR’1 gagiracaktir, bu da butondan veriyi
okuyup yonetir. Buton ISR’I etkinken zamanlayici deger agimi gergeklesirse ISR’In kendisi
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kesilip islemci aninda zamanlayici deder asimiyla ilgilenmeye baslayacaktir. Bitince program
ana akisina dénmeden buton kesintisine déniip onu bitirecektir'.

3. SWERV EH1T’IN SAGLADIGI PROGRAMLANABILIR KESINTI DENETLEYICIiSi
SweRV EH1 ¢ekirdegdi su referanslarda tanimlanip asagida 6zetlenen kesintileri destekler:

- [PRM v1.7] Revision 1.7 (June 25, 2020), Chapter 6, “RISC-V SweRV EH1
Programmer’s Reference Manual’
https://github.com/chipsalliance/Cores-SweRV/blob/master/docs/RISC-
V_SweRV_EH1 PRM.pdf

- [ISM v1.11] Version 1.11-draft (December 1, 2018), Chapter 7, “The RISC-V
Instruction Set Manual — Volume II: Privileged Architecture”
https://github.com/riscv/riscv-isa-manual/releases/tag/draft-20181201-2650e2a

SweRV EH1 c¢ekirdegindeki dis kesintiler ((PRM v1.7]) blylk oranda RISC-V PLIC (Platform
Dulzeyli Kesinti Denetleyicisi) spesifikasyonu lizerine modellenmigtir ([ISM v1.11]). Ancak
kesinti denetleyicisi ¢ekirdekle iligkilendirilmistir, platformla degil. Dolayisiyla daha genel
terim olan PIC (Programlanabilir Kesinti Denetleyicisi), SweRV EH1 ¢ekirdegindeki
denetleyiciyi adlandirmak igin kullanilir. PIC su ana 6zellikleri saglar:

- 255 dis kesinti kaynagina dek destekler (1 (en ylksek 6ncelikten) 255 (en dislk
oncelige)); butiin kaynaklarin kendi etkinlestiricisi vardir.

- Kaynak numaralandirmanin yani sira 15 ek oncelik duzeyi saglar; iki oncelik
semasina erisilebilir: 1-15 (1 en dusuk 6ncelik), ya da 0-14 (14 en dlusuk 6ncelik).
Batun kaynaklara bir dncelik atanabilir.

- Dusuk oncelikli kesintileri etkisiz kilmak i¢in programlanabilir 6ncelik esigini destekler.

- Vektorll dis kesintileri, kesinti zincirlemeyi, i¢ ice gegmis kesintileri destekler.

Figlr 3 RVfpga’in kesinti sisteminin basitlestiriimis bir sirimudni gorsellestirir. Kesinti
olusturan butln islevsel Unitelere dis kesinti kaynagi denir. Dis kesinti kaynaklari PIC’ye
_irq (kesinti isteginin bir kisaltmasi) ile biten bir es zamansiz sinyal géndererek kesinti
istegini gosterir. Bu deneyde kesintilerin zamanlayici ile GPIO’dan nasil kullanilacagini
gOsteriyoruz; bu Uniteler ptc_irq ile gpio_irq sinyallerini kullanarak kesinti olusturur.

Batln dis kesinti kaynaklari bir adanmis gegide baglanir (PIC igerisindedir), bu ¢ekirdegin
saat alanina kesinti istegini senkronize etmek, istek sinyalini yaygin kesinti istek formatina
(bir diger deyisle etkin-ylksek/algak ya da dizey-tetikli) PIC i¢in donlstirmekle sorumlu bir
donanim yapisidir. PIC kesinti kaynagi bagina bir kezde yalnizca bir kesinti istegini
yoénetebilir. Batin bekleyen, etkin kesinti isteklerini degerlendirip en disik kaynak ID’li, en
yuksek dncelikli kesinti istegini secer. Ardindan 6nceligi programlanabilir 6ncelik esigiyle
kiyaslayip, i¢ ice gegmis kesintileri desteklemek igin eger ¢alisan bir kesinti ydneticisi varsa
onun 6ncelidiyle kiyaslar. Eger secilen istegin énceligi ikisinden de yuksekse PIC ¢cekirdege
bir kesinti bildirimi yollar, bu da ana programin yuritmesini durdurup kargilik gelen ISR’a
sigrar, Figlr 1 (bir vektdér modu) ile Figlr 2 (goklu vektér modu) igerisinde gorsellestirildigi
gibi.

' D. Harris and S. Harris. “Digital Design and Computer Architecture”. Second Edition — 2012. Morgan
Kaufmann Publishers (San Francisco, CA, United States). ISBN:978-0-12-394424-5.
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Figur 3. RVfpga kesinti sistemi

PIC’nin ana islevleri su basit adimlarla 6zetlenmistir:

1) Etkinlestirme/Engelleme: PIC dis kesintilerin etkinlestiriimesine/engellenemesine
izin verir

2) Yapilandirma: PIC degisik ucaylilik (etkin-yuksek/etkin-algcak) ya da tur (kenar-
tetikli/dizey-tetikli) dis kesintilere dinlemek Uzere yapilandirilabilir. PIC ayrica
ISRIarin degisik bellek adreslerine ayrilmasina da olanak saglar.

3) Filtreleme, dncelik atama: PIC kesintilere dncelik diizeyi atanmasini saglar. Ana
program galisirken PIC etkinlestirilmis, tetiklenmis kesintilerin en ylksek
onceliklisini seger.

4) Bildirim: PIC en yuksek oncelikli kesintiyi segince gekirdege kesintiye hizmet
eden yordama sigramak igin ana programin yuritmesini durdurmasini bildirir.

5) Bosaltma: i¢ ice gegmis kesintiler etkinse hizmet verilen kesinti, daha yiksek
oncelikli bir diger kesintiyle bogaltilabilir.

4. SWERV EH1’DA DIS KESINTILERiI YAPILANDIRMA

Diger cevre birimleri gibi PIC, kullanicinin yukle/depola ydnergeleriyle erisebildigi bellek
eslenmis yazmaglarla yapilandirilir. Kesinti sistemi yazmag dizeyinde kullanmak ¢ok
karmasik olur; neyse ki WD’nin islemci Destek Paketi (PSP) ile Kart Destek Paketi (BSP)
(https://github.com/westerndigitalcorporation/riscv-fw-infrastructure) kesinti kullanan
programlari gerceklestirmeyi cok daha basitlestiren islevler icerir. Tablo 1 dig kesintileri
yapilandirmak icin gereken ana islevlerle makrolari tanimlar. Buttnlik i¢in bu dokiimanin
sonundaki Ek, diger erisilebilir yazmagclarla PIC’nin yazmag dizeyinde yapilandirmasiyla
kullaniminin tanimini saglar.
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Tablo 1. Dig kesintileri yapilandirmak i¢in kullanilan basit iglevlierle makrolar

Basghk
void pspInterruptsSetVectorTableAddress(
voidx pVectTable);

Tanim
Prepares vector-table address

void
pspExternallnterruptSetVectorTableAddress (
voidx pExtIntVectTable);

Prepares external interrupts vector-
table address

void bspInitializeGenerationRegister(
u32_t uiExtInterruptPolarity)

Put the Generation-Register in its initial
state

void bspClearExtInterrupt(
u32_t uiExtInterruptNumber)

Clear the trigger that generates external
interrupt

void pspExtInterruptSetPriorityOrder(
u32_t uiPriorityOrder);

Sets Priority Order (Standard or
Reserved)

void pspExtInterruptsSetThreshold(
u32_t uiThreshold);

Sets the priority threshold of the
external interrupts in the PIC

void
pspExtInterruptsSetNestingPriorityThreshold(
u32_t uiNestingPriorityThreshold);

Sets the nesting priority threshold of the
external interrupts in the PIC

void pspExtInterruptSetPolarity(
u32_t uiIntNum,
u32_t uiPolarity);

Sets the polarity (active-high or active-
low) of a specified interrupt line

void pspExtInterruptSetType(
u32_t uiIntNum,
u32_t uiIntType);

Sets the type (Level-triggered or Edge-
triggered) of a specified interrupt line

void pspExtInterruptClearPendingInt(
u32_t uiIntNum);

Clears the indication of pending
interrupt for the specified interrupt line

void pspExtInterruptSetPriority(
u32_t uiIntNum,
u32_t uiPriority);

Sets the priority of a specified interrupt
line

void pspExternalInterruptEnableNumber(
u32_t uiIntNum);

Enables a specified interrupt line in the
PIC

void pspInterruptsEnable(
void);

Enable interrupts (in all privilege levels)
regardless their previous state

void pspInterruptsDisable(
u32_t *pOutPrevIntState);

Disables interrupts and return the
current interrupt state in each one of the
privileged levels

Ornek kesinti hizmet yordamlari (ISRlar) bu deneyin ilerisinde verilir. RVfpga kesintilerini
yapilandirmak igin agagida tanimlanan adimlari izlerler, Tablo 1’deki islevler tizerine. Onemli
olarak, PIC’yi yapilandirmanin yani sira, dis kesinti olusturan gevre birimleri de

yapilandirilmahdir (bu érneklerle aligtirmalarda kullanilan gevre birimleri igin sonra

tanimlanacaktir).

KESINTIi SISTEMININ VARSAYILAN iLK DEGERLENDIRMESi:

1. Coklu vektér modunda dis vektorli kesinti adres tablosunun taban adresini ayarla.
psplnterruptsSetVectorTableAddress,
pspExternalInterruptSetVectorTableAddress islevlerini kullan.

2. Olusturma Yazmacini ilk durumuna getir. bspInitializeGenerationRegister

islevini kullan.

3. Dis kesinti tetiklerinin sifirlandiginin saglamasini yap. bspClearExtInterrupt

islevini kullan.

4. Oncelik sirasi igin, (islev pspExtInterruptSetPriorityOrder), esik igin (islev
pspExtInterruptsSetThreshold), i¢ ice gegme oncelik esigdi icin (islev
pspExtInterruptsSetNestingPriorityThreshold) varsayilan degerleri

ayarla.
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KESINTi KAYNAKLARININ iLK DEGERLENDIRMESi:

1. BUtln kesinti kaynaklari i¢in ucayliligi (etkin-ylUksek/etkin-dislk), tirt (dizey-
tetikli’/kenar-tetikli) pspExt InterruptSetPolarity,
pspExtInterruptSetType iglevlerini kullanarak ayarla.

2. Bekleyen kesintileri pspExtInterruptClearPendingInt iglevini kullanarak
sifirla.

3. pspExtInterruptSetPriority islevini kullanarak butlin dis kesinti kaynaklari
icin oncelik duzeyini ayarla.

4. pspExternalInterruptEnableNumber iglevini kullanarak uygun dis kesinti
kaynaklari icin kesintileri etkinlestir.

5. Coklu vektdér modunda bitin dis kesinti kaynaklari igin karsilik gelen yéneticinin
adresini dig vektorlU kesinti adres tablosunda yaz.

ILERIi DUZEY GOREV: Bu temel islevleri daha derinden anlamak icin suradaki PSP
kodunu .platformio/packages/framework-wd-riscv-sdk/psp, suradaki BSP koduny
.platformio/packages/framework-wd-riscv-sdk/board/nexys_a7_eh1/bsp incele. Ozellikle su
dosyalar ilgi ¢ekicidir, birkagi api_inc alt klasérindedir.

- bsp_external_interrupts.h: external_interrupts creation in RVfpga

- psp_interrupts_eh1.h: it provides information and registration APIs for ISRs on the EH1

core
- psp_ext_interrupts_eh1.h: it defines the psp external interrupts interfaces for SweRV EH1
- psp_macros_eh1.h: it defines the psp macros for SweRV EH1
- psp_csrs_eh1.h: definitions of SweRV EH1 CSRs

Bu islevlerden en az birini yazmag dizeyine dek ¢dézimleme 6nerilir. Bu amag icin Ek’te
verilen bilgiyi kullanabilirsin, orada SweRV EH1 Cekirdeginin PIC’sinin dig kesintileri
yazmag duzeyinde nasil yapilandirip yonettigi tanimlanir.

ILERIi DUZEY GOREV: Western Digital’in sagladigi dis kesintiler demosunu da ¢ézimleyip
yuritmeni éneriyoruz, suradan https://github.com/westerndigitalcorporation/riscv-fw-
infrastructure ya da PlatformlO projesinde suradan
[RVipgaPath]/RVfpga/Labs/Lab9/WD_demo_external_int_Original erisilebilir. Eger diizgin
calisirsa dizisel konsolda su iletileri gormen gerekir:

Hello from SweRV core running on NexysA7
Core list:

External Interrupts tests passed successfully
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Bu bélimde programlanmis 1/O programlari kesinti gtidiimlu 1/O programlarina
doénustirmenin érneklerini saghyoruz. Programlanmig 1/O’nun degisik sorunlarini gosteren
(ilk, ikinci 6rnekler), ardindan Kesinti-gudimla I/O semasiyla bu sorunlarin nasil kolayca
¢Ozulebilecegini gosteren (liglincu 6rnek) Ug 6rnek gosteriyoruz.

5. ORNEKLER

A. LED-Switch C-Lang programi

LED-Switch_C-Lang programi (Figlr 4’e g6z at) en sagdaki LEDin durumunu, en sagdaki

anahtarda 0>1 gegcisi gergeklestirdiginde tersie donduirtr. Program suradadir:
[RVfpgaPath]/RVfpga/Labs/Lab9/LED-Switch_C-Lang.c

Cevre birimlerinin ilk degerlendirmesinden sonra program simdiki durumu énceki durumla
kiyaslayan bir sonsuz déngulye girer, bir 0>1 gecisi bulunursa LED durumunu tersine
doéndurur (6nemli olarak 1->0 gecisinde bir degisiklik ya da eylem gerceklesmez).

C’de yazilan 6nceki érneklerle alistirmalarda 1/0 yazmaglarini okumak igin makrolar
tanimladik (READ GPIO, READ Reg, WRITE GPIO, WRITE Reg, gibi.). Bu 6rnekte bu
amagla PSP’de tanimlanmig iki makroyu kullaniyoruz: M PSP READ REGISTER 32, ki bu
arguman olarak verilmig 32-bitlik yazmaci okur, ile M PSP WRITE REGISTER 32, kibu
ikinci argumanda verilmis degerle bir 32-bitlik yazmaca yazar. Bu makrolari kullanmak igin
framework = wd-riscv-sdk satirini platformio.ini dosyasinda igermen, (bu bir proje
RVfpga hedeflenerek olusturuldugunda varsayilandir) #include "psp api.h" satirini
program basinda icermen gerektigini animsa (Figur 4, satir 1).

int main ( void

int LED state, Sw_current state, Sw previous state;

M _PSP_WRITE REGISTER 32(GPIO_INOUT, FFFF);

LED state = 0;
M _PSP_WRITE REGISTER 32(GPIO_LEDs, LED state);
Sw_previous_state = (M PSP _READ REGISTER 32(GPIO SWs) >> 16) &

(1) {

Sw current state = (M PSP READ REGISTER 32(GPIO SWs) >> 16) &
(Sw_current_state==1 & Sw_previous_state==0){
LED state = !LED state;
M_PSP_WRITE REGISTER 32(GPIO LEDs, LED state);
}

Sw_previous_state = Sw_current_state;

(0);

Figlir 4. LED-Switch_C-Lang programu

GOREV: LED-Switch_C-Lang programini detaylica anlamak igin ¢éziimle. Gerekirse
programi adim adim ¢ézumlemek igin ayiklayiciy kullanabilirsin.

Program dlizgln galisir ancak gok verimsizdir, program anahtarlari/LEDIleri okuyup/yazma
disinda is yapmaz. Islemcimizin I/O aygitlariyla iletisim kurma disinda isler de yapmasini
isteriz.
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B. LED-Switch 7SegDispl C-Lang programi

Bu ikinci 6rnekte, LED-Switch_7SegDispl_C-Lang, program LED-Switch_C-Lang’i ikinci bir
cevre birimiyle genisletir: 7-kesimli ekranlar. Program iki gorevi yerine getirir:
- Ik drnekteki gibi en sagdaki LED’i 0>1 gegisi en sagdaki anahtarda olunca tersine
dondurdr.
- 8-sayi 7-kesimli ekranlarda yiikselen bir sayi gdsterir, ki bu saniyede bir artar. Onemli
olarak, anlagilmanin kolayhgi i¢in, bir for dongusuyle bir saniyelik geciktirme
olusturuyoruz (Ahstirma 1’de bu amaclar Deney 8'deki zamanlayiciyi kullanacaksin).

Bu programi Figlr 5’te gorip surada bulabilirsin:
[RVfpgaPath]/RVfpga/Labs/Lab9/LED-Switch_7SegDispl_C-Lang.c

ilk degerlendirmelerden sonra program simdiki anahtar degerini éncekiyle kiyaslayip 0> 1
gegisi olursa LED durumunu tersine déndiren bir dénguye girer. Ardindan 8-sayi 7-kesimli
ekranlarda gosterilen deger arttirilip gecikme olugturulur. Figur 5’te kirmizi kutuya goz at.

"psp_api.h"

nt main (

int 1, LED state, Sw_current_state, Sw next state, count=0;
M _PSP_WRITE REGISTER 32(GPIO_INOUT, FFF);
M_PSP_WRITE_REGISTER 32(0x8

LED state = 0;
M _PSP_WRITE_REGIST 32(GPIO_LEDs, LED state);
Sw current state = PSP READ REGISTER 32(GPIO SWs) >> ) &

(1) {

Sw_next_state = (M _PSP_READ REGISTER 32(GPIO SWs) >> 16) &
(Sw_current_state==0 && Sw_next state==1){
LED state = !LED state;
M_PSP_WRITE_REGISTER 32(GPIO_LEDs, LED_state);

Sw current state = Sw next state;

M PSP_WRITE REGISTER 32(SegDig ADDR, count);
count++;

(i=0;i<1 Sk

Figur 5. LED-Switch_7SegDispl_C-Lang programi

GOREV: Detaylica anlamak i¢in LED-Switch_7SegDispl_C-Lang programini ¢éziimle.
Gerekirse programi adim adim ¢ézimlemek igin ayiklayiciyi kullanabilirsin.

Onemli olarak bu durumda program kimi durumlarda dogru bile calismaz. Ornegin geciktirme
dongulsu sirasindaki bir 0>1->0 gecisi tespit edilemez. Dahasi, 6nceki érneklerdeki sorunlar
yine bulunur: iglemci surekli aygitlari okuma/yazma ya da gecikme olusturmayla ugrasir.
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Bu durumlari nasil iyilestirebiliriz? Yanit Kesinti-guidiimli 1/0.How could we improve these
situations? The answer is Interrupt-driven I/O. izleyen 6rnekle sonraki béliimdeki
alistirmalarda bu sorunlari nasil ¢6zlp, daha verimli, batliin durumlarda dizgin ¢alisan
programlarin nasil gergeklestirilecegini gosteriyoruz.

C. LED-Switch 7SeqgDispl Interrupts C-Lang programu

Bu son érnekte ([RVfpgaPath]/RVfpga/Labs/Lab9/LED-Switch _7SegDispl_Interrupts C-
Lang.c) Kesinti-gudimli 1/0’nun en sagdaki anahtarin durumunu okumak igin nasil
kullanilacagini gosteriyoruz. Bu yaklagimi kullanma gecikme dongusundeki anahtar
gecislerinin kaybini 6nler. Ancak islemcinin gecikme déngusuyle ugrasmasi yine vardir. (Bu
sorunla Alistirma 1’de ugrasacaksin)

Yenimain iglevi, Figur 7, su gorevleri yerine getirir:
- Kesinti sistemini ilk degerlendir:

o Kesintilerin varsayilan ilk degerlendirmesi: DefaultInitialization
islevini ¢cahstir (satir 119), Figur 8.

o Belirli bir esik ayarla, pspExtInterruptsSetThreshold (5) islevini
calistirarak yapilir (satir 120). Bu esigi yukarisinda dnceligi bulunmayan dig
kesintiler gormezden gelinecektir.

- Dis kesinti dogrusu IRQ4 ilk degerlendirmesi:

o IRQ4 dogrusunu ilk degerlendir: ExternalIntLine Initialization
(satir 123) islevini dogru 4 icin galistir, 6nceligi 6, Kesinti Hizmet Yordamini
GPIO ISR olarak ayarla. Bu iglevi Figlr 9'da ¢ozimlUyoruz.

o IRQ4’G GPIO kesinti dogrusuyla bagla (satir 124). Bu 0x80001018
kelimesinin bit OinI ayarlayarak yapilir (6rnekte Select INT olarak etiketli).
This System Controller memory-mapped register contains 2 bits (see Figur 6):
bit 0, called irq_gpio_enable, used to connect the GPIO interrupt line with
IRQ4 when it is set to 1; and bit 1, called irq_ptc_enable, used to connect the
timer interrupt line with IRQ3 when it is set to 1. For now, it is enough that you
know this high-level functionality; later, in Exercise 2, we explain the Verilog
implementation in detail, so that you can modify it as part of that exercise.

irg_ptc_ | irq_gpio
enable _enable

0x80001018

Bit 31 Bit2 Bitl Bit 0

Figur 6. RVfpga’in 0x80001018 yazmaci.

- Cevre birimlerini ilk dederlendir (bu 6rnekte GPIO ile 7-kesimli ekranlar):
o Satir 127°de GPIO Initialization iglevini galgtir. Bu iglevi Figlir 10'da
¢Ozumluyoruz.
o T7-kesimli ekranlar etkinlestir (satir 128).
- Kesintileri etkinlestir:
o psplnterruptsEnable (satir 131)igleviyle M PSP SET CSR (satir 132)
makrosunu galistir. D_PSP_MIE_NUM ile D_PSP_MIE_MEIE_MASK sabitleri
WD’nin PSP’sinde tanimlidir.
- Son olarak 7-kesimli ekranlar yazilip sonsuz yineleyen déngude gecikme olusturulur
(satirlar 134-141).
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ExternalIntLine In tion(4, 6, GPIO ISR)
M _PSP_WRITE REGISTER (Select_INT, 1)

GPIO Initi H
M_PSP_WRITE ER _32(SegEn_ADDR, )

ipt able();
ET_CSR(D_PSP_MIE_NUM, D_PSP_MIE _MEIE_MASK);

(1 {
M _PSP_WRITE REGISTER 32(SegDig ADDR, count);

count++;

(1=0;1<5
}
}

Figur 7. main iglevi.

DefaultInitialization iglevi, Figlr 8, asagidaki 6ge “DEFAULT INITIALIZATION
OF THE INTERRUPT SYSTEM” Bolim 4’lGnde agiklanan adimlari atar:

- It configures the vector-table (lines 53 and 56). Note that, in this example, array
G Ext Interrupt Handlers stores the vector-table.

- ltinitializes the register used for triggering the IRQs (line 59).

- It clears all external interrupts (in our case IRQ3 and IRQ4) at lines 61-65. Constants
D_BSP_FIRST_IRQ_NUM and D_BSP_LAST_IRQ_NUM are defined by WD’s BSP
to 3 and 4, respectively.

- It establishes the default threshold and priorities (lines 68, 71 and 74). Again, the
constants used by these functions are defined by WD’s PSP.

void DefaultInitialization(void)

u32_t uiSourceld;

pspInterrupt torTableAddress (&M _PSP_VECT TABLE);
pspExternalInterruptS torTableAddress(G_Ext_Interrupt Handlers);
bspInitializeGenerationRegister(D_PSP_EXT_INT_ACTIVE_HIGH);

(uiSourceId = D BSP FIRST IRQ NUM; uiSourceId <= D BSP LAST IRQ NUM; uiSourceId++)
{

bspClearExtInterrupt(uiSourceld);
}

pspExtInterr rior der(D_PSP_EXT_INT STANDARD PRIORITY);

pspExtInterrup hreshold(M_PSP_EXT_INT THRESHOLD UNMASK ALL VALUE);

pspExtInterrup lestingPriorityThreshold(M_PSP_EXT_INT THRESHOLD UNMASK ALL_ VALUE);

Figur 8. Defaultinitialization iglevi

ExternallIntLine Initialization iglevi, Figir 9, asagidaki 6ge “INITIALIZATION
OF EACH INTERRUPT SOURCE” bolim 4’linde agiklanan adimlari atar:
- It configures the type and polarity of the IRQ4 interrupt (the constants used by these
functions are defined by WD’s PSP) and it clears any potential pending interrupts at
the corresponding gateway (lines 81, 84 and 87).
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- It sets the priority for IRQ4 (line 90).

- It enables IRQ4 interrupts in the PIC at line 93.

- It registers the GPIO Interrupt Service Routine (GPIO_ISR) in the vector-table (at line
96), which is stored in array G_Ext Interrupt Handlers.

void ExternalIntLine Initialization(u32_t uiSourceld, u32_t priority, pspInterruptHandler t pTestIsr)

pspExtInterruptSetType(uiSourceId, D PSP_EXT INT LEVEL TRIG TYPE);

pspExtInterruptSetPolarity(uiSourceId, D PSP_EXT INT ACTIVE HIGH);

pspExtInterruptClearPendingInt(uiSourceld);

pspExtInterruptSetPriority(uiSourceld, priority);

pspExternalInterruptEnableNumber(uiSourceld);

G_Ext_Interrupt Handlers[uiSourceId] = pTestIsr;

Figlr 9. ExternalintLine_Initialization iglevi

GPIO_Initialization islevi, Figir 10, su gorevleri yerine getirir:

- Configure the GPIO pins as input/output and initialize the LEDs to 0 (lines 103 and
104).

- Configure the GPIO interrupts. (To further understand the functionality of each GPIO
register, use the GPIO Core Specification, available at:
[RVfpgaPath]/RVfpga/src/SweR\VolfSoC/Peripherals/gpio/docs/gpio_spec.pdf.)

o RGPIO_INTE: it determines which general-purpose pins generate an interrupt
(line 107).

o RGPIO_PTRIG: it determines the edge that generates an interrupt (line 108).

o RGPIO_INTS: it clears the interrupts of all pins (line 109).

o RGPIO_CTRL: the least-significant bit of this register enables interrupt
generation (line 110).

void GPI0 Initialization(void)

WRITE _REGISTER 32(GPIO_INOUT,
WRITE_REGISTER 32(GPIO_LEDs,

32(RGPIO_INTE,
32(RGPI0O_PTRIG,
(
(

32(RGPIO CTRL,

Figlir 10. GPIO_Initialization iglevi.

Son olarak ISR (bir diger deyisle GPIO_ ISR islevi, Figir 11) kesinti GPIO’da tetiklenince
cahistirilir. Bu ISR (Kesinti Hizmet Yordami) su gérevleri yerine getirir:

- The current state of the LEDs is read (line 35).

- The LEDs are inverted and masked (lines 36-37).

- The LEDs are written with the new value (line 38).

- The GPIO interrupt is cleared (line 41).
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- The IRQ4 external interrupt is cleared (line 44).

void GPIO ISR(void)

M_PSP_WRITE REGISTER 32(RGPIO_INTS, )

bspClearExtInterrupt(4);

}

Figlir 11. GPIO_ISR islevi.

GOREV: LED-Switch_7SegDispl_Interrupts_C-Lang programini detaylica anlamak igin
¢6zimle. BAlim 4°Un gergeklestirmesiyle kiyaslayip, gerekirse programi adim adim
cbzumlemek icin ayiklayiciyi kullanabilirsin.

6. ALISTIRMALAR (INGILIZCE

Ahstirma 1. Modify the LED-Switch_7SegDispl_Interrupts_C-Lang program to include a
second interrupt source, in this case generated by the timer. Recall that a timer can act as a
PWM generator, timer, or counter, so it is generally referred to as a PTC unit.
- In RVfpga, the timer interrupt is connected to IRQ3 by setting bit 1
(irg_ptc_enable) of word 0x80001018 (see Figlr 6).
- Create a function that initializes PTC interrupts, similar to
GPIO Initialization inthe previous example.
- Create a second ISR called PTC_ISR. It should be similar to GPIO ISRin
the LED-Switch_7SegDispl_Interrupts_C-Lang program, but it should instead
be invoked using IRQ3. PTC_ ISR should handle and clear the timer interrupt.

Once the program is implemented and debugged, use the PSP functions
pspExtInterruptsSetThreshold (threshold) and
pspExtInterruptSetPriority (interrupt source, priority) toanalyse
different combinations of the priorities and the threshold. Note that you can even
change the priorities at execution time; for example, you can show the 7-segment
displays count up to 10 and then stop counting by modifying the priority of the
appropriate external interrupt source.

Ahstirma 2. Modify RVfpga to include a third interrupt source coming from the second GPIO
that you designed in Lab 6 for controlling the on-board pushbuttons (GP102). Two
approaches are possible for completing this exercise:

- You can connect the GPIO2 interrupt to an unused external interrupt source.
SweRV EH1 provides up to 255 different interrupt lines and so far we have
only used 2 of them. The drawback of this approach is that WD’s libraries
need to be modified.

- You can connect the GPIO2 interrupt to IRQ4, so that the GPIO module (that
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connects to the LEDs and switches) and GPI102 (that connects to the
pushbuttons) use a single-vector interrupt mode. Although multi-vector mode
is preferable under some situations, the advantage of this approach is that
you can reuse the BSP.

We provide some guidance for the second approach by providing some details about
the low-level implementation of interrupts in RVfpga.

Figlr 12 shows the RVfpga circuit that connects the various interrupt sources (GPIO
interrupt, timer interrupt — and the interrupt sources originally available in the
SweRVolf core, which we do not analyse nor use here) with IRQ4 and /IRQS3.
Specifically, IRQ4 is connected to the GPIO when irq_gpio_enable = 1 (Figlr 6),
whereas IRQ3 is connected with the timer when irq_ptc_enable = 1 (Figlr 6). When
irq_gpio_enable = irq_ptc_enable = 0, IRQ4 and IRQ3 are connected with the
SweRVolf original interrupt sources, which we do not use in this lab (if you are
interested in using these interrupt sources, you can view more information from
https://qithub.com/chipsalliance/Cores-SweRVolf).

irq_gpio_enable

GPIO1-| spio_ira [
LEDsSw IRQ4

SweRVolf timer

and software SweRV
interrupts EH1

IRQ3

ptc_irq
Timer 1

irg_ptc_enable

Figur 12. Logic implementation: connection of GPIO and timer interrupts with
IRQ4 and IRQ3 respectively

Figlr 13 shows the Verilog region of module swervolf_core that implements the
connection between the interrupt sources and /IRQ4 and IRQ3. The GPIO interrupt is
connected with IRQ4 when signal irq_gpio_enable is 1 (top part of the red box). The
timer interrupt is connected to IRQ3 when signal irq_ptc_enable is 1 (bottom part of
the red box). When both signals are 0 (code not highlighted in the figure), the
interrupt sources implemented in SweRVolf are connected to IRQ3 and IRQA4.
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( i clk)
o wb_ack i wb cyc o wb_ack;

nmi int | G
nmi_int_r nmi_int;

(irg_gpio_enable gpio_irq)
sw irq4 1'bl;

(irq_ptc_enable & ptc_irq)
sw_irq3 i

('irq_gpio_enable irq_ptc_enable)

(sw_irq3_edge)
sw_irg3 1 -
(sw irq4 edge)
sw_irq4 5

(irq timer en)
irq_timer_cnt irg_timer_cnt

(irq_timer cnt 2'd1)
irq_timer_en 1 5

(sw_irqg3_timer)

sw irq3 1'bl;

(sw_irqg4 timer)

sw_irq4 -

(!(sw_irq3 timer | sw_irq4 timer))

nmi int 1'bl;

Figur 13. Verilog gerceklestirmesi: highlighted in red, connection of GPIO and
timer interrupts with IRQ4 and IRQ3, respectively.

In this exercise you must extend the previous implementation (Figlr 12) to include a
new interrupt source connected to /IRQ4 as shown in Figlr 14.

GPIO2- irqg_gpio_enable
PushBtns —L
gpio_irq
GPIO1- M IRQ4
LEDsSw 0
SweRV
EH1
IRQ3
ptc_irq
Timer 1

irq_ptc_enable

Figur 14. Logic implementation: connection of a second interrupt source
(provided by the GPIO that reads the pushbuttons) with IRQ4

We highlight a few other Verilog regions that you should also understand, although
you do not need to modify them in this example.

- The interrupt sources are inserted into the SweRV processor at line 599 of
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the swervolf_core module (Figur 15). Although four interrupt sources are
available, in this lab we are only interested in sources sw_irg4, and sw_irg3.

.extintsrc req ({4'de, sw irq4, sw irq3, spi® irq, uart irq}),

Figur 15. Interrupt sources sent to SweRV

- The enable signals, irq_gpio_enable and irq_ptc_enable (accessible at
address 0x80001018, see Figur 6), are written by the core at lines 192-196 of
the swervolf_syscon module (Figlr 16).

(i wb sel[e])
irq gpio enable i wb dat[e];
irq ptc_enable i wb dat[1];

Figuir 16. Writing of register 0x80001018 from the SweRV core

These enable signals, irq_gpio_enable and irq_ptc_enable, are read at lines
248-249 by the swervolf_syscon module from the core (see Figur 17).

9'de, irq _ptc enable, irq gpio enable};

Figur 17. Reading of register 0x80001018 into the SweRV core

Ahstirma 3. Use the extended RVfpga version that you designed in the previous exercise to
implement a C program that displays an increasingly incrementing binary count on the LEDs,
starting at 1. Create a delay with the timer, using interrupts, for waiting between displaying
each incremented value so that the values are viewable by the human eye. Read BTNC and
use it to change the speed of the count, and read Switch[0] and use it to restart the count
whenever it is pressed.

With your extended RVfpga from Exercise 2, you now have three possible interrupt

sources:

e GPIO (interrupts from the switches)

¢ GPIO2 (interrupts from the buttons, that you designed in the previous exercise,
Exercise 2)

e PTC (the timer)

Given that the extended RVfpga implementation from Exercise 2 has two interrupt
sources that share the same line (IRQ4), the corresponding Interrupt Service Routine
(GPIO ISR) has to identify the device that generated the interrupt. You can obtain
that information from the GPIO registers.
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EK (INGILiZCE

This appendix describes how the SweRV EH1 Core’s Programmable Interrupt Controller
(PIC) manages external interrupts at a register level. The PIC uses the memory-mapped
registers shown in Tablo 2. It must be noted that the PIC memory space starts at address
0xFO0CO0000; This address is referred to as RV_PIC_BASE. Addresses are given relative to
this base address.

Tablo 2. PIC Memory-mapped Register Address Map

Addresses (relative to Description Location at
RV_PIC_BASE) the manual
meiplS 0x0004 — 0x0004+ Smax*4-1 External interrupt priority level Tablo 6-2 of
register [PRM v1.7]
meipX 0x1000 — 0x1000+(Xmaxt+1)*4-1 | External interrupt pending register | Tablo 6-3 of
[PRM v1.7]
meieS 0x2000 — 0x2000+ Smax*4-1 External interrupt enable register | Tablo 6-4 of
[PRM v1.7]
mpiccfg 0x3000 — 0x3003 External interrupt PIC Tablo 6-1 of
configuration register [PRM v1.7]
meigwctrlS | 0x4004 — 0x4004+ Smax*4-1 External interrupt gateway Tablo 6-11 of
configuration register (for [PRM v1.7]
configurable gateways only)
meigwclrS | 0x5004 — 0x5004+ Smax*4-1 External interrupt gateway clear Tablo 6-12 of
register (for configurable [PRM v1.7]
gateways only)

All registers are 32 bits wide and are accessible through load and store instructions, as usual
for memory-mapped I/O. The access type depends on the specific bits that we want to
access (this can be viewed at [PRM v1.7]).

Some of the registers have parameterized names, which end in S or X. Several instances of
these registers can exist. The parameter S refers to the number of external interrupt
sources, which in SweRV EH1 is equivalent to the number of gateways. Thus, registers
ending with ‘S’ have 1 to 255 register instances available. In this lab we only use 2 external
interrupt sources: IRQ3 (associated with the timer), and IRQ4 (associated with the GPIO).
The parameter X refers to a group of 32 gateways. This does not mean that the gateways
are grouped, but grouping them reduces the size of required memory for certain 32-bit
registers where 1 bit is enough for performing an action on a group of external interrupt
sources. Such is the case of the external interrupt pending register, where one bit is enough
to distinguish whether or not the interrupt has been serviced. In order to get more
information about these registers, the rightmost column of Tablo 1 points to the place within
[PRM v1.7] where the bit-level (specific interrupt) description is contained.

Besides the registers shown in Tablo 2, the PIC contains Control and Status Registers
(CSRs). The standard RISC-V ISA establishes a 12-bit encoding space (csr[11:0]) for up to
4,096 CSRs. By convention, the upper 4 bits of the CSR address (csr[11:8]) are used to
encode the read and write accessibility of the CSRs according to privilege level. The top two
bits (csr[11:10]) indicate whether the register is read/write (00, 01, or 10) or read-only (11).
The next two bits (csrf9:8]) encode the lowest privilege level that can access the CSR. More
information about the CSRs is available in [PRM v1.7] and [ISM v1.11]. Tablo 3 lists those
CSRs that are useful for managing the external interrupts in the SwerRV EH1 core. These
are accessible through dedicated load and store instructions such as csrrw or csrrs (CSR
read/write and CSR read/set).
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Tablo 3. PIC Non-standard RISC-V CSR Address Map.

 Name Number Description Location
meivt 0xBC8 External interrupt vector table register Tablo 6-6 of
[PRM v1.7]
meipt 0xBC9 External interrupt priority threshold register Tablo 6-5 of
[PRM v1.7]
meicpct 0xBCA External interrupt claim ID / priority level capture trigger Tablo 6-8 of
register [PRM v1.7]
meicidpl 0xBCB External interrupt claim ID’s priority level register Tablo 6-9 of
[PRM v1.7]
meicurpl | 0xBCC External interrupt current priority level register Tablo 6-10 of
[PRM v1.7]
meihap OxFC8 External interrupt handler address pointer register Tablo 6-7 of
[PRM v1.7]
mie 0x304 Machine interrupt enable register Tablo 11-1 of
[PRM v1.7]
mstatus 0x300 Machine status register Figlr 3.7 of
[ISM v1.11]

The right-most column on Tablo 3 points to the place in [PRM v1.7] or [ISM v1.11] where
bit-level information is described for the given CSR (note that the mstatus bits description is
not provided in [PRM v1.7] but in [ISM v1.11] instead).

A. External Interrupt Configuration

In this subsection we summarize the basic steps needed to configure an external interrupt
using the aforementioned registers:

1. Disable all external interrupts by clearing bit miep within the mie CSR.

2. Configure the priority order by writing the priord bit of the mpiccfg register.

3. In multi-vector mode, if not configured, set the base address of the external vectored
interrupt address table by writing the base field of the meivt register.

4. Set the priority threshold by writing the prithresh field of the meipt register.

5. Initialize the nesting priority thresholds by writing ‘0’ (or ‘15’ for reversed priority
order) to the clidpri field of the meicidpl and the currpri field of the meicurpl registers.

6. For each configurable gateway S, set the polarity (active-high/active-low) and type
(level-triggered/edge-triggered) in the meigwctrlS register and clear the IP bit by
writing to the gateway’s meigwclirS register.

7. In multi-vector mode, for each external interrupt source S, write the address of the
corresponding handler in the external vectored interrupt address table.

8. Set the priority level for each external interrupt source S by writing the corresponding
priority field of the meiplS registers.

9. Enable interrupts for the appropriate external interrupt sources by setting the inten bit
of the meieS registers for each interrupt source S.

10. Activate the mei bit within the mstatus CSR.

11. Enable all external interrupts by setting bit miep within the mie CSR.

These are the general steps for S gateways. However, in RVfpga we only use 2 interrupt
sources (IRQ3 and IRQ4), each of which has its own gateway. Furthermore, it must be noted
that the order is not fully strict, as some actions are interchangeable (e.g., step 4 can be
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completed prior to step 2). Besides, because each function calls pspinterruptsDisable upon
entry, step 1 is not strictly needed.

B. External Interrupt Operating Mode

In this subsection we describe how the PIC operates once an external interrupt is triggered.
Once the desired event occurs on the external interrupt line (wire), the following actions take
place:

1. The PIC decides which pending interrupt possesses the highest priority.

2. When the target hart (hardware thread) takes the external interrupt, it disables all
interrupts (i.e., it clears the mie bit in the RISC-V hart’'s mstatus register) and jumps
to the external interrupt handler.

3. The external interrupt handler writes to the meicpct register to trigger the capture of
the interrupt source ID of the highest priority external interrupt that is pending (in the
meihap register) and its corresponding priority (in the meicidpl register).

4. The handler then reads the meihap register to obtain the interrupt source ID provided
in the claimid field. Based on the contents of the meihap register, the external
interrupt handler jumps to the handler specific to this external interrupt source. This
can be observed in Figlr 18.

5. The source-specific interrupt handler (ISR) services the external interrupt, and then:

a. For level-triggered interrupt sources, the interrupt handler clears the state in
the SoC IP which initiated the interrupt request.
b. For edge-triggered interrupt sources, the interrupt handler clears the IP bit in
the source’s gateway by writing to the meigwclirS register.
This deasserts the source’s interrupt request.
6. Meanwhile, in the background, the PIC continues evaluating pending interrupts.

External Interrupt
Handler Text Blocks

No-Interrupt
Handler

External Interrupt
Handler 1

Extemal Interrupt

Vecior Table External Interrupt

base —| _ No-Interrupt Pointer Handler 2

ource |ID 1 Pointer
ource ID 2 Pointer

meihap ource ID 3 Pointer —————» External Interrupt
base, claimid, 2'b0] . | Handler 3

Source ID 255 Pointer —|

- -

Arbitrary Size Text Blocks

External Interrupt
Handler 255

Figur 18. Vectored External Interrupts (taken from [PRM v1.7])

It must be noted that this is regular operation mode. Nested interrupts (a maximum of 15)
are also supported in the SweRV EH1 core. For more information, please consult the [PRM
v1.7].
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