6.175: Constructive Computer Architecture

Tutorial 3

RISC-V and Debugging

Quan Nguyen

(Moonlights as an amateur instruction set evangelist)
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Outline
* RISC-V processor (from lab 5 onwards)
* Debugging
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RISC-V Processor

and the SCE-MI Infrastructure
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RISC-V Interface

interface Proc;
method Action hostToCpu(Addr startpc);
method ActionValue#(CpuToHostData) cpuToHost;
interface MemInitIfc iMemInit;
interface MemInitIfc dMemInit;
endinterface

typedef struct {
CpuToHostType c2hType;
Bit#(16) data;
} CpuToHostData deriving(Bits, Eq);

typedef enum {
ExitCode, PrintChar, PrintIntLow, PrintIntHigh
} CpuToHostType deriving(Bits, Eq);
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RISC-V Interface

Host

cpuToHost

hostToCpu

dMemlinit

N
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mkProc - BSV \

CSR

dMem
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RISC-V Interface - CpuToHost

* Write mtohost CSR: csrw mtohost, rsi
= rs1[15:0]: data

+ 32-bit Integer needs two writes

m rs1[17:16]: c2hType

Oct 14, 2016

+ O: Exit code

+ 1: Print character

* 2: Print int, low 16 bits
¢ 3: Print int, high 16 bits

typedef struct {
CpuToHostType c2hType
Bit#(16) data;

} CpuToHostData deriving(Bits, Eq);

’
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RISC-V Interface - Others

-

o hostToCpu
m Tells the processor to start running from the given
address
* iMeminit/dMeminit
m Used to initialize iMem and dMem
m Can also be used to check when initialization is done

m Defined in Meminit.bsv

interface MemInitIfc;
interface Put#(MemInit) request;
method Bool done();

endinterface
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Connecting the RISC-V interface

* Previous labs: software testbenches

* Want more advanced programs
= Load multiple programs and display their outputs
* How?
s C++ testbench connected to BSV module with SceMi
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SceMi Interface

th - C++ / B TSy \
[ a—
< CSR
- > PC
: Core
:
>
_ —
Oct 14,2070 http://csg.csail.mit.edu/6.175 Ao
Load Program
tb - C++ / " KProc — BSV \
P N /—\
B CSR
> > PC
: Core
add.riscv.vmh = @:
=
_ —

* Bypass this step in simulation

Oct 14, 2016
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Load Program

tb - C++

/ mkProc - BSV \

R
CSR

A 4

> PC N

Core

A\ 4

> iMem . -

\ 4

> dMem ~

.

e Simulation: load with mem.vmh (fixed file name)
m Copy <test>.riscv.vmh to mem.vmh

Oct 14, 2016
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Start Processor

th - C++

p

Starting PC
0x200

ﬂ\

mkProc - BSV \

A 4

A 4

Oct 14, 2016

A 4

R
CSR
> PC s
Core
> iMem s -
_ W
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Print & Exit

th - C++ [ mkProc - BSV \
(o Y
i ) __CSR_
c2hType: N CSR
1,2,3: print L
0: Exit > > PC T3
Data == [ Core
Data != 0
FAILED -
2l en =
_ -
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SceMi Interface: Simulation
mkProc - BSV

Compiled Program:

tb

Compiled BSim
Executable:

bsim_dut

Oct 14, 2016

TCP

PC
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SceMi Interface: FPGA

The same SceMi Testbench can be used to test hardware FPGA
designs too!

tb - C++ ( mkProc - BSV \

Compiled FPGA Design
running on an FPGA
dev board

Compiled Program:
tb

PCle
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W,

Debugging

(and how to stay sane)
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Syntax?

-

Oct 14, 2016

. Bluespec compiler very helpful!

= Line/column number information

* Check your types

= Reg? EHR? Wire?
= Be careful of "let” statements

http://csg.csail.mit.edu/6.175
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3.
4.

5.

Oct 14, 2016

Things to try

1. Reason carefully about your design

= (If you can't, rethink your design’s modularity)

2. Use $display() within rules, Action/ActionValue

methods

In functions, either see #1 or place $display in rule
containing function

Use waveforms (up next)

When debugging processors, use PC and
assembly code

Get some rest and come back later

http://csg.csail.mit.edu/6.175
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$display
* Prints text to console

m $display(“hello”);

m $display(“the value is %d”, 42);

m $display(“struct contents: “, fshow(s));
* Formats:

m %d: decimal

= %X: hexadecimal
= %0: octal
= %b: binary
* Use %0d (zero), %0x, %00, %0b to print without
whitespace padding
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Ways to Display Values

fshow

* fshow is a function in the FShow typeclass
m (see Tutorial 2 for typeclasses)

* It can be derived for enumerations and structs
= In structs, can define recursively

typedef enum {Red, Blue} Colors deriving(FShow);
Color ¢ = Red;

$display(“c is “, fshow(c)); Prints “c is Red

Oct 14, 2016 http://csg.csail.mit.edu/6.175 T04-20
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‘Manually specifying your own

= Use $format (similar to $display) to return Fmt
= Combine multiple fshows, Strings together

instance FShow#(Color);
function Fmt fshow(Color c);
case (c)
Red: return fshow(“Rojo”);
Blue: return fshow(“Azul”);
default: return fshow(“?”);
endcase
endfunction
endinstance
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BSV Debugging
Waveform Viewer

* Simulation executables can dump VCD waveforms
m ./bsim_dut -V test.vcd
* Produces test.vcd containing the values of all the signals
used in the simulator
= Not the same as normal BSV signals
* VCD files can be viewed by a waveform viewer
= Such as gtkwave
* The signal names and values in test.vcd can be hard to
understand
m Especially for structures and enumerations

= But try your best

Oct 14, 2016 http://csg.csail.mit.edu/6.175
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Bluespec GUI Example

* gtkwave: waveform viewer
» installed on visifarm matchines
* SSH with -X
m ssh -X you@vlisifarm-Ox.mit.edu
= Windows: might need Cygwin/X
» Mac OS X: might need XQuartz

Oct 14, 2016 http://csg.csail.mit.edu/6.175
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Bluespec project

* Create Bluespec GUI project file
m project.bld: workstation-project-file

m $ cd scemi/sim
m $ build —v onecycle
m onecycle.bspec is the project file

Oct 14, 2016 http://csg.csail.mit.edu/6.175
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Simulation:
generate VCD file

$ cp ../../programs/build/assembly/vmh/simple.riscv.vmh

mem. vimh
$ ./bsim_dut -V out.vcd > log.txt &
$ ./tb

Oct 14, 2016 http://csg.csail.mit.edu/6.175 T04-25

Open Bluespec GUI

$ bluespec onecycle.bspec

Project File Editor Project Edit Build Tools ﬂ"“’WIMe“* LE
O ../Bridge.bsv A le“lﬁil = |=| @l‘l | @lElQl

O -./ResetXactor.bsv The project ./onecycle.bspec is opened.
O ../SceMiLayer.bsv
O src/FourCycle.bsv
O src/OneCycle.bsv
O src/TwoCycle.bsv
O src/TwoStage.bsv
O src/TwoStageBTB.bsv
O includes/Btb.bsv
O includes/CsrFile.bsv
O includes/DMemory.bsv
O includes/Decode.bsv .
O includes/DelayedMemory.bsv
O includes/Ehr.bsv
O includes/Exec.bsv

mit 1

O includes/Fifo.bsv d
O includes/IMemory.bsv !

| < >

O includes/Meminit.bsv
O includes/MemTypes.bsv

<« > |




Open Module Browser
a
* Window = Module Browser
Project Edit Builld Tools mnuow| Message Help
D[@|@] [ Frkoteies =]
The project ./onecycle Editor Window
Package Window
Minimize All
Close All
u i
hd
Activate Module Browser Window mit 1
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Top level module
Module Vi Wave Viewer
—L O CLK Clock Al View Source J
ORST_N Reset [—
Signals _sendcanrir |
Send Will Fire
V|
Module Hierarchy 5 comoms proviaes y o fes e
Send Clock
Methods S R
Send Body
v ki  Send To Wave
IFIM| w| Next | Prev GikWave 126 packages 15 modules
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Module View Wave Viewer

E mkBridge = L O CLK Clock A View Source
B scemi
e O RST_N Reset . JumpTo Inst
O cpuToHost ProcTypes::CpuToHostData
O tcp_port_number ReadOnly#(UInt#(32)) O EN_cpuToHost Bool e ED
O open_port O RDY_cpuToHost Bool
param_link_type Ignored O hostToCpu_startpe Bit#(32) Send Wil Fire
O uclkgen MakeClocklfc#(Bit#(1)) O EN_hostToCpu Bool
O rising_uclock_pw PulseWire O RDY_hostToCpu Bool Send Reg Output
O toggle_uclock O iMeminit_request_put MemTypes::Meminit
rstgen O EN_iMeminit_request_put Bool et
init_state O RDY_iMeminit_request_put Bool
clockGenerators O iMeminit_done Bool Send Predicate
_noc O RDY_iMemInit_done Bool
clk_port O dMeminit_request_put MemTyp LY |
B dut O EN_dMeminit_request_put Bool Send To Wave
8 dut 0 RDY_dMeminit_request_put Bool
prb_control O dMeminit_done Bool
B dutifc O RDY_dMeminit_done Bool
O myrst MakeResetlfc A4
O resetting Reg#(Bool) =
O didreset FIFO#(BIit#(1)) =7 =
B m_dut Proc B methods provided A
a8 .cpuToHost()
O pc Regi(BIt#(32)) .dMeminit_done()
 RFile .dMeminit_request_put()
Mem IMemory _hostToCpu()
Mem DMemory .IMeminit_done()
& csrf CsrFile .iMeminit_request_put()
O doProc kd
O donerest u
oolta. lFInd I :I Next Prev GtkWave 126 packages 15 modules a

T04-29

Open Waveform Viewer

JumpTo Inst

i

Send Will Fire

g |4
i

:
i
:

Send Body

Oct 14, 2016

1
= pr | [DCLK Clock
B du 5 - O RST_N Reset
o Load Dump File... O cpuToHost ProcTypes::CpuToHostData
O  Reload Dump File O EN_cpuToHost Bool
[m] O RDY_cpuToHost Bool
B Record Commands O hostToCpu_startpc Bit#(32)
Clear History O EN_hostToCpu Bool
Save session. O RDY_hostToCpu Bool
ey s O iMeminit_request_put MemTypes::MemInit
0O EN_iMeminit_request_put Bool
o 0O RDY_iMeminit_request_put Bool
O iMeminit_done Bool
Allow XServer connections >
[m] Close T
softrst B methods provided
imem .cpuToHost()
dmem .dMeminit_done()
tohost .dMeminit_request_put()
fromhost .hostToCpu()
M ehistdnwn

Send To Wave

i

Find LI Next | Prev | Starsthe Viewer 126
e

15 modules

http://csg.csail.mit.edu/6.175
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Load VCD

D

y: mit 17

& bdir_dut B [T

£1 gtkwave
£ info_dut
£ simdir_dut
£ tbinclude

K]

File name: out.ved

Files of type: All dump files (*.vcd," fsdb,".wif)

Oct 14, 2016
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Waveform Viewer

File Edit Search Time Markers View Help

e = e & kel | €@ & [ Fromiosec

To:[5830 us @ Marker: -- | Cursor: 2 us
v SST Signals Waves
$DUPO Time
. main |
Type |Signals |

Signal Waveform
names
Filter:
Append| Insert| Replacel
Oct 14, 2016 http://csg.csail.mit.edu/6.175 T04-32
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* Add clock

Module View Wave Viewer

Add Signals to View

prb_control
B dutifc
O myrst MakeResetifc
O resetting Reg#(Bool)
O didreset FIFO#(BIt#(1))
E m_dut Proc
Sim Prog
O pc Reg#(Bit#(32))
rf RFile
iMem IMemory
dMem DMemory
csrf CsrFile

L [mICLK Clock]

O RST_N Reset

O cpuToHost ProcTypes::CpuToHostData
O EN_cpuToHost Bool

O RDY_cpuToHost Bool

O hostToCpu_startpc Bit#(32)

O EN_hostToCpu Bool

O RDY_hostToCpu Bool

A At e b et Dant

O iMeminit_request_put MemTypes::MemIn

[ |

View Source

JumpTo Inst

Can Fire

fik

Send Will Fire

;
i

Reg

Send Clock

—-

B methods provided

Al

O doProc
O donerest -cpuToHost) SortEEy
softrst .dMeminit_done() p————
imem .dMeminit_request_put() end To Wave
IFIM l :] Next Prev GtkWave Ready 126 packages 15 modules
=
Oct 14, 2016 http://csg.csail.mit.edu/6.175 T04-33
Add Signals to View
- @@
* Add PC
Module View Wave Viewer
prb_control L 0O CLK Clock VI"—‘W
8 dutife OD_IN Bit#(32)
O myrst MakeResetifc OEN Bool oIS
Dresetting Reg#(Bool) o Send Can Fire
O didreset FIFO#(BIit#(1))
B m_dut Proc Send Will Fire
Em Proc
- retaii2) Sond Rog Output
f RFile 1=
iMem IMemory hd Send Clock
& dMem DMemory =
csrf CsrFile = Send
O doProc B methods provided
O donerest sy
first
imem
IFInd | GtkWave Ready 126 packages 15 modules A
4
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Add Signals to View

* Add csrf.wr method

Module View Wave Viewer

[ Oreseting RegRBoo)
O didreset FIFO#(Bit#(1))
& m_dut Proc
B m Proc
Opc RegHBIt#(32)
rf RFile
iMem IMemory
dMem DMemory
O doProc
O donerest
softrst
imem

dmem
tohost
fromhost

' |Ord_idx Bit#(12)
Ord Bit#(32)

View Source
JumpTo Inst
O RDY_rd Bool
[mRwr_idx Maybe#(Bit#(12) Send Can Fire
o
[RJEN_wr Booll Send Will Fire
[mIRDY_wr Bool|
O cpuToHost ProcTypes::CpuToHostData Send Reg Output
O EN_cpuToHost Bool
O RDY couToHost Bool Send Clock
Send Predicate
Send Body

Send To Wave

IFInd I GtkWave Ready 126 packages 15 modules Y
7.
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Add Signals to View
@ Add can_fire, will_fire for rule doProc
Module View Wave Viewer
s
B dutifc [mRCAN_FIRE_RL_doProc Bool
O myrst MakeResetifc CEAPUOIS
O resetting Reg#(Bool) [ —
O didreset FIFO#(Bit#(1))
B m_dut Proc Send Will Fire
Em Proc
O pc Reg#(Bit#(32)) Send Reg Output
t RFile L
iMem IMemory hd Send Clock
B dMem DMemory P>
csrt CsrFile = = thods called Send
o mel s cal
O donerest .Jesr.RDY_wr() Send Body
softrst Jesrt.rd()
i
IFlMI :I Next | Prev GtkWave Ready 126 packages 15 modules Y
Oct 14, 2016 http://csg.csail.mit.edu/6.175 T04-36
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Waveforms Readable value

Time Markers View Help

/
L& Q 9 ke <3 & | From]o sec Tofse30us /| & | Marker: 3484 us | Cursor: 3452 us

Signals

Time
CLK [Clock] =0
pc [Bit#(32)] =000003C0

RDY_wr [Bool] =1
wr_idx [-]1 [Maybe#(Bit#(12))] =1780 0010 0000 000D

wr_val [Bit#(32)]=00030000
EN_wr [Bool] =1
CAN_FIRE_RL_doProc [Bool] =1
WILL_FIRE_RL_doProc [Bool] =1

J Replace

4-37
Problem
* No internal signals
= Optimized away during compilation
= But | want to see them for debugging, e.g., dInst
Oct 14, 2016 http://csg.csail.mit.edu/6.175 T04-38
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‘Solution -- Probe

e Writes to mkProbe will be recorded in VCD file

= Instantiate mkProbe for each signal that we want to
record

interface Probe# (type t);

method Action write(t x);
endinterface

module mkProbe (Probe# (t)) provisos (Bits# (t, sz));

Oct 14, 2016 http://csg.csail.mit.edu/6.175

T04-39

Probe Example

import Probe::*;

module mkProc (Proc) ;
mkProbe# (DecodedInst) dInstProbe <- mkProbe;

rule doProc;

let dInst = decode (inst);
dInstProbe <= dInst;

endrule

endmodule

Oct 14, 2016 http://csg.csail.mit.edu/6.175
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Oct 14, 2016

After Adding Probe

Module View Wave Viewer

O myrst MakeResetifc
O resetting Reg#(Bool)
O didreset FIFO#(BIt#(1))
B m_dut Proc

8 dutife OCLK Clock
O PROBE ProcTypes::Decodedinst
0O PROBE_VALID Bool

JumpTo Inst

Send Can Fire

i

8 g’ P":’ I Send Will Fire |
pc Reg
rt RFile Kl =
iMem IMemol - Send Reg Output
@
ot Do Y B methods provided
m DMemory _write( Send Clock
csrf CsrFile
[mldinstProbe Probet(Decodedinst Send Predicate
O doProc
O donerest Send Body
A softrst
Send To Wave
4| =
IF"’ld l l] Next | Prev Ready 126p 15

S|

http://csg.csail.mit.edu/6.175

T04-41

Markers View Help

R

K;J le @ C-.:) From:|0 sec To:|5830 us @ Marker: 3407 us | Cursor: 3360 us

e |

Signals
Time

CLK [Clock] =0
pc [Bit#(32)] =000003B0

dInstProbe$PROBE [-] [DecodedInst] =40702D02F!

Waves

Invalid

FFF+ [FFFFFC

Oct 14, 2016
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Combine with Assembly

-
* Assembly code of compiled tests are in
m programs/build/*/dump
* Refer to the assembly code for debugging
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Debugging Scheduling
- @@
* GUI: schedule Analysis
m The same as “-show-shedule” BSC flag
Project Edit Build Tools mrmw|Message Help
O|e|m@| ] Proecteies =]
The project ./onecycle Editor Window
Package Window
Type Browser
Module Browser
Close All
Activate Schedule Analysis Window mit. 0/6.175/
Oct 14, 2016 http://csg.csail.mit.edu/6.175 T04-44
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Select mkProc

=2
Module | Scheduling Graphs

Load Top Module
Load ...

rder | Method Call |Rule nmﬂon-_

Reload

setmosie AU

View source mKCsFile
Export mkD
Close

Yy

callsto - mkiMemory

scemi_dut_dut_prt iyl
scemi_dut_dut_prt

<Pr
mkRFile

Imn 8: (G0010)
Rule "scemi_dut_dut_prb_¢ module_alu
"scemi_dut_dut_prb_contrc

"scemi_dut_dut_prb_cont Module_aluBr

scemi_dut_dut_prt
"scemi_dut_dut_prb_cont —
calls to module_exec

lspec-2014.07.A/

mkDutWrapper

Neoo10 mkSceMiLinkTypeParameter
Waming: "/opt/bluespec/Blu MkSceMiUInt32Parameter
mkSceMiUInt64Parameter

calls to module_brAddrCalc
module_decode

_support/bluer g¢ ige_TCP.bsv", line 5, colu | {
more urgent than
"scemi_dut_dut_prb_control_unsetFlag":

dut_prb_control_enff.enq
fscemi_dut_dut_prb_control_setSample":

dut_prb_control_enff.enq
lemi_dut_dut_prb_control_nextSample.read
I/bluenoc/bridges/Bridge_TCP.bsv", line 5, colu
more urgent than
fscemi_dut_dut_prb_control_receiveTrigger":

dut_prb_control_enff.enq
bre "scemi_dut_dut_prb_control_unsetFlag":

Module mkProc

scemi_dut_dut_prb_control_enff.enq vs. scemi_dut_dut_prb_control_enff.enq

T04-45

Oct 14, 2

Output of Schedule Analysis

* Rule order: execution
= From top to bottom

Module Scheduling Graphs

order of rules and methods

iMemInit_done

iMeminit_request_put
IMeminit_done
Meminit_request_put

RL_doProc

RL_doProc A

o

Predicate

csrf.RDY_wr &&

iMem.RDY_req &&

((Exec.exec ({Decode.decode (iMem.req(pc) ) [74:64], Decode.
decode (iMem.req(pc)) [63], Decode.decode (iMem.req(pc)) [63

? Decode.decode (iMem.req(pc)) [62:58]

: Decode.decode (iMem.req(pc)) [62:58]
code (iMem.req(pc)) [57], Decode.decode (iMem.r

, Decode.de
q(pc)) [57]

? Decode.decode (iMem.req(pc)) [56:52]

: Decode.decode (iMem.req(pc)) [56:52], Decode.dec
ode (iMem.req(pc)) [51], Decode.decode (iMem.req(pc)) [51]

T04-46
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Alternative for Schedule Analysis
* Add —show-schedule to project.bld

m Generate info_dir/*.sched
s Contains same information as GUI outputs

Oct 14, 2016 http://csg.csail.mit.edu/6.175 T04-47

Credits

* Considerable previous material adapted from
last year’s tutorials by Sizhuo Zhang and Andy
Wright
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