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First Steps In Assembly

Load Word
Store Word
Branch Equal
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File Machine Windows Help

#1J © R SEERRT ]

Program

Follow fetch

Bp

Address

1x

Code

X000001fc gelelolelelelo]y)

0x00000200 40002103
0x00000204
0x00000208
0x0000020c
0x00000210
0x00000214
0x00000218
0x0000021c

0x00000220
NxNNNNN224
0x000001fc

2023-02-05

40202223
fe000ce3

00000013
00000013
00100073
00000000
00000000

00000000
nn0NNNNN

2X

5x

|
unknowr

lw x2, 1C
sw x2, 1l
beq x0, >
nop

nop
ebreak
unknowr
unknowr

unknowr

10x -

“"Ho+ @

Unlimited Max

Basic = Core Memory Program cache Datacache OSE

Preset
e No pipeline no cache
No pipeline with cache
Pipelined without hazard unit and without cache
Pipelined with hazard unit and cache

Custom
v/ Reset at compile time (reload after make)

Elf executable: Browse

Example |Start empty’ Load machine = Cancel

4

BranchOutcome —

MemWrite —

MemRead —

00000000

0000000 00000400

Linknown

PC+4

- ‘LI—V S 1

d 17 }
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File Machine Windows Help

New simulation... CtrI+N limited Max = H 0 4 @

| Reload simulation CtrI+Shift+R @® | core simple-w-sw-ia.5
Print Ctrl+P -
New source Ctri+F ’ Iw X2, 1024(x0)

“ Open source Ctrl+0 n B

[ Save source Ctri+S Srnchouzome—) ]
Save source as | emrone T

£ Close source Ctrl+W - é“?w:F_E—QE e |

= =

0 Exit Ctrl+Q template-0s.5 e —— i
0x00000210 00000013 nop template.S SR Y T mm
0x00000214 00100073 ebreak oo | 5 s
0x00000218 00000000 unknown . " D 8 o H_
0x0000021c 00000000 unknown el I =
0x00000220 00000000 unknown _}} __ - L H 228,

mpedate L moomoy 3

OxNN0NN0224 0000NONN ninknown b - mH 'E'

0x000001fc - - 2 -
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g o 1 Ix 2x 5x  10x Unlimited Max | ﬁH 2 4 @

Core @ simple-lw-sw-ia.S

_start:
loop:
// load the word from absolute address
lw  x2, 0x400(x0)
// store the word to absolute address
sw X2, 0x404(x0)
// stop execution wait for debugger/user
// break
// ensure that continuation does not
// interpret random data
beq xO0, x0, loop
nop
nop
ebreak
.data
.org 0x400
src_val:
.word 0x12345678
dst_val:

.word O
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g oo Ix 2x 5x 10x Unlimited Max @H 2 4 @

Program 2% Core = simple-lw-sw-ia.S
Follow fetch - =
lw x2, 1024(x0)
Bp Address Code Instruction =
P elele[ekEie 00000000 unknown ranchOuteome Cyctes:
0x00000200 40002103 Iw x2, 1024(x0)
0x00000204 40202223 sw x2, 1028(x0) i benpes |
— U o i)s
0x00000208 fe000ce3 beq x0, X0, 0x200 T o I 'Y
0x0000020c 00000013 nop e T R
0)(00000210 00000013 nOp = Instruction :L/nte ﬂ
" |40002103| :
0x00000214 00100073 ebreak | [ e e
0x00000218 00000000 unknown __ﬁ-ﬂ-- “1 Registers o ol [E
=2 ALU &
0x0000021c 00000000 unknown rogam
0x00000220 00000000 unknown ﬁ = WiteData B g Memory
NxN0NNN224 00000000 1ninknown ' s p«:H _EI
0x000001fc - e - V -
L] (]
Ready
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File Machine Windows Help

g oo Ix 2x 5x 10x Unlimited Max @H 2 4 @

Program 2% Core = simple-lw-sw-ia.S
Follow fetch - =
lw x2, 1024(x0)
Code Instruction =
00000000 unknown e cOucome cyces: |
Stalls: |
40002103 Iw x2, 1024(x0)
40202223 sw x2, 1028(x0) —Hemread — T} Meread_ |
Control j—Branchjal n)!

—— Unit |—Branchjair E : D‘

feoooce3 beq XO, XO, 0X200 jmg::\[ﬁ\‘_mﬂ. xor ;LD'_[I]
j:ﬁg‘::l Dl E Brarl\ch Bra‘ ich
00000013 nOp —AuiPC {0} Jalr - Jalx
00000013 nOp Instruction :lvnte [110]
0x00000200 )

00100073 ebreak u i o
00000000 unknown %ﬂ-- ml Registers zem—m— AluOut §

»—rsz ALU %
00000000 unknown progrom - =
00000000 unknown E 1 U e

Micode . [HOT0T0} N 5
00000000 1inknown - - PC_B—'B- .I?]
0x000001fc - R ) -

Ready
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g oo Ix 2x 5x 10x Unlimited Max @H 2 4 @

Program 2% Core = simple-lw-sw-ia.S
Follow fetch - =
lw x2, 1024(x0)
Bp  Address Instruction =
0x000001fc unknown Ot Cyctes: |
Stalls: |
0x00000200 lw x2, 1024(x0)
0x00000204 sw x2, 1028(x0) e sk |
— e oo o }
0x00000208 beq x0, x0, 0x200 T H;.}D'}DE
:f‘\:ﬁgrlil - E Branch Branch
OXOOOOOZOC nop [ auirc _D o Jalr  Jalx
0)(000002 1 O nO p Instruction :lvnte ﬂ
0x00000200 Eﬁ@l Peripherals
0x00000214 ebreak | =
0x00000218 unknown __ﬁ-ﬂ-- - s H—  auou| B
»—rsZ ALU §
0x0000021c unknown pegram o =
0x00000220 unknown _}} Y oo —} B U wemory
Micode . [HOT0T0} N 2
NOxNNNNN?224 Linknown - = mH _E]
0x000001fc - o D -
i ]
Ready
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sz ALU 5
0x0000021c 00000000 Junknown progrom — =
0x00000220 00000000 Junknown ﬁ CEV ] g e
0x00NNN224 00000NNN Lunkoown 5 — PC_B—'B‘ E]
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L] (]
Ready
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Jalr Jalx

AluOQut

WriteData

>

g o e 1x 2x 5x  10x Unlimited Max il = | r ©
Core | simple-lw-sw-ia.S
—AluSrc {1 }—
| el |
—AuiPC []
Instruction RegWrite
PC
|40002103|
0x00000200
0
0 S
o
O-
rs1 {00} S
- =]
[:rSZ Registers
-ra {02}
Program
R
4
Immediate
[ decode -|00000400:
PC . PC
—PC+4 : PC+4 PC+4
' rd-|o2i

2023-02-05

rJOOOOOOO | |00000400 |

Core View Detail: PC & Program Memory

Peripherals

Terminal

[1]

Data
Memory

O
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BE &4 ¥ x

Core | simple-lw-sw-ia.S

5x 10x

Unlimited Max

Jalr Jalx

AluOQut

WriteData

>

2023-02-05

—AluSrc Ei —
i [0]
—AUiPC 19}
Fstruction RegWrite
PC
|40002103|
0x00000200
0
0 00000000 §
o p—
1 {30} s
Regist =
[:rSZ egisters
-rd {02}
Program
Memory 00000000
4
Immediate
® decode -|00000400:
PC PC
o PC+4 l PC+4 PC+4

rJOOOOOOO | |00000400 |

Core View Detail: PC & Program Memory

Peripherals
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[1]

Data
Memory

O
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g o 1 Ix 2x 5x  10x Unlimited Max | ﬁH 2 4 @

Core | simple-lw-sw-ia.S

BranchOutcome — YN a
Stalls
L MemToReg E
—MemWrite —0 MemWrite —
—MemRead E MemRead —
——DBranchBxx —{0
Control |—Branchjal []
Unit | —Branchjair 0] ' -LDB]
L BranchVal I0] xor
=
—-AluControl —{ 0} - .D—-D
—AluMul p ] Branch Branch
—AluSrc 11t Jalr Jalx
—AuiPC {0}
Instr@ction Reglf\lrite (L[9]
PC
[':400#
1
0x00000200 Perioheral
0 0] eripherals
0 00000000 8
S Terminal
o
rsl-- S
— Registers S zero §
r r52 9 AU AluOut S
4 »
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0x00000418 00000000

A AN~~~ AR AAAAAA~AN

0x00000400
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... NMemory View:

UNIVERSITY
IN PRAGUE

File Machine Windows Help

&L o aF | 1x | 2x 5x 10x Unlimited Max | | [T H © + @
Registers

x0/zero 0x0 x1l/ra 0xO0 x2/sp  0x12345678 x3/gp  0x0

x6/t1  0xO0 x7/t2 0x0 x8/s0  0x0 x9/s1 0x0
x12/a2 0x0 x13/a3 0x0 x14/a4 0x0 x15/a5 0x0
Program @5 Core = simple-lw-sw-ia.S
Follow fetch v

Bp Address Code Instruction = R

0x000001fc 00000000 unknown

0x00000200 40002103
0x00000204 40202223 sw x2, 1028(x0)
0x00000208 fe000ce3 beq x0, x0, 0x200
0x0000020c 00000013 nop

0x00000210 00000013 nop

0x00000214 00100073 ebreak

0x000001fc

2023-02-05

x10/a0 0x0
x16/a6 0x0

[ [*)
x5/t0  0x0 3
x11/al 0x0
x17/a7 0x0
Memory Direct
Word v
Address +0 =

0x00000400 pPiEsisys::
0x00000404 12345678
0x00000408 00000000
0x0000040c 00000000
0x00000410 00000000
0x00000414 00000000
0x00000418 00000000

A AN~~~ AR AAAAAA~AN

0x00000400

o n
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... Branch Equal

UNIVERSITY
IN PRAGUE

File Machine Windows Help

B 1 M 1x 2x 5x  10x Unlimited Max “EH o+ @

Registers (& &)
x0/zero 0x0 x1l/ra  0xO x2/sp  0x12345678 x3/gp  0x0 x4/tp  0xO0 x5/t0 0xO0

x6/tl 0x0 x7/t2 0x0 x8/s0 0x0 x9/s1 0x0 x10/a0 0x0 x11l/al 0x0

x12/a2 0xO0 x13/a3 0x0 x14/a4 0x0 x15/a5 0x0 x16/a6 0x0 x17/a7 0x0

x18/s2 0x0 x19/s3 0x0 x20/s4 0x0 x21/s5 0x0 x22/s6 0x0 x23/s7 0x0

x24/s8 0x0 x25/s9 0x0 x26/s10 0x0 x27/s11 0x0 x28/t3 0x0 x29/t4 0x0

x30/t5 0xO0 x31/t6 0x0 pc 0x200

Program 25 Core = simple-lw-sw-ia.S

Follow fetch v —

Bp Address Code Instruction = -

0x000001fc 00000000 unknown

0x00000200 40002103 Iw x2, 1024(x0)

0x00000204 40202223 sw x2, 1028(x0)

pdeleellerieisy fe000ce3 beq x0, x0, 0x200

0x0000020c 00000013 nop -
0x000001fc
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CTU
... Branch Target

UNIVERSITY
IN PRAGUE

File Machine Windows Help

B 1 M 1x 2x 5x  10x Unlimited Max “EH o+ %

Core | simple-lw-sw-ia.S

| = Terminal | | a
p— S ™ =
—es1 : —
Registers AluOut| |8
—rs2 m=i
o
o {3} 0 S
o
00000000 § g_
O o
S 8 Data
o o
WriteData 5 Memory
Immediate l
decode s — g 0
+ Py
PC ' PC
PC+4 PC+4 I)
r rd —I 00 i
= RegWriteData :OOOOOOOOI—
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CTU
... Branch Target

UNIVERSITY
IN PRAGUE

File Machine Windows Help

B 1 M 1x 2x 5x  10x Unlimited Max “EH o+ %

Core | simple-lw-sw-ia.S

| = Terminal | | a
p— S ™ 1
—rs1 {I0H : —
Registers AluOut| |8
2 gL
o
a0} 0 3
o
00000000 § g_
M 2
S S Data
WriteData 5 Memory

Immediate l
decode fifiiTs — 0
" -

PC 4 PC
PC+4 PC+4 I)
: rd {00 |
e RegWriteData [60000000 J=
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CTU
... Branch Target

UNIVERSITY
IN PRAGUE

File Machine Windows Help

B 1 M 1x 2x 5x  10x Unlimited Max “EH o+ %

Core | simple-lw-sw-ia.S

| = Terminal | | | -
p— S ™ "
—rs1 : 2
Registers Aluout!| |2
—rs2 m=i
o
~rd {30} 0 _
o
00000000 § g_
O o
S 8 Data
o o
WriteData 5 Memory
Immediate
decode 0
Py
PC+4 PC+4 I)
r rd —| 00 i
—— RegWriteData :OOOOODOO|-
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CTU

... Branch Target

UNIVERSITY
IN PRAGUE

File Machine Windows Help

B 1 M 1x 2x 5x  10x Unlimited Max “EH o+ @

Core | simple-lw-sw-ia.S

| = Terminal || | -
p— S ™ 1
—rs1. {3} : g
Registers AluOut| |8
2 gL
o
a0} 0 3
o
00000000 § g_
M 2
S Q Data
WriteData S Memory

Immediate
decode

PC+4

r rd—IODi

= RegWriteData

:OOOOODOO I-
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... Branch Control

UNIVERSITY
IN PRAGUE

File Machine Windows Help

g o 1 Ix 2x 5x  10x Unlimited Max | ﬁH 2 4 @

Core | simple-lw-sw-ia.S

BranchOutcome —
L MemToReg E
L MemWrite —E MemWrite —
L—MemRead E MemRead —
——BranchBxx — 1
Control |—Branch)al @
Unit ——Branchjalr —E 1
——BranchVal E Xor
—AluControl {0} LD__D—_D_
—AluMul — @ Branch Branch
—AluSrc 0 Jalr Jalx
—AuiPC {0]
Instruction RegWrite [o]o]
PC
fe000ce3
OXOOOOOZOS ‘ o | I Parinhearale I b
q b
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CTU

... Branch Control

UNIVERSITY
IN PRAGUE

File Machine Windows Help

g o 1 Ix 2x 5x  10x Unlimited Max | ﬁH 2 4 @

Core | simple-lw-sw-ia.S

BranchOutcome —
L MemToReg E
L MemWrite —E MemWrite —
—MemRead E MemRead —
—Brancthx
Control |}—Branchjal IEI
Unit ——Branchjalr —E 1
—BranchVal {0] xor
—AluControl {0} LD__D—_D_
AluMul 0] Branch Branch
___AluSrc [0]
Jalr Jalx
—AuiPC {0]
Instruction RegWrite [o]o]
PC
fe000ce3
OXOOOOOZOS ‘ o | I Parinharalc I b
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CTU

... Branch Control

UNIVERSITY
IN PRAGUE

File Machine Windows Help

g o 1 Ix 2x 5x  10x Unlimited Max | ﬁH 2 4 @

Core | simple-lw-sw-ia.S

BranchOutcome —

——MemToReg E
L —MemWrite —E MemWrite ——
L—MemRead E MemRead —
——BranchBxx — 1

Control }—-Branchjal @

Unit —BranchJaIr—E 1] €T
——BranchVal E xor bj]
—~AluControl E LD_-D__D_
—-AluMul @ Branch Branch
[ AluSrc [0] Jalr  Jalx
—AUiPC {0]

Instruction RegWrite [o]o]
PC [fe000ces3 |
OXOOOOOZOS ‘ @ — I Parinharalc I b
y 3
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CTU

... Program Counter Update

UNIVERSITY
IN PRAGUE

File Machine Windows Help

B 1 M 1x 2x 5x  10x Unlimited Max “EH o+ @

Core | simple-lw-sw-ia.S

Ir!struction ReglNrite IOIOI
PC [fe000ce3 |
0x00000208
[:I Peripherals
00000000 S
S Terminal
51 2 - =
. 1
Registers S zero}.— Aluout| |8
2 >ALU Sk
o
~rd -{00] 0 =}
Program S
Memory 00000000 8 cH
’ S S
. S [] S Data
WriteData 3 Memory
Immediate
decode IS 0
) g N
PC PC
e PC+4 PC+4 PC+4 |)
rd —| 00 i
e RegWriteData 00000000
BranchTarget
4 »
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CTU

... Program Counter Update

UNIVERSITY
IN PRAGUE

File Machine Windows Help

B 1 M 1x 2x 5x  10x Unlimited Max “EH o+ @

Core | simple-lw-sw-ia.S

Ir!struction ReglNrite IOIOI
PC [fe000ce3 |
0x00000208
[:I Peripherals
00000000 S
S Terminal
51 2 - =
. 1
Registers S zero}.— Aluout| |8
2 >ALU Sk
o
~rd -{00] 0 =}
* Program S
Memory 00000000 8 cH
’ S S
. S [] S Data
WriteData 3 Memory
Immediate
decode IS 0
) g N
PC PC
— PC+4 PC+4 PC+4 |)
rd —| 00 i
e RegWriteData 00000000
BranchTarget
4 »
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CTU

... Program Counter Update

UNIVERSITY
IN PRAGUE

File Machine Windows Help

B 1 M 1x 2x 5x  10x Unlimited Max “EH o+ @

Core | simple-lw-sw-ia.S

Ir!struction ReglNrite IOIOI
PC [fe000ce3 |
0x00000208
[:I Peripherals
1 00000000 S
S Terminal
51 2 - =
. 1
— Registers S zero}.— Aluout| |8
2 >ALU Sk
o
~rd -{00] 0 =}
* Program S
Memory 00000000 8 cH
’ S S
. S [] S Data
WriteData 3 Memory
Immediate
decode IS 0
) g N
PC PC
— PC+4 PC+4 PC+4 |)
rd —| 00 i
e RegWriteData 00000000
BranchTarget
4 »
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CTU

... Program Counter Update

UNIVERSITY
IN PRAGUE

File Machine Windows Help

B 1 M 1x 2x 5x  10x Unlimited Max “EH o+ @

Core | simple-lw-sw-ia.S

Ir!struction ReglNrite IOIOI
PC [fe000ce3 |
0x00000208
[:I Peripherals
1 00000000 8
S Terminal
51 2 - =
. 1
Registers S zero}.— Aluout| |8
2 >ALU Sk
o
~rd -{00] 0 =}
* Program S
Memory 00000000 8 8 a
’ = S
S [] S Data
4 WriteData 3 Memory
Immediate
decode IS
1 e
PC PC
e PC+4 PC+4 PC+4
rd —| 00 i
e RegWriteData 00000000
4 »
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CTU

... Program Counter Update

UNIVERSITY
IN PRAGUE

File Machine Windows Help

g 1o Ix 2x 5x 10x Unlimited Max = H 2 4 @

Core | simple-lw-sw-ia.S

Ir!struction ReglNrite IOIOI
PC [fe000ce3 |
0x00000208
[:I Peripherals
1 00000000 8
S Terminal
51 2 - =
. 1
Registers S zero}.— Aluout| |8
2 >ALU Sk
o
~rd -{00] 0 =}
* Program S
Memory 00000000 8 8 a
’ = S
S [] S Data
4 WriteData 3 Memory
Immediate
decode IS
1 e
PC PC
e PC+4 PC+4 PC+4
rd —| 00 i
e RegWriteData 00000000
4 »
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... Branch Result

UNIVERSITY
IN PRAGUE

File Machine Windows Help

g 1o Ix 2x 5x 10x Unlimited Max = H 2 4 @

Program B | Core | simple-lw-sw-ia.S
Follow fetch v
Bp  Address Code Instruction = Iw x2, 1024(+0)

NONE

WPl [eRRTe 00000000 unknown
0x00000200 40002103 Iw x2, 1024(x0)
0x00000204 40202223 sw x2, 1028(x0)
0x00000208 fe000ce3 beq x0, x0, 0x200
0x0000020c 00000013 nop

0x00000210 00000013 nop

0x00000214 00100073 ebreak
0x00000218 00000000 unknown
0x0000021c 00000000 unknown

0x00000220 00000000 unknown
OxN0N0N0N224 0000NNONN 1ninknown b
0x000001fc

Cycles: 4
stals: 0

3
|
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CTU

... Branch Result

UNIVERSITY
IN PRAGUE

File Machine Windows Help

g 1o Ix 2x 5x 10x Unlimited Max = H 2 4 @

Program B | Core | simple-lw-sw-ia.S
Follow fetch v
Bp  Address Code Instruction = Iw x2, 1024(+0)

NONE

WPl [eRRTe 00000000 unknown

0x00000200 40002103 Iw x2, 1024(x0) =
0x00000204 40202223 sw x2, 1028(x0)
0x00000208 fe000ce3 beq x0, x0, 0x200 =
0x0000020c 00000013 nop

0x00000210 00000013 nop

0x00000214 00100073 ebreak

0x00000218 00000000 unknown

0x0000021c 00000000 unknown

0x00000220 00000000 unknown
OxN0N0N0N224 0000NNONN 1ninknown b
0x000001fc

Cycles: 4
stals: 0

3
|
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CTU

CZECH TECHNICAL
UNIVERSITY
IN PRAGUE

2023-02-05

Memory Cache

Cache Performance
Shape Configuration

QtRvSim - Education from Assembly to Pipeline, Cache Performance, and C Level Programming @ FOSDEM
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CZECH TECHNICAL
UNIVERSITY
IN PRAGUE

File Machine Windows Help

2 o pF [ 1x 2x 5x 10x Unlimited Max | [T [& [
Core
Basic Core Memory Program cache Datacache OSE » =
Preset

No pipeline no cache

I ® No pipeline with cache

Pipelined without hazard unit and without cache

Pipelined with hazard unit and cache

. Custom
—_ﬁ_ﬂ_- v/ Reset at compile time (reload after make)
wny | EIf executable: Browse

—B‘ Example | Start empty Load machine

=
d —| 00
ke RegWriteDat: 00000000

b PC+4

——

b BranchTargets
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CZECH TECHNICAL
UNIVERSITY
IN PRAGUE

File Machine Windows Help

2 o pF [ 1x 2x 5x 10x Unlimited Max | [T [& [
Core
Basic Core Memory Program cache Datacache OSE » =
Preset

No pipeline no cache
® No pipeline with cache
Pipelined without hazard unit and without cache

Pipelined with hazard unit and cache

. Custom
—_ﬁ_ﬂ_- v/ Reset at compile time (reload after make)
wny | EIf executable: Browse

—B‘ Examplel Start empty I Load machine

=
d —| 00
ke RegWriteDat: 00000000

b PC+4

——

b BranchTargets
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CTU

... Editor & Assembler

UNIVERSITY
IN PRAGUE

File Machine Windows Help

B oM 1x 2x 5x 10x Unlimited MaxD’ﬂ B o+ ©

Core | Unknown

Ready
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CTU

... Editor & Assembler

UNIVERSITY
IN PRAGUE

File Machine Windows Help

B 1 M 1x 2x 5x  10x Unlimited Max (3¢ J 3 @

Core | Unknown

Ready
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CTU

... Editor & Assembler

UNIVERSITY
IN PRAGUE

File Machine Windows Help

g 1o Ix 2x 5x 10x Unlimited Max HD b @

Core | Unknown

Ready
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CTU .
... Editor & Assembler

UNIVERSITY
IN PRAGUE

File Machine Windows Help

g u oM Ix 2x 5x  10x Unlimited Max ﬁFEL [

Core | Unknown

Ready
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... Editor & Assembler

UNIVERSITY
IN PRAGUE

File Machine Windows Help

B u oM 1x 2x 5x 10x Unlimited Max

Core | Unknown

Ready
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CTU

... Editor & Assembler

UNIVERSITY
IN PRAGUE

File Machine Windows Help

& 1 | 1x 2x 5x 10x Unlimited Max “H o L

Core | Unknown

Ready
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CTU

CZECH TECHNICAL
UNIVERSITY
IN PRAGUE

Example: Selection Sort

File Machine Windows Help

Bl R 2 » 2 1x| 2x 5x

Core | Unknown

/! Simple sorting algorithm - selection sort

.option norelax

.globl array
.globl _start
text

_start:

la ao0, array|
addi s0, zero, 0
addi sl, zero, 20
add s2, zero, s0

main_cycle:
beq s0, s1, main_cycle end

add t0, a0, s0
Iw s4, 0(t0) //lw s4, array(s0)

add s3, s0, zero
add s2, s0, zero

Ready

2023-02-05

10x

Unlimited

Max_#ﬂHDlv@

main_cycle:
beq s0, s1, main_cycle_end

add t0, a0, sO

lw s4, 0(t0) //Iw s4, array(s0)
add s3, s0, zero

add s2, s0, zero

inner_cycle:
beq s2, s1, inner_cycle _end
add t0, a0, s2
lw s5, 0(t0) // lw s5, array(s2)

// expand bgt s5, s4, not_ minimum
slt t0, s4, s5
bne t0, zero, not_minimum

addi s3,s2,0
addi s4, s5, 0
not_minimum:
addi s2, s2, 4
j inner_cycle
inner_cycle_end:
add t0, a0, s0

LA r = PN

inner_cycle_end:
add t0, a0, s0
Iw s5, 0(t0) // lw s5, array(s0)
sw s4, 0(t0) // sw s4, array(s0)
add t0, a0, s3
sw s5, 0(t0) // sw s5, array(s3)

addi s0, s0, 4
j main_cycle
main_cycle _end:

/[Final infinite loop

end_loop:
fence // flush cache memory
ebreak // stop the simulator
jend_loop

.org 0x400

.data

// .align 2 // not supported by QtRVSsim

array:
word 5,3, 4,1, 15
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CTU

CZECH TECHNICAL
UNIVERSITY
IN PRAGUE

Example: Selection Sort

File Machine Windows Help

Bl R 2 » 2 1x| 2x 5x

Core | Unknown

/! Simple sorting algorithm - selection sort

.option norelax

.globl array
.globl _start
text

_start:

la ao0, array|
addi s0, zero, 0
addi sl, zero, 20
add s2, zero, s0

main_cycle:
beq s0, s1, main_cycle end

add t0, a0, s0
Iw s4, 0(t0) //lw s4, array(s0)

add s3, s0, zero
add s2, s0, zero

Ready

2023-02-05

10x

Unlimited

Max_#ﬂHDlv@

main_cycle:
beq s0, s1, main_cycle_end

add t0, a0, sO

lw s4, 0(t0) //Iw s4, array(s0)
add s3, s0, zero

add s2, s0, zero

inner_cycle:
beq s2, s1, inner_cycle _end
add t0, a0, s2
lw s5, 0(t0) // lw s5, array(s2)

// expand bgt s5, s4, not_ minimum
slt t0, s4, s5
bne t0, zero, not_minimum

addi s3,s2,0
addi s4, s5, 0
not_minimum:
addi s2, s2, 4
j inner_cycle
inner_cycle_end:
add t0, a0, s0

LA r = PN

inner_cycle_end:
add t0, a0, s0
Iw s5, 0(t0) // lw s5, array(s0)
sw s4, 0(t0) // sw s4, array(s0)
add t0, a0, s3
sw s5, 0(t0) // sw s5, array(s3)

addi s0, s0, 4
j main_cycle
main_cycle _end:

/[Final infinite loop

end_loop:
fence // flush cache memory
ebreak // stop the simulator
jend_loop

.org 0x400

.data

// .align 2 // not supported by QtRVSsim

array:
word 5,3, 4,1, 15
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CZECH TECHNICAL
UNIVERSITY
IN PRAGUE

Editor: Save File

File Machine Windows Help
& 4 [ 1x 2x 5x 10x Unlimited Max | | [T ] © ¢ @

Core | Unknown

inner_cycle_end:
add t0, a0, s0
Iw s5, 0(t0) // lw s5, array(s0)
sw s4, 0(t0) // sw s4, array(s0)

add tO0, a0, s3
sw s5, 0(t0) // sw s5, array(s3) 1
o Select file name

addi s0, s0, 4 : .

j main_cycle File name:
main_cycle_end: selection_sort.S| ]
//Final infinite loop Cancel
end_loop:

fence /] flush cache memory

ebreak /! stop the simulator

jend_loop
.org 0x400
.data

// .align 2 // not supported by QtRVSsim

array:
word 5, 3,4,1,15

Ready
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Cache View

CZECH TECHNICAL
UNIVERSITY
IN PRAGUE

File Machine Windows Help

2023-02-05

B u M | 1x | 2x 5x 10x Unlimited Max "Bl o s+ $

jon_sort.S |« Memory @® Data Cache &

éfoftimg'e “ | Word ~ | Cached Hit: 0

ié?gc“tt‘gg‘sort Address +0 +4 +8 +12 +16 +20 Miss: 0
0x000003d0 00000000 00000000 00000000 00000000 00000000 00000000 Memory reads: 0

Option norelax | 1000003e8 00000000 00000000 00000000 00000000 00000000 00000000 Memory writes: 0

-globl array [T 00000005 00000003 00000004 00000001 0000000f 00000000 Memory stall cycles: 0

.globl _start Hit rate: 0.000%

- 0x00000418 00000000 00000000 00000000 00000000 00000000 00000000 mproved speed:  100%
0x00000430 00000000 00000000 00000000 00000000 00000000 00000000 O

~start 0x00000448 00000000 00000000 00000000 00000000 00000000 00000000 06000000 [o]]

B o ey 0x00000460 00000000 00000000 00000000 00000000 00000000 00000000 o ®o

© i1, sero, 0x00000478 00000000 00000000 00000000 00000000 00000000 00000000 0

20 o v 0x00000490 00000000 00000000 00000000 00000000 00000000 00000000 iD S

50 0x000004a8 00000000 00000000 00000000 00000000 00000000 00000000 e

main_cycle: NxyNNNNNA-N NNNNNNNN NNNNNNNN NNNNNNNN NNNNNNNN NNNNNNNN ANNNNNNN .

. beq 0, 7| |0x000003d0 iD E—

Ready
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Cache View

CZECH TECHNICAL
UNIVERSITY
IN PRAGUE

File Machine Windows Help

2023-02-05

B u M | 1x | 2x 5x 10x Unlimited Max "Bl o s+ $

jon_sort.S |« Memory @® Data Cache &

éfoftimg'e “ | Word ~ | Cached Hit: 0

ié?gc“tt‘gg‘sort Address +0 +4 +8 +12 +16 +20 Miss: 0
0x000003d0 00000000 00000000 00000000 00000000 00000000 00000000 Memory reads: 0

Option norelax | 1 000003e8 00000000 00000000 00000000 00000000 00000000 00000000 Memory writes: 0

-globl array 00000005 00000003 00000004 00000001 0000000f (Iooooooo Memory stall cycles: 0

.globl _start Hit rate: 0.000%

- 0x00000418 00000000 00000000 00000000 00000000 00000000 00000000 mproved speed:  100%
0x00000430 00000000 00000000 00000000 00000000 00000000 00000000 O

~start 0x00000448 00000000 00000000 00000000 00000000 00000000 00000000 06000000 [o]]

B o ey 0x00000460 00000000 00000000 00000000 00000000 00000000 00000000 o ®o

© i1, sero, 0x00000478 00000000 00000000 00000000 00000000 00000000 00000000 0

20 o v 0x00000490 00000000 00000000 00000000 00000000 00000000 00000000 iD S

50 0x000004a8 00000000 00000000 00000000 00000000 00000000 00000000 e

main_cycle: NxyNNNNNA-N NNNNNNNN NNNNNNNN NNNNNNNN NNNNNNNN NNNNNNNN ANNNNNNN .

. beq 0, 7| |0x000003d0 iD E—

Ready
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CZECH TECHNICAL

UNIVERSITY
IN PRAGUE

Cache View

File Machine Windows Help

2023-02-05

Bl B & o 2 | 1x| 2x
ion_sort.S |« Memory
/l Simple - [word
sorting
algorithm - s
selection sort

0x000003d0
.option norelax

0x000003e8
.globl array _
.globl _start 0x00000400

0x00000418
text

0x00000430
start:
} 0x00000448
la a0, array
addi s0, zero, 0x00000460
0
addi s1, zero, 0x00000478
20 0x00000490
add s2, zero,
50 0x000004a8
main_cycle: NyNNNNNA-N
- Peas0. - 0x000003d0
Ready

5x 10x

+0
00000000

00000000
00000005
00000000
00000000
00000000
00000000
00000000
00000000

00000000
nnNnNNNNN

Unlimited Max

+4
00000000

00000000
00000003
00000000
00000000
00000000
00000000
00000000
00000000

00000000
nnnnnNNN

~ | Cached

+8
00000000

00000000
00000004
00000000
00000000
00000000
00000000
00000000
00000000

00000000
nnnnnnnn

+12
00000000

00000000
00000001
00000000
00000000
00000000
00000000
00000000
00000000

00000000
nnnNNNNN

+16
00000000

00000000
0000000f
00000000
00000000
00000000
00000000
00000000
00000000

00000000
nnnnnNnn

+20
00000000

00000000
00000000
00000000
00000000
00000000
00000000
00000000
00000000

00000000
nnnnnnnn

@® |Data Cache

v Hit:
= Miss:

Memory reads:
Memory writes:
Memory stall cycles: 0
Hit rate:

Improved speed:

Address

(00000000 [0}

D Tag

0
0
0
0

0.000%
100%

0x00000000

Data

1
S| Sl

—<,

D Tag

Data

1
S| S«

m—

2=

QtRvSim - Education from Assembly to Pipeline, Cache Performance, and C Level Programming @ FOSDEM



CTU

Cache View

CZECH TECHNICAL
UNIVERSITY
IN PRAGUE

File Machine Windows Help

2023-02-05

B u M | 1x | 2x 5x 10x Unlimited Max "Bl o s+ $

jon_sort.S |« Memory @ Data Cache (&

éfoftimg'e “ | Word ~ | Cached - Hit: 0

ié?gc“tt‘gg‘sort Address +0 +4 +8 +12 +16 +20 - Miss: 0
0x000003d0 00000000 00000000 00000000 00000000 00000000 00000000 Memory reads: 0

Option norelax | 1000003e8 00000000 00000000 00000000 00000000 00000000 00000000 Memory writes: 0

-globl array [T 00000005 00000003 00000004 00000001 0000000f 00000000 Memory stall cycles: 0

.globl _start Hit rate: 0.000%

- 0x00000418 00000000 00000000 00000000 00000000 00000000 00000000 Imbroved speed: 100%
0x00000430 00000000 00000000 00000000 00000000 00000000 00000000 J—

~start 0x00000448 00000000 00000000 00000000 00000000 00000000 00000000 06000000 [o]]

B o ey 0x00000460 00000000 00000000 00000000 00000000 00000000 00000000 o ®o

© i1, sero, 0x00000478 00000000 00000000 00000000 00000000 00000000 00000000 0

20 o v 0x00000490 00000000 00000000 00000000 00000000 00000000 00000000 iD S

50 0x000004a8 00000000 00000000 00000000 00000000 00000000 00000000 e

main_cycle: NxyNNNNNA-N NNNNNNNN NNNNNNNN NNNNNNNN NNNNNNNN NNNNNNNN ANNNNNNN - .

. beq 0, 7| |0x000003d0 iD E—

Ready

QtRvSim - Education from Assembly to Pipeline, Cache Performance, and C Level Programming @ FOSDEM



CTU

Cache View

CZECH TECHNICAL
UNIVERSITY
IN PRAGUE

File Machine Windows Help

2023-02-05

QtRvSim - Education from Assembly to Pipeline, Cache Performance, and C Level Programming @ FOSDEM

B u M | 1x | 2x 5x 10x Unlimited Max "Bl o s+ $

jon_sort.S |« Memory @® Data Cache &

éfoftimg'e “ | Word ~ | Cached Hit: 0

ié?gc“tt‘gg‘sort Address +0 +4 +8 +12 +16 +20 Miss: 0
0x000003d0 00000000 00000000 00000000 00000000 00000000 00000000 Memory reads: 0

Option norelax | 1000003e8 00000000 00000000 00000000 00000000 00000000 00000000 Memory writes: 0

-globl array [T 00000005 00000003 00000004 00000001 0000000f 00000000 Memory stall cycles: 0

.globl _start Hit rate: 0.000%

- 0x00000418 00000000 00000000 00000000 00000000 00000000 00000000 mproved speed:  100%
0x00000430 00000000 00000000 00000000 00000000 00000000 00000000 ——

~start 0x00000448 00000000 00000000 00000000 00000000 00000000 00000000 06000000 [o]]

B o ey 0x00000460 00000000 00000000 00000000 00000000 00000000 00000000 o ®o

© i1, sero, 0x00000478 00000000 00000000 00000000 00000000 00000000 00000000 0

20 o v 0x00000490 00000000 00000000 00000000 00000000 00000000 00000000 iD S

50 0x000004a8 00000000 00000000 00000000 00000000 00000000 00000000 e

main_cycle: NxyNNNNNA-N NNNNNNNN NNNNNNNN NNNNNNNN NNNNNNNN NNNNNNNN ANNNNNNN .

. beq 0, 7| |0x000003d0 iD E—

Ready



CTU

CZECH TECHNICAL
UNIVERSITY
IN PRAGUE

Example: Selection Sort 1

File Machine Windows Help

2023-02-05

J u M | 1x | 2x 5x 10x Unlimited Max "Bl o s+ $

jon_sort.S |« Memory @® Data Cache &

éfoftimg'e “ | Word ~ | Cached - Hit: 0

ié?gc”tt‘gg‘sort Address +0 +4 +8 +12 +16 +20 - Miss: 1
0x000003d0 00000000 00000000 00000000 00000000 00000000 00000000 Memory reads: 1

Option norelax | 1000003e8 00000000 00000000 00000000 00000000 00000000 00000000 Memory writes: 0

-globl array 00000003 00000004 00000001 0000000f 00000000 Memory stall cycles: 10

.globl _start Hit rate: 0.000%

. 0x00000418 00000000 00000000 00000000 00000000 00000000 00000000 mproved speed:  91%
0x00000430 00000000 00000000 00000000 00000000 00000000 00000000 -

~start 0x00000448 00000000 00000000 00000000 00000000 00000000 00000000 00000050 Jo]]

B o ey 0x00000460 00000000 00000000 00000000 00000000 00000000 00000000 [N .

© i1 sero, 0x00000478 00000000 00000000 00000000 00000000 00000000 00000000 0

20 o ero 0x00000490 00000000 00000000 00000000 00000000 00000000 00000000 iD S

50 0x000004a8 00000000 00000000 00000000 00000000 00000000 00000000 T

main_cycle: NxNNNNNAFN ONONNNON NONNNNNNA ANNNANNN NNNNNNNN NNNNNNNN ANDNNNNNN - .

. beq 0, 7| |0x000003d0 iD E—

Ready

QtRvSim - Education from Assembly to Pipeline, Cache Performance, and C Level Programming @ FOSDEM



CTU

CZECH TECHNICAL
UNIVERSITY
IN PRAGUE

Example: Selection Sort 1

File Machine Windows Help

2023-02-05

J u M | 1x | 2x 5x 10x Unlimited Max "Bl o s+ $

jon_sort.S |« Memory @® Data Cache &

éfoftimg'e “ | Word ~ | Cached - Hit: 0

ié?gc”tt‘gg‘sort Address +0 +4 +8 +12 +16 +20 - Miss: 1
0x000003d0 00000000 00000000 00000000 00000000 00000000 00000000 Memory reads: 1

Option norelax | 1000003e8 00000000 00000000 00000000 00000000 00000000 00000000 Memory writes: 0

-globl array [T 00000005 00000003 00000004 00000001 0000000f 00000000 Memory stall cycles: 10

.globl _start Hit rate: 0.000%

. 0x00000418 00000000 00000000 00000000 00000000 00000000 00000000 mproved speed:  91%
0x00000430 00000000 00000000 00000000 00000000 00000000 00000000 -

~start 0x00000448 00000000 00000000 00000000 00000000 00000000 00000000 00000050 Jo]]

B o ey 0x00000460 00000000 00000000 00000000 00000000 00000000 00000000 S | RIS B

© i1 sero, 0x00000478 00000000 00000000 00000000 00000000 00000000 00000000 0

20 o ero 0x00000490 00000000 00000000 00000000 00000000 00000000 00000000 iD S

50 0x000004a8 00000000 00000000 00000000 00000000 00000000 00000000 T

main_cycle: NxNNNNNAFN ONONNNON NONNNNNNA ANNNANNN NNNNNNNN NNNNNNNN ANDNNNNNN - .

. beq 0, 7| |0x000003d0 iD E—

Ready

QtRvSim - Education from Assembly to Pipeline, Cache Performance, and C Level Programming @ FOSDEM



CTU

CZECH TECHNICAL
UNIVERSITY
IN PRAGUE

Example: Selection Sort 1

File Machine Windows Help

2023-02-05

J u M | 1x | 2x 5x 10x Unlimited Max "Bl o s+ $

jon_sort.S |« Memory @® Data Cache &

éfoftimg'e “ | Word ~ | Cached - Hit: 0

ié?gc”tt‘gg‘sort Address +0 +4 +8 +12 +16 +20 - Miss: 1
0x000003d0 00000000 00000000 00000000 00000000 00000000 00000000 Memory reads: 1

Option norelax | 1000003e8 00000000 00000000 00000000 00000000 00000000 00000000 Memory writes: 0

-globl array [T 00000005 00000003 00000004 00000001 0000000f 00000000 Memory stall cycles: 10

.globl _start Hit rate: 0.000%

. 0x00000418 00000000 00000000 00000000 00000000 00000000 00000000 mproved speed:  91%
0x00000430 00000000 00000000 00000000 00000000 00000000 00000000 o

~start 0x00000448 00000000 00000000 00000000 00000000 00000000 00000000 (00000050 [o]]

B o ey 0x00000460 00000000 00000000 00000000 00000000 00000000 00000000 [N .

© i <1, zero 0x00000478 00000000 00000000 00000000 00000000 00000000 00000000 0

20 s oo 0x00000490 00000000 00000000 00000000 00000000 00000000 00000000 iD S

50 0x000004a8 00000000 00000000 00000000 00000000 00000000 00000000 T

main_cycle: NxNNNNNAFN ONONNNON NONNNNNNA ANNNANNN NNNNNNNN NNNNNNNN ANDNNNNNN - .

. beq 0, 7| |0x000003d0 iD E—

Ready

QtRvSim - Education from Assembly to Pipeline, Cache Performance, and C Level Programming @ FOSDEM



CTU

CZECH TECHNICAL
UNIVERSITY
IN PRAGUE

Example: Selection Sort 2

File Machine Windows Help

2023-02-05

L uoIx 2x 5x  10x  Unlimited Max "B o+ @

jon_sort.s |« Memory @® Data Cache B &

éfoftimg'e “ 'Word ~ | Cached Hit: 1

ié?gc”tt‘gg‘sort Address +0 +4 +8 +12 +16 +20 Miss: 2
0x000003d0 00000000 00000000 00000000 00000000 00000000 00000000 Memory reads: 2

Option norelax | 1000003e8 00000000 00000000 00000000 00000000 00000000 00000000 Memory writes: 0

‘globlarray [FILTTITTY 00000005 00000003 00000004 00000001 0000000f 00000000 Memory stall cycles: 20

.globl _start Hit rate: 33.333%

- 0x00000418 00000000 00000000 00000000 00000000 00000000 00000000 mproved speed:  130%
0x00000430 00000000 00000000 00000000 00000000 00000000 00000000 O —

~start 0x00000448 00000000 00000000 00000000 00000000 00000000 00000000 (00000080 [

R ey 0x00000460 00000000 00000000 00000000 00000000 00000000 00000000 Vo m _ow

0 i1, sero, 0x00000478 00000000 00000000 00000000 00000000 00000000 00000000 1 2 ) s

20 oo 0x00000490 00000000 00000000 00000000 00000000 00000000 00000000 iD S

50 0x000004a8 00000000 00000000 00000000 00000000 00000000 00000000 e

main_cycle: (aRvdaTalalalaVivalamuaTaTalalalalalaRNalalalalalalalaNualalalalalalalaNualalalalalnlalannalalalalalalalannalalalalnlalals! ;

. beq s0, 7| 0x000003d0 iD —

Ready

QtRvSim - Education from Assembly to Pipeline, Cache Performance, and C Level Programming @ FOSDEM
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Example: Selection Sort 3

File Machine Windows Help

2023-02-05

QM 1x 2x 5x 10x Unlimited Max "Bl o s+ $

jon_sort.S |« Memory @® Data Cache &

f;/o?timgle -~ |Word v | Cached Hit: 1

o Address +0 +4 +8 +12 +16 +20 Miss: 3
0x000003d0 00000000 00000000 00000000 00000000 00000000 00000000 Memory reads: 3

Option norelax | 1000003e8 00000000 00000000 00000000 00000000 00000000 00000000 Memory writes: 0

-globl array [IIILYTN 00000005 00000003 00000004 00000001 0000000f 00000000 Memory stall cycles: 30

.globl _start Hit rate: 25.000%

ot 0x00000418 00000000 00000000 00000000 00000000 00000000 00000000 e
0x00000430 00000000 00000000 00000000 00000000 00000000 00000000 R

~start 0x00000448 00000000 00000000 00000000 00000000 00000000 00000000 [ 00000081 [off]

B o ey 0x00000460 00000000 00000000 00000000 00000000 00000000 00000000 vo___e o

o <1 sero, 0x00000478 00000000 00000000 00000000 00000000 00000000 00000000 p o G G

20 . sero 0x00000490 00000000 00000000 00000000 00000000 00000000 00000000 iD ——

s0 0x000004a8 00000000 00000000 00000000 00000000 00000000 00000000 o Toromomoosr—Torosmonsos

main_cycle: NyNNNNNA-~O  NNNNNNNN ANNONNNN ANnnNNNNANN  NnNnNNnNnNn  annnnnnn annnnnnn .

. beq 0, 7| |0x000003d0 iD E—

Ready

QtRvSim - Education from Assembly to Pipeline, Cache Performance, and C Level Programming @ FOSDEM



CTU

CZECH TECHNICAL
UNIVERSITY
IN PRAGUE

Example: Selection Sort 4

File Machine Windows Help

2023-02-05

QM 1x 2x 5x 10x Unlimited Max "Bl o s+ $

jon_sort.S |« Memory @® Data Cache &

/S/O?timg'e “ Word ~ | Cached Hit: 1

o Address +0 +4 +8 +12 +16 +20 Miss: 4
0x000003d0 00000000 00000000 00000000 00000000 00000000 00000000 Memory reads: 4

Option norelax | 1000003e8 00000000 00000000 00000000 00000000 00000000 00000000 Memory writes: 0

-globl array [IILYI 00000005 00000003 00000004 00000001 0000000f 00000000 Memory stall cycles: 40

.globl _start Hit rate: 20.000%

ot 0x00000418 00000000 00000000 00000000 00000000 00000000 00000000 e ——r
0x00000430 00000000 00000000 00000000 00000000 00000000 00000000 e o ooosona.

~start 0x00000448 00000000 00000000 00000000 00000000 00000000 00000000 [ 00000081 1]}

B o ey 0x00000460 00000000 00000000 00000000 00000000 00000000 00000000 vo___e o

o <1 sero, 0x00000478 00000000 00000000 00000000 00000000 00000000 00000000 p o G G

20 . sero 0x00000490 00000000 00000000 00000000 00000000 00000000 00000000 iD ——

s0 0x000004a8 00000000 00000000 00000000 00000000 00000000 00000000 ToTorasm0a08T 000500008

main_cycle: NyNNNNNA-~O  NNNNNNNN ANNONNNN ANnnNNNNANN  NnNnNNnNnNn  annnnnnn annnnnnn g S

. beq 0, 7| |0x000003d0 iD E—

Ready

QtRvSim - Education from Assembly to Pipeline, Cache Performance, and C Level Programming @ FOSDEM



CTU

CZECH TECHNICAL
UNIVERSITY
IN PRAGUE

Example: Selection Sort 5

File Machine Windows Help

2023-02-05

QoM 1x 2x 5x 10x Unlimited Max "Bl o s+ $

jon_sort.S |« Memory @® Data Cache &

/S/O?timg'e “ Word ~ | Cached Hit: 1

o Address +0 +4 +8 +12 +16 +20 Miss: >
0x000003d0 00000000 00000000 00000000 00000000 00000000 00000000 Memory reads: 5

Option norelax | 1000003e8 00000000 00000000 00000000 00000000 00000000 00000000 Memory writes: 0

-globl array 00000003 00000004 00000001 0000000f 00000000 Memory stall cycles: 50

.globl _start Hit rate: 16.667%

ot 0x00000418 00000000 00000000 00000000 00000000 00000000 00000000 T ——
0x00000430 00000000 00000000 00000000 00000000 00000000 00000000 e ossomts

~start 0x00000448 00000000 00000000 00000000 00000000 00000000 00000000 [ 00000082 [off]

B o ey 0x00000460 00000000 00000000 00000000 00000000 00000000 00000000 [ELN - S—C

o <1 sero, 0x00000478 00000000 00000000 00000000 00000000 00000000 00000000

20 . sero 0x00000490 00000000 00000000 00000000 00000000 00000000 00000000 iD ——

s0 0x000004a8 00000000 00000000 00000000 00000000 00000000 00000000 ToTorasm0a08T 000500008

main_cycle: NyNNNNNA-~O  NNNNNNNN ANNONNNN ANnnNNNNANN  NnNnNNnNnNn  annnnnnn annnnnnn g S

. beq 0, 7| |0x000003d0 iD E—

Ready

QtRvSim - Education from Assembly to Pipeline, Cache Performance, and C Level Programming @ FOSDEM



CTU

CZECH TECHNICAL
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Example: Selection Sort 6

File Machine Windows Help

2023-02-05

QM 1x 2x 5x 10x Unlimited Max "Bl o s+ $

jon_sort.S |« Memory @® Data Cache &

f;/o?timgle -~ |Word v | Cached Hit: 1

o Address +0 +4 +8 +12 +16 +20 Miss: 6
0x000003d0 00000000 00000000 00000000 00000000 00000000 00000000 Memory reads: 6

Option norelax | 1000003e8 00000000 00000000 00000000 00000000 00000000 00000000 Memory writes: 0

-globl array 000000400 [PIIIIIE 0000000300000001 0000000f 00000000 Memory stall cycles: 60

.globl _start Hit rate: 14.286%

e 0x00000418 00000000 00000000 00000000 00000000 00000000 00000000 Improved speed:  104%
0x00000430 00000000 00000000 00000000 00000000 00000000 00000000 o,

~start 0x00000448 00000000 00000000 00000000 00000000 00000000 00000000 (00000080 [o]]

B o ey 0x00000460 00000000 00000000 00000000 00000000 00000000 00000000 [CLN - S—C

o <1 sero 0x00000478 00000000 00000000 00000000 00000000 00000000 00000000

2 . sero 0x00000490 00000000 00000000 00000000 00000000 00000000 00000000 iD _

s0 0x000004a8 00000000 00000000 00000000 00000000 00000000 00000000 | Torssmonnss—Torsamcsss

main_cycle: (aRvdaTalalalaVivalamuaTaTalalalalalaRNalalalalalalalaNualalalalalalalaNualalalalalnlalannalalalalalalalannalalalalnlalals! i R o

. beq 0, 7| |0x000003d0 iD E—

Ready

QtRvSim - Education from Assembly to Pipeline, Cache Performance, and C Level Programming @ FOSDEM
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Example: Selection Sort 6

File Machine Windows Help

2023-02-05

QM 1x 2x 5x 10x Unlimited Max "Bl o s+ $

jon_sort.S |« Memory @® Data Cache &

f;/o?timgle -~ |Word v | Cached Hit: 1

o Address +0 +4 +8 +12 +16 +20 Miss: 6
0x000003d0 00000000 00000000 00000000 00000000 00000000 00000000 Memory reads: 6

Option norelax | 1000003e8 00000000 00000000 00000000 00000000 00000000 00000000 Memory writes: 0

-globl array [IILYIN 00000005 00000003 00000004 00000001 0000000f 00000000 Memory stall cycles: 60

.globl _start Hit rate: 14.286%

ot 0x00000418 00000000 00000000 00000000 00000000 00000000 00000000 e
0x00000430 00000000 00000000 00000000 00000000 00000000 00000000 .

~start 0x00000448 00000000 00000000 00000000 00000000 00000000 00000000 00000080 [o[f]

B o ey 0x00000460 00000000 00000000 00000000 00000000 00000000 00000000 [CLN - S—C

o <1 sero, 0x00000478 00000000 00000000 00000000 00000000 00000000 00000000

20 . sero 0x00000490 00000000 00000000 00000000 00000000 00000000 00000000 iD ——

s0 0x000004a8 00000000 00000000 00000000 00000000 00000000 00000000 o Toromomooss—Torosmonsss

main_cycle: NyNNNNNA-~O  NNNNNNNN ANNONNNN ANnnNNNNANN  NnNnNNnNnNn  annnnnnn annnnnnn i L S

. beq 0, 7| |0x000003d0 iD E—

Ready

QtRvSim - Education from Assembly to Pipeline, Cache Performance, and C Level Programming @ FOSDEM
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Example: Selection Sort 7

File Machine Windows Help

2023-02-05

QoM 1x 2x 5x 10x Unlimited Max "Bl o s+ $

jon_sort.S |« Memory @® Data Cache &

f;/o?timgle - 'Word ~ | Cached Hit: 2

o Address +0 +4 +8 +12 +16 +20 Miss: 6
0x000003d0 00000000 00000000 00000000 00000000 00000000 00000000 Memory reads: 6

Option norelax | 1000003e8 00000000 00000000 00000000 00000000 00000000 00000000 Memory writes: 0

‘globl array 00000003 00000004 00000001 0000000f 00000000 Memory stall cycles: 60

.globl _start Hit rate: 25.000%

ot 0x00000418 00000000 00000000 00000000 00000000 00000000 00000000 e
0x00000430 00000000 00000000 00000000 00000000 00000000 00000000 .

~start 0x00000448 00000000 00000000 00000000 00000000 00000000 00000000 00000080 [o[f]

B o ey 0x00000460 00000000 00000000 00000000 00000000 00000000 00000000 [CLN - S—C

o <1 sero, 0x00000478 00000000 00000000 00000000 00000000 00000000 00000000

20 . sero 0x00000490 00000000 00000000 00000000 00000000 00000000 00000000 iD ——

s0 0x000004a8 00000000 00000000 00000000 00000000 00000000 00000000 e TeToromomo0s—Torosmocecs

main_cycle: NyNNNNNA-~O  NNNNNNNN ANNONNNN ANnnNNNNANN  NnNnNNnNnNn  annnnnnn annnnnnn i L S

. beq 0, 7| |0x000003d0 iD E—

Ready

QtRvSim - Education from Assembly to Pipeline, Cache Performance, and C Level Programming @ FOSDEM
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Example: Selection Sort 8

File Machine Windows Help

2023-02-05

QM 1x 2x 5x 10x Unlimited Max "Bl o s+ $

jon_sort.S |« Memory @® Data Cache &

/S/O?timgle -~ 'Word ~ | Cached Hit: 3

o Address +0 +4 +8 +12 +16 +20 Miss: 6
0x000003d0 00000000 00000000 00000000 00000000 00000000 00000000 Memory reads: 6

Option norelax | 1000003e8 00000000 00000000 00000000 00000000 00000000 00000000 Memory writes: 0

-globl array [FIILRYET 00000001 00000003 00000004 00000005 0000000f 00000000 Memory stall cycles: 60

.globl _start Hit rate: 33.333%

ot 0x00000418 00000000 00000000 00000000 00000000 00000000 00000000 e
0x00000430 00000000 00000000 00000000 00000000 00000000 00000000 e o ooosona.

~start 0x00000448 00000000 00000000 00000000 00000000 00000000 00000000 [ 00000081 1]}

B o ey 0x00000460 00000000 00000000 00000000 00000000 00000000 00000000 [CLN - S—C

o <1 sero, 0x00000478 00000000 00000000 00000000 00000000 00000000 00000000

20 . sero 0x00000490 00000000 00000000 00000000 00000000 00000000 00000000 iD ——

s0 0x000004a8 00000000 00000000 00000000 00000000 00000000 00000000 I Ti Toras00a085—To-a0500001

main_cycle: NyNNNNNA-~O  NNNNNNNN ANNONNNN ANnnNNNNANN  NnNnNNnNnNn  annnnnnn annnnnnn g e

. beq 0, 7| |0x000003d0 iD E—

Ready

QtRvSim - Education from Assembly to Pipeline, Cache Performance, and C Level Programming @ FOSDEM
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Example: Selection Sort 9

File Machine Windows Help

2023-02-05

QoM 1x 2x 5x 10x Unlimited Max "Bl o s+ $

jon_sort.S |« Memory @® Data Cache &

/S/O?timg'e “ Word ~ | Cached Hit: 5

o Address +0 +4 +8 +12 +16 +20 Miss: 7
0x000003d0 00000000 00000000 00000000 00000000 00000000 00000000 Memory reads: 7

Option norelax | 1000003e8 00000000 00000000 00000000 00000000 00000000 00000000 Memory writes: 0

-globl array (LI 00000001 00000003 00000004 00000005 0000000f 00000000 Memory stall cycles: 70

.globl _start Hit rate: 41.667%

ot 0x00000418 00000000 00000000 00000000 00000000 00000000 00000000 e
0x00000430 00000000 00000000 00000000 00000000 00000000 00000000 R

~start 0x00000448 00000000 00000000 00000000 00000000 00000000 00000000 [ 00000081 [off]

B o ey 0x00000460 00000000 00000000 00000000 00000000 00000000 00000000 (LN S—

o <1 sero, 0x00000478 00000000 00000000 00000000 00000000 00000000 00000000

20 . sero 0x00000490 00000000 00000000 00000000 00000000 00000000 00000000 iD ——

s0 0x000004a8 00000000 00000000 00000000 00000000 00000000 00000000 I Ti Toras00a085—To-a0500001

main_cycle: NyNNNNNA-~O  NNNNNNNN ANNONNNN ANnnNNNNANN  NnNnNNnNnNn  annnnnnn annnnnnn g e

. beq 0, 7| |0x000003d0 iD E—

Ready

QtRvSim - Education from Assembly to Pipeline, Cache Performance, and C Level Programming @ FOSDEM
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Example: Selection Sort 10

File Machine Windows Help

2023-02-05

QoM 1x 2x 5x 10x Unlimited Max "Bl o s+ $

jon_sort.S |« Memory @® Data Cache &

/S/O?timgle -~ 'Word ~ | Cached Hit: 6

o Address +0 +4 +8 +12 +16 +20 Miss: 8
0x000003d0 00000000 00000000 00000000 00000000 00000000 00000000 Memory reads: 8

Option norelax | 1000003e8 00000000 00000000 00000000 00000000 00000000 00000000 Memory writes: 1

-globl array [N 00000001 00000003 00000004 00000005 0000000f 00000000 Memory stall cycles: 89

.globl _start Hit rate: 42.857%

ot 0x00000418 00000000 00000000 00000000 00000000 00000000 00000000 Teve Gaeeeh | SEEEn
0x00000430 00000000 00000000 00000000 00000000 00000000 00000000 e ossomts

~start 0x00000448 00000000 00000000 00000000 00000000 00000000 00000000 [ 00000082 [off]

B o ey 0x00000460 00000000 00000000 00000000 00000000 00000000 00000000 [ELN S

o <1 sero, 0x00000478 00000000 00000000 00000000 00000000 00000000 00000000

20 . sero 0x00000490 00000000 00000000 00000000 00000000 00000000 00000000 iD ——

s0 0x000004a8 00000000 00000000 00000000 00000000 00000000 00000000 o Toromomooss—Torosmocssr

main_cycle: NyNNNNNA-~O  NNNNNNNN ANNONNNN ANnnNNNNANN  NnNnNNnNnNn  annnnnnn annnnnnn i L e

. beq 0, 7| |0x000003d0 iD E—

Ready

QtRvSim - Education from Assembly to Pipeline, Cache Performance, and C Level Programming @ FOSDEM
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Example: Selection Sort 11 - Fence

File Machine Windows Help

4

Ready

2023-02-05

Qo M 1x | 2x 5x 10x Unlimited Max "Bl o s+ $
jon_sort.S |« Program @& Memory @ Data Cache @
?éin_cycle_en “| | Follow fetch = Word v Cached Hit: 27
d Bp  Address Instruction = Address +0 +4 Miss: 8
Y UIIIFES add x5, x10, x8 0x000003e8 00000000 00000000 Memory reads: 8

Cwsa, 0x00000250 Iw x21, 0(x5) 0x000003f0 00000000 00000000 Memory writes: >
0(t0) // lw s4, Memory stall cycles: 125
array;%) - 0x00000254 sw x20, 0(x5) 0x000003f8 00000000 00000000 Hit rate: 57 1439%
sozer0 0x00000258 add x5, x10, x19 (LI 00000001 00000003 improved speed:  212%
50, zero 0x0000025¢ sw x21, 0(x5) 0x00000408 00000004 00000005 —
inner_cycle: 0x00000260 addi x8, x8, 4 0x00000410 0000000f 00000000 00000000 1]
o beq sz, 0x00000264 jal x0, 0x214 0x00000418 00000000 00000000 VD T
Inner_cycle_en 0x00000268 |fence | 0x00000420 00000000 00000000 1
€0, 20, 2 add 0x0000026¢ ebreak 0x00000428 00000000 00000000 iD —
5 ot thvw 0x00000270 jal x0, 0x268 0x00000430 00000000 00000000 —
s5, array(s2) NxNNNNN27A4 ninlnnmarn b NxyNNNNNA3L NnnNnanNnnn nnnnnnnNn

|~ 0x0000024c 0x000003e8 iD S—

QtRvSim - Education from Assembly to Pipeline, Cache Performance, and C Level Programming @ FOSDEM
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Example: Selection Sort 11 - Fence

File Machine Windows Help

4

Ready

2023-02-05

b 0x0000024c

0x000003e8

J m M 1x  2x 5x 10x Unlimited Max "Bl o s+ $
jon_sort.5 |« Program @® Memory @ Data Cache @ &
?éin_cycle_en “ | |Follow fetch v Word ~  |Cached Hit: 27
d Bp  Address Instruction = Address +0 +4 Miss: 8
Lo, Jdd o add x5, x10, x8 0x000003e8 00000000 00000000 Memory reads: 8

w sa, 0x00000250 Iw x21, 0(x5) 0x000003f0 00000000 00000000 SR lisEE 2
0(t0) 7/ lw s4, Memory stall cycles: 125
array(s0) - 0x00000254 sw x20, 0(x5) 0x000003f8 00000000 00000000 I 77 143%
0zer0 0x00000258 add x5, x10, x19 0000001 00000003 mproved speed:  212%
s0, zero 0x0000025c sw x21, 0(x5) 0x00000408 00000004 00000005 —
inner_cycle: 0x00000260 addi x8, x8, 4 0x00000410 J0000000f 00000000 (00000000 [1[]
o e 0x00000264 jal x0, 0x214 0x00000418 00000000 00000000 VD T
Inner_cycle_en 0x00000268 fence 0x00000420 00000000 00000000 i
0. 20, 52 add 0x0000026¢ ebreak 0x00000428 00000000 00000000 ia I
w5 ooy 0x00000270 jal x0, 0x268 0x00000430 00000000 00000000 —
s5, array(s2) NxyNNNNN2 74 1inknnwn 4 NxvNNNNNA3K] nNnNnnNnnNnn nnnnnnnn

m—
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CTU

CZECH TECHNICAL
UNIVERSITY
IN PRAGUE

Example: Selection Sort 11 - Fence

File Machine Windows Help

g B oM 1x  2x 5x  10x Unlimited
jon_sort.5 |« Program

;léin_cyc,e_en “ | |Follow fetch

d Bp Address Instruction

add to, b Glealelelolifel add x5, x10, x8
a0, sO

Iw s4, 0x00000250 Iw x21, 0(x5)

o(t0) //lw s4,

array(s0) 0x00000254 sw x20, 0(x5)
add s3,

s0, zero 0x00000258 add x5, x10, x19
dd s2,

<0, zer0 0x0000025¢ sw x21, 0(x5)

nner_cycle: 0x00000260 addi x8, x8, 4
beq s2,

0x00000264 jal x0, 0x214
0x00000268 fence

sl,
inner_cycle_en
d

add 0x0000026c ebreak
t0, a0, s2

Iw 0x00000270 jal x0, 0x268
s5, 0(t0) // Iw

NyNNNNN27A 1inkknnwn
" 0x0000024c

s5, array(s2)

4

Ready

2023-02-05

Max

h 4

-

"Bl o s+ $

G Memory

Word

Address
0x000003e8

0x000003f0
0x000003f8

~ | Cached

+0
00000000

00000000
00000000

pelelelelorielen 00000001

0x00000408
0x00000410
0x00000418
0x00000420
0x00000428

0x00000430
N¥NNNNNA3R
0x000003e8

00000004
0000000f
00000000
00000000
00000000

00000000
nnnnnnnn

+4
00000000

00000000
00000000
00000003
00000005
00000000
00000000
00000000
00000000

00000000
nnnNNNNN

@ Data Cache &
M Hit: 27
= Miss: 8
Memory reads: 8
Memory writes: 5
Memory stall cycles: 125
Hit rate: 77.143%
Improved speed: 212%

Address

00000000 [1]]

D Tag Data

0x00000004
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CTU

CZECH TECHNICAL
UNIVERSITY
IN PRAGUE

Example: Selection Sort 11 - Fence

File Machine Windows Help

4

Ready

2023-02-05

Qo M 1x | 2x 5x 10x Unlimited Max "Bl o s+ $
jon_sort.S |« Program @& Memory @® Data Cache @
?éin_cycle_en “| | Follow fetch = Word v Cached = Hit: 27
d Bp  Address Instruction = Address +0 +4 3 Miss: 8
Y UIIIFES add x5, x10, x8 0x000003e8 00000000 00000000 Memory reads: 8

Cwsa, 0x00000250 Iw x21, 0(x5) 0x000003f0 00000000 00000000 Memory writes: >
0(t0) // lw s4, Memory stall cycles: 125
array;%) - 0x00000254 sw x20, 0(x5) 0x000003f8 00000000 00000000 Hit rate: 57 1439%
sozer0 0x00000258 add x5, x10, x19 (LI 00000001 00000003 improved speed:  212%
50, zero 0x0000025¢ sw x21, 0(x5) 0x00000408 00000004 00000005 P
inner_cycle: 0x00000260 addi x8, x8, 4 0x00000410 0000000f 00000000 00000000 1]
o beq sz, 0x00000264 jal x0, 0x214 0x00000418 00000000 00000000 VD T
Inner_cycle_en 0x00000268 fence 0x00000420 00000000 00000000 1
€0, 20, 2 add 0x0000026¢ ebreak 0x00000428 00000000 00000000 iD —
5 ot thvw 0x00000270 jal x0, 0x268 0x00000430 00000000 00000000 —
s5, array(s2) NxNNNNN27A4 ninlnnmarn b NxyNNNNNA3L NnnNnanNnnn nnnnnnnNn b

|~ 0x0000024c 0x000003e8 iD S—
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... Cache Configuration

UNIVERSITY
IN PRAGUE

File Machine Windows Help

g m o Ix | 2x 5x  10x Unlimited Max @H 8 + @

ion sort.S |« Data Cache B
St - , Basic Core Memory Program cache @ Datacache | OSE »
main_cycle_en Hit:
d Miss: v/ Enable cache
add to, Memory reads:
a0, s0 y ) Number of sets: 2 =
w s4, Memory writes: _
0(t0) // lw s4, Memory Sta” cyc'esl BIOCk Slze: 1 -
array(s0) )
add s3, Hit rate: Degree of associativity: | 2 -
50, zero Improved speed: .
o add sz, Replacement policy: Least Recently Used (LRU) v
sV, Zero
Writeback policy: Write back v
inner_cycle:
beq s2,
s1,
inner_cycle_en
d
add
t0, a0, s2 ;
avs Iw Example ‘Start empty’ Load machine = Cancel
s5, 0(t0) // lw

T 11 [ I

s5, array(s2)

3 iD —
4 14
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... Cache Configuration: Replacement Policy (R,

UNIVERSITY
IN PRAGUE

File Machine Windows Help

g o 1x | 2x 5x  10x Unlimited Max | @,H 8 4 @

ion sort.S |« Data Cache B
St - , Basic Core Memory Program cache @ Datacache | OSE »
main_cycle_en Hit:
d Miss: v/ Enable cache

add to, Memory reads:
a0, s0 y ) Number of sets: 2 -

w s4, Memory writes:
0(t0) // lw s4, Memory Sta” cyc'esl BIOCk Size: 1 -
array(s0) Hit rat

add s3, It rate: Degree of associativity:
s0, zero ; 9 y Random

Improved speed: .
- z:r?)d s2, Replacement policy: Least Recently Used (LRU)
Writeback policy: Least Frequently Used (LFU)

inner_cycle:

beq s2,
s1,
inner_cycle_en
d

add
t0, a0, s2 ;
avs Iw Example ‘Start empty’ Load machine = Cancel

s5, 0(t0) // lw

s5, array(s2) T | [
« I iD
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..., Cache Configuration: Writeback Policy (R,

UNIVERSITY
IN PRAGUE

File Machine Windows Help

g o 1x | 2x 5x  10x Unlimited Max | @,H 8 4 @

ion sort.s |« Data Cache BE
St - , Basic Core Memory Program cache @ Datacache | OSE »
main_cycle_en Hit:
d Miss: v/ Enable cache

add to, Memory reads:
a0, s0 y ) Number of sets: 2 -

w s4, Memory writes:
O(tO) /! lw s4, Memory Sta” cyc'esl BIOCk Size: 1 -
array(s0) )

add s3, Hit rate: Degree of associativity: > =
s0, zzrgd B Improved speed: - Write through - noallocate
50, zoro Replacement policy: Write through - write allocate

Writeback policy: Write back
inner_cycle:

beq s2,
sl,
inner_cycle_en
d
add

t0, a0, s2 ;
avs Iw Example ‘Start empty’ Load machine = Cancel

s5, 0(t0) // lw

s5, array(s2) T | [
« I iD
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CZECH TECHNICAL
UNIVERSITY
IN PRAGUE

Cache Shape Visualization

File Machine Windows Help
g mopM 1x 2x 5x  10x Unlimited Max = = %

Core Data Cache @&
Hit: 0
nop .
Miss: 0
NONE
Memory reads: 0
Memory writes: 0
e Memory stall cycles: 0
—>MemRead
| C(L)Jr'l‘tirtnl :';EEE:::T: Hlt rate: 0-0000/0
icconn Improved speed:  100%
l_L Address  0x00000000
Instruction RegWrite Address 0x00000000 ml
OxifeE [EFmooece] ] [ 00000000 [o] ] [ .
[] [ |

a
g ho [
Tag Data | 1 =]
| =1 0H I =
Registers
=2 Tag Data
ra-{2H | | I |
Memory — % I | —
—_—
Tag Data
[ I

4
Immediate
decode '@
L I I

- o |
L pcua pCad - ir\._; I TH —

o —Thn —

4 »

el

Program

oo ol ol o] o]«

=<
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... Program Cache

UNIVERSITY
IN PRAGUE

File Machine Windows Help

L umo o Ix 2x 5x  10x Unlimited = Max @H 8 4 @

Unknown |«  Program Cache @® Data Cache B
inatinfinite 5 it 0 Hit: 76
end_loop: Miss: 1117 Miss: 104

f
// f|u5§'}§ihe Memory reads: 1117 Memory reads: 99
memo;y . Memory writes: 0 Memory writes: 30

eprea
// stop the Memory stall cycles: 11170 Memory stall cycles: 1265
S'”"“'jator Hit rate: 0.000% Hit rate: 42.222%
end_loop Improved speed: 91% Improved speed: 125%
.org 0x400
.data
// .align 2 //
not supported
by QtRVSsim

Address 0x00000014

array: Address 0x0000026¢ [ooooo000 5[]
.word 5, 3,4, l Data
1,15,8,9, 2,
10, 6, 11, 1, 6, v Tag Data
9,12 |1|0x0000009b |0x00100073
/! Specify % | I %
location to ! I_
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Simulator Pragmas

#pragma gtrvsim show registers
#pragma gtrvsim show memory
#pragma gtrvsim focus memory array
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CTU

CZECH TECHNICAL
UNIVERSITY
IN PRAGUE

2023-02-05

Pipeline

Interstage Registers
Data Hazards
Forwarding

QtRvSim - Education from Assembly to Pipeline, Cache Performance, and C Level Programming @ FOSDEM
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CTU

... ENAbling Pipeline

UNIVERSITY
IN PRAGUE

File Machine Windows Help
&L B pF 1x 2x 5x 10x Unlimited [Max || | [T ] © ¢+ @

Core | selection_sort.S

duu 53, SU, ZE10 N
add s2, s0, zero
: e Dialog
inner_cycle:
beq s2, s, inner_cycle_end Basic | Core Memory Program cache Datacache OSE
add tO0, a0, s2
Iw s5, 0(t0) // lw s5, array(s2) Preset
// expand bgt s5, s4, not_minimum No pipeline no cache
slt t0, s4, s5
bne t0, zero, not_minimum No pipeline with cache
addi s3, s2, 0 ® Pipelined without hazard unit and without cache

addi s4, s5, 0
not_minimum:
addi s2,s2, 4
jinner_cycle
inner_cycle_end:
add t0, a0, sO v/ Reset at compile time (reload after make)
Iw s5, 0(t0) // Iw s5, array(s0)
sw s4, 0(t0) // sw s4, array(s0)
add t0, a0, s3
sw s5, 0(t0) // sw s5, array(s3)

Pipelined with hazard unit and cache

Custom

Elf executable: Browse

Example |Start empty Load machine

addi s0, s0, 4
j main_cycle
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CTU

... Plpeline

UNIVERSITY
IN PRAGUE

File Machine Windows Help
B aF 1x 2x 5x 10x Unlimited ‘Max | | (T H © ¢+ $

Core | selection sort.S

nop nop nop nop nop
NONE NONE NONE NONE
{0}
BranchOutcome — Cycles: 0
IFID ID/EX EX/MEM MEM/WE stalls: 0
7] ] ¥ ]
sequirte —{g}—{ |0} o
Hrermores — | =1 —o
—Memwirite —[0}—— |0} nWrite —
|—tMemRead —[0H |—{7} nRead—
|—HBranchBxx Ho}
___| contmol Branchjal —[7}. a! ]
Unit |—t-Branchjalr —|:|— —|0
|—Branchval ——[0H 0 xor I:l ) 5]
I—Hatucontrol [0 }— o _.D——'D—
[rAluMul °H Branch Branch
alusre —[T— Jalr Jalx
|—AuiPC [°H
Instruction RegWrite [:[:I
PC 00000000
OxFFFFFfT
| o _|
3 . o]
=
] |41 =
Regists — — g
b—rs2 gisters AluOut 3
=
2
rd-00H g
Program 5 =1
e 00000000 E =
I_ S [1] Data
4 WriteData s 3 Memory
Immediate
AT 0000000 0000000 __B-
PC PC
PC+4 +4 +4
rd G5 rd {00} rd 00} _|
b Re2gWriteD: 000006000

e BranchTarget:s
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... Plpeline

UNIVERSITY
IN PRAGUE

File Machine Windows Help
B aF 1x 2x 5x 10x Unlimited ‘Max | | (T H © ¢+ $

Core | selection sort.S

nop nop nop nop nop
NONE NONE NONE NONE
BranchOutcome — Cycles: 0
IFID ID/EX EX/MEM MEM/WE stalls: 0
7] ] ¥ ]
sequirte —{g}—{ |0} o
Hrermores — | =1 —o
—Memwirite —[0}—— |0} nWrite —
|—tMemRead —[0H |—{7} nRead—
|—HBranchBxx Ho}
___| contmol Branchjal —[7}. a! ]
Unit |—t-Branchjalr —|:|— —|0
|—Branchval ——[0H 0 xor I:l ) 5]
I—Hatucontrol [0 }— o _.D——'D—
[rAluMul °H Branch Branch
—tAluSrc —|:|— Jalr Jalx
|—AuiPC [°H
Instruction RegWrite [:[:I
PC 00000000
OxFFFFFfT
| o _|
3 . o]
=
] |41 =
Regist = L =
b—rs2 gisters AluOut 3
=
2
rd-00H g
Program 5 =1
e 00000000 E =
I_ S [1] Data
4 WriteData s 3 Memory
Immediate =
AT 0000000 0000000 __B-
PC PC
PC+4 +4 +4
rd G5 rd {00} rd 00} _|
b Re2gWriteD: 000006000

e BranchTarget:s
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CTU

... Plpeline

UNIVERSITY
IN PRAGUE

File Machine Windows Help

& i 1x 2x 5x 10x Unlimited [Max || (" H 0 + @

Core | selection sort.S

nop nop nop nop nop
NONE NONE NONE NONE
{0}
BranchOutcome — Cycles: 0
. Wex Wemem MENNE stalls: 0
7] ] ¥ ]
Regwirite —{T}— |0 [}
Hrereres —— g} =1 o
—Memwirite —[0}—— |0} nWrite —
|—tMemRead —[0H |—{7} nRead—
|—HBranchBxx Ho}
Control Branchjal —0H —{0} j
| Unit |—t-Branchjalr —|:|— —|0
|—Branchval ——[0H 0 xor I:l ) 5]
I—Hatucontrol [0 }— o _.D——'D—
[rAluMul °H Branch Branch
alusre —[T— Jalr Jalx
|—AuiPC [°H
Instruction RegWrite [:[:I
PC
00000000
| o _|
ripherals
3 o]
=
Y ) 2
Regists — — g
b—rs2 gisters AluOut 3
=
2
rd-00H g
Program = =1
e 00000000 E g
= Data
4 I- WriteData s [|] 1 Memory
Immediate
AT 0000000 0000000 __B-
PC PC
PC+4 +4 +4
rd G5 rd {00} rd 00} _|
b Re2gWriteD: 000006000

e BranchTarget:s
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CTU

... Program View

UNIVERSITY
IN PRAGUE

rie wvacnine winaows feip

J M 1x 2x 5x 10x Unlimited = Max “B o+ %

Program E®  Core  selection_sort.S
Follow fetch v -
beq x8, x9, 0x268 add x18, x0, x8 addi x9, x0, 60 addi x8, x0, 0 addi x10, x10, 512
Bp AddI"ESS |nStrUCtI0n = NONE NONE NONE NONE
0x000001f8 unknown ——smrore | 8
0x000001fc unknown Hoerws ] o
. 74;4em|1:::x4@ ﬂ NORMAL
0x00000200 auipc x10, 0x0 | cont ~§'a"°:j:;r—@g =
._-:;IUCO:::Z:I—E— _E
0x00000204 addi x10, x10, 512 Ey—C
|—HAuiPC @-
0x00000208 addi x8, x0, 0 |
. = Wm glvN\tE
0x0000020c addi x9, X0, 60
_E @
0x00000210 add x18, x0, x8 aln s -
._rsz §

0x00000214 beq x8, x9, 0x268 =

0x00000218 add x5, x10, x8

00000000

[oitmom

Immediate

a
emo
decode 00000000 0000003¢ ;
PC PC
PC+4 PC+4

0x0000021c Iw x20, 0(x5)
d {16} L rd {05} i rd [08}
0x00000220 add x19, x8, x0 - - -‘|
0x000001f8 ‘ o -
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CTU

... Program View

UNIVERSITY
IN PRAGUE

rie wvacnine winaows feip

J M 1x 2x 5x 10x Unlimited = Max “B o+ @

Program E®  Core  selection_sort.S
Follow fetch - 4
beq x8, x9, 0x268 add x18, x0, x8 addi x9, x0, 60 addi x8, x0, 0 addi x10, x10, 512
Bp Add I"ESS |nStrUCtI0n = NONE NONE NONE NONE
0x000001f8 unknown — ——araoucome | e 8
0x000001fc unknown Hoerws ] o
. 74:emn:::x4@ ﬁ NORMAL
0x00000200 auipc x10, 0x0 — ~f’a"°:j::,%@ e
._-:IUCO:::Z:I -1 —
0x00000204 addi x10, x10, 512 e p— )
|—HAuiPC [oH

0x00000204 addi x8, x0, 0 | =
0x0000020d addi x9, x0, 60 e

E

_E ol
0x0000021Q add x18, x0, x8 i -—'“ et -
= :

0x00000214 beq x8, x9, 0x268 =

0x00000218 add x5, x10, x8

00000000

[oitmom

Immediate

a
emo
decode 00000000 0000003¢ ;
PC PC
PC+4 PC+4

0x0000021c Iw x20, 0(x5)
d {16} L rd {05} i rd [08}
0x00000220 add x19, x8, x0 - - -‘|
0x000001f8 ‘ o -
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... CONtrol Signals

UNIVERSITY
IN PRAGUE

File Machine Windows Help

B B oM 1x 2x 5x 10x Unlimited =Max "B o+

Core | selection sort.S

nop nop nop nop nop
NONE NONE NONE NONE
(0]
BranchOutcome — Cycles: Q
IF/ID ID/EX EX/MEM MEM/WB stalls: 0
7] d V] 4
|_L RegWrite —E —E
wemtores 2 B |- =0 _
MemWrite —[0} MemWrite —
MemRead ——0] MemRead —
L BranchBxx —[0}
Control }—Branchjal @. E
Unit  —Branchjalr {0}— [0} 0
——Branch\fal—@- —E xor
—LAluControl -0 }— > DD
—AluMul {0H Branch Branch
—-AluSrc —||— Jalr Jalx
—LAUIPC [0H
Instruction RegWrite (°°]
PC [06000000 ]
Ritiliii 0] :
E| oT o Peripherals
[ 00000000 BINTT — o] -
q >
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..., Data Signals

UNIVERSITY
IN PRAGUE

File Machine Windows Help

B B oM 1x 2x 5x 10x Unlimited =Max "B o+

Core | selection sort.S

| S et -~
Instruction RegWrite [U][II
PC [00000000]
OxFFFFFFF EJ:]
g Peripherals
0 00000000 = EU:I
S Terminal
=) p—
- - M 2 3
. S
zero = S =)
._r52 Registers = AluOut S 1 S
=) g g |y
{0} 0 : | =
Program S S =
Memory 00000000 S S oM
S S
S [IG:I S Data
4 WriteData m é Memory
Immediate
. e 00000000 00000000 5
PC PC
b PC+4 PC+4 PC+4 I)
rd—|0()i rd—|00= rd400l —
b RegWriteData 00000000
b BranchTarget
w
4 »
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add s0, s2, s3

and t0, s0, s1

or tl1,s4,s0

sub t2, s0, s5

https://cw.fel.cvut.cz/b222/_media/courses/b35apo/en/lectures/05/b35apo_lecture05-pipeline.pdf

6

RF

S2
s3

IM

L{

4I|(£%I <

Time (cycles)

IRF

RF

IM

QtRvSim - Education from Assembly to Pipeline, Cache Performance, and C Level Programming @ FOSDEM
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add s0, s2, s3
and t0, s0, s1
or tl1,s4,s0

sub t2, s0, s5

1 2 3 4 5 6 7 8
- Time (cycles)
1M ol RFE[ZB M E2IRF
S |
M HRELEL Z@ ﬁ@— 0 IRF

L{

IM

or

IRF

sub

IM

o4 M

t1

RF

@'_rtZ

 —

https://cw.fel.cvut.cz/b222/_media/courses/b35apo/en/lectures/05/b35apo_lecture05-pipeline.pdf

RF
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add s0, s2, s3
and t0, s0, s1
or tl1,s4,s0

sub t2, s0, s5

1 2 3 4 5 6 7 8
- ] Time (cycles)
1M ol RFE[ZB M E2IRF
and > c“’[0
IM L{RFLl_Z@ ﬁ@—_ RF
M HRF :E 4 RF
) ™M —*50 o ';
M (22 {RFEEZD @'—r 2 IRF

https://cw.fel.cvut.cz/b222/_media/courses/b35apo/en/lectures/05/b35apo_lecture05-pipeline.pdf
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add s0, s2, s3
and t0, s0, s1
or tl1,s4,s0

sub t2, s0, s5

1 2 5 6 7 8
- Time (cycles)
1M RFE[
M (20 RF
L
N 11

RF

@'_rtZ

 —

https://cw.fel.cvut.cz/b222/_media/courses/b35apo/en/lectures/05/b35apo_lecture05-pipeline.pdf

RF
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CTU

... Hazard Unit Configuration

UNIVERSITY
IN PRAGUE

File Machine Windows Help

& i 1x 2x 5x 10x Unlimited [Max || (" H 0 + @

Core | selection_sort.S
~ Basic Core Memory Program cache Datacache OSE » =
Instruction ' . [U]g]
v v Pipelined
OXFFFFFFFF [Boo0m000] :|
0 . ]
v Hazard unit
- — rsl
—rs2 J00} Stall when hazard is detected % L
EEE 'rd e Stall or forward when hazard is detected 2
a4
b PC+4
i ]____
Example Start empty [Load machine| Cancel
s BranchTarget — 1
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CTU

... Hazard Unit Configuration

UNIVERSITY
IN PRAGUE

File Machine Windows Help

& i 1x 2x 5x 10x Unlimited [Max || (" H 0 + @

Core | selection_sort.S
~ Basic Memory Program cache Datacache OSE » =
Instruction . ' [U]g]
v v Pipelined
OXFFFFFFFF [Boo0m000] :|
0 . [
v/ Hazard unit
- — rsl
—rs2 J00} Stall when hazard is detected % L
EEE 'rd e Stall or forward when hazard is detected 2
a4
b PC+4
i —
Example Start empty [Load machine| Cancel
s BranchTarget — 1
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CTU

... Hazard Unit Configuration

UNIVERSITY
IN PRAGUE

File Machine Windows Help

& i 1x 2x 5x 10x Unlimited [Max || (" H 0 + @

Core | selection_sort.S
~ Basic Core Memory Program cache Datacache OSE » =
Instruction ' . [U]g]
v v Pipelined
OXFFFFFFFF [Boo0m000] :|
0 , ]
v Hazard unit
- — rsl
—rs2 J00} Stall when hazard is detected % L
EEE 'rd e Stall or forward when hazard is detected 2
a4
b PC+4
i ]_____
Example Start empty [Load machine| Cancel
s BranchTarget — 1
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CTU

... FOrwarding Paths

UNIVERSITY
IN PRAGUE

File Machine Windows Help

B B oM 1x 2x 5x 10x Unlimited =Max "B o+

Core | selection sort.S

Instruction RegWrite [l A | a
PC
00000000
OxFrfFfef e EJ:]

00000000

Terminal
o
Registers
_I:rsz ;

-rd o0}
Program
Memory 00000000

AluOut

I
00000000
]

[00000000]

m 0 LZ] Peripherals
0 [9]

00000000

[00000000] [00060000]

_J [LIJ:I Data
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... Data Hazard Example: Stalled 2

UNIVERSITY
IN PRAGUE

File Machine Windows Help

o o 1x 2x 5x 10x Unlimited = Max "B o+ @

Core | selection_sort.S
addi x8, x0, 0 addi x10, x10, 512 nop nop auipc x10, 0x0 -

NONE NONE NONE NONE

{
BranchOutcome — Cycles: 5

IF/ID ID/EX EX/MEM MEMANE stalls: 2
] ™ [
LRegWrite
IMemToReg —E-
+MemWrite
tMemRead ——[0H
+BranchBxx
LBranchjal

rBranchjalr —{[0}— . D“ 0
t8ranchval ——[0H xor

taluControl {0 — e

Branch Branch

—
aAIL!Src —.— Jalr Jalx

0
ﬂ@ Hazard Unit:

MemWrite —
MemRead — STALL

Control
Unit

TTTTTTITTITTIT]

Instruction RegWrite E[El

pC 70050513

0x00000208

00000200
. — -.—rsl.@.
Registers
2 iy

-0}
00000000

Terminal

E Peripherals

\J
[00006000] 00000000

zero [~ AluOut

P -g-
4 WriteData md E;
Immediate =
el 00000200 0000000 }
PC PC
PC+4

b PC+4 PC+4

00000000

Program
Memory

Data
Memory

0000000 | (00 30000'

\W 71E

b RegWriteDat:
b BranchTarget: w

Ready
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... Data Hazard Example: Stalled 2

UNIVERSITY
IN PRAGUE

File Machine Windows Help

o o 1x 2x 5x 10x Unlimited = Max "B o+ @

Core | selection_sort.S
addi x8, x0, 0 addi x10, x10, 512 nop nop auipc x10, 0x0 -

NONE NONE NONE NONE

{
BranchOutcome — Cycles: 5

IF/ID ID/EX EX/MEM MEMANE stalls: 2
] ™ [
LRegWrite
IMemToReg —E-
+MemWrite
tMemRead ——[0H
+BranchBxx
LBranchjal

rBranchjalr —{[0}— . D“ 0
t8ranchval ——[0H xor

taluControl {0 — e

Branch Branch

—
aAIL!Src —.— Jalr Jalx

0
ﬂ@ Hazard Unit:

MemWrite —
MemRead — STALL

Control
Unit

TTTTTTITTITTIT]

Instruction RegWrite E[El

pC 70050513

0x00000208

00000200
. — -.—rsl.@.
Registers
2 iy

-0}
00000000

Terminal

E Peripherals

\J
[00006000] 00000000

zero [~ AluOut

P -g-
4 WriteData md E;
Immediate =
el 00000200 0000000 }
PC PC
PC+4

b PC+4 PC+4

00000000

Program
Memory

Data
Memory

0000000 | (00 30000'

\W 71E

b RegWriteDat:
b BranchTarget: w

Ready
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CZECH TECHNICAL
UNIVERSITY
IN PRAGUE

File Machine Windows Help

& i 1x 2x 5x 10x Unlimited [Max || (" H 0 + @

Core | selection sort.S

q q q -
addi x8, x0, 0 addi x10, x10, 512 nop nop auipc x10, 0x0
NONE NONE NONE NONE
B
BranchOutcome — Cycles: 5
IF/ID ID/EX EX/MEM MEMANE stalls: 2
¥ ¥ ]
| —RegWrite _E _E - =
—ﬂem‘\xﬁfg —E— —"E —D F—— Hazard Unit:
—+-MemWrite o1 mWrite —
|—MemRead ——[0H (——{0} MemRead — STALL
|—+BranchBicc Ho1
Control  |—+Branchjal _@ j
Unit |—+Branchjalr —@— —E : 0
(—t8ranchval —J0H —0} xor
—+awcControl {0 1— P>
—AluMul |§ Branch Branch
—-AluSrc —.— Jalr Jalx
—rAuiPC [°H
Instruction RegWrite mg
PC
20050513
0x00000208 N
E Peripherals
00000200 = [U]
:
i rsl =]
- =~ ‘E‘ . = | | I =
2 Registers zero Aludut| |3 =
— ALU g eH |-
I=] =
-} 8 s
e — 00000500 |~ g =
Memory 00000000 S S
=] =]
. g @ s Data
=] =3
4 WriteData m 2 Memory
Immediate E
el 00000200 00000000 ?
PC PC
b PCH4 PC+4 PC+4 l)
d rd {00 ] rd 00} —
b RegWriteDat:
b BranchTarget: w

Ready
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CZECH TECHNICAL
UNIVERSITY
IN PRAGUE

File Machine Windows Help

& i 1x 2x 5x 10x Unlimited [Max || (" H 0 + @

addi x8, x0, 0 addi x10, x10, 512 nop nop auipc x10, 0x0 -
NONE NONE NONE NONE
[T}
= .
BranchOutcome — Cycles: 5
IF/ID ID/EX EX/MEM MEMANE stalls: 2
¥ ¥ ]
| —RegWrite _E _E
—xemxﬁteg —oH —"E —{0} — Hazard Unit:
—-MemWrite o1 mWrite —
|—MemRead ——[0H (——{0} MemRead — STALL
|—+BranchBicc Ho1
Control  |—+Branchjal _@ j
Unit |—+Branchjalr —@— —E : 0
(—t8ranchval —J0H —0} xor
—+awcControl {0 1— P>
—AluMul |§ Branch Branch
—-AluSrc —.— Jalr Jalx
—rAuiPC [°H
Instruction RegWrite E[EI
PC
20050513
0x00000208 N
E Peripherals
2 [
:
| [~ (=4—rs1{I0H § S
e Registers zero -.- — Aludut| |3 S
o} ALU 3 § —
=1
-} 8 s
e — 00000500 |~ g =
e E g =
Y =
S @ S Data
4 WriteData m 2 Memory
Immediate
acode 00006600 ; >
PC PC
b PC+4 PC+4 PC+4 l)
@ {0 ——— 4 {007} o [0} -
b RegWriteDat:
b BranchTarget: w

Ready
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... Data Hazard Example: Stalled 3

UNIVERSITY
IN PRAGUE

File Machine Windows Help

¥ 1 1x 2x 5x 10x Unlimited | Max "B o+ @

Core | selection_sort.S
addi x9, x0, 60 addi x8, x0, 0 addi x10, x10, 512 nop nop —

NONE NONE NONE NONE

{
BranchOutcome — Cycles: 6

IF/ID ID/EX EX/MEM MEMANE stalls: 2
] ™ [
LRegWrite
IMemToReg —E-
+MemWrite
tMemRead ——[0H
+BranchBxx
LBranchjal

rBranchjalr —{[0}— . D“ 0
t8ranchval ——[0H xor

taluControl {0 — e

Branch Branch

—
aAIL!Src —.— Jalr Jalx

0
ﬂ@ Hazard Unit:

MemWrite —
MemRead — NORMAL

Control
Unit

TTTTTTITTITTIT]

Instruction RegWrite E[El

pC 00000413 E]:

0x0000020c

00000000
. — -._rsl.@.
Registers
2 iy

a1
00000000

Terminal

E Peripherals

W\
[00000200] 00000200

zero —@‘ [~ AluOut

P -g-
4 WriteData md E;
Immediate =
el 00000000 0000200 }
PC PC
PC+4

b PC+4 PC+4

d 75 rd 70} rd 00} —

00000000

Program
Memory

Data
Memory

0000000 | (00 30000'

\W 71E

b RegWriteDat:
b BranchTarget: w

Ready
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... Data Hazard Example: Stalled 3

UNIVERSITY
IN PRAGUE

File Machine Windows Help

& i 1x 2x 5x 10x Unlimited [Max || (" H 0 + @

Core | selection_sort.S
addi x9, x0, 60 addi x8, x0, 0 addi x10, x10, 512 nop nop —

NONE NONE NONE NONE

[5}

= BranchOutcome — Cycles: 6
" IREx EX/MEM MEM/WB Stalls: 2
¥ 7 ) o

+RegWrite _._
tMemToReg —E—
+MemWrite
tMemRead 4@‘
+BranchBxx
LBranchjal

LBranchjalr —@—

+Branchval

0
ﬂ@ Hazard Unit:

MemWrite —
R)

MemRead — NORMAL
Branch Branch

Jalr Jalx

Control
Unit

LAlUSTC
HAUIPC [°H

TTTTTTITTITTIT]

Instruction RegWrite

pC 00000413 E]:

0x0000020c

00000000
- - _.._rsl.@.
Registers
2 iy

a1
00000000

Peripherals

PR

AluOut

== 0x200 © |

00 30000' ‘!
i
| |

00000000

00000400

Program
Memory

4 WriteData md @
Immediate =
el 00000000 0000200 }
PC PC
PC+4

b PC+4 PC+4

d 75 rd 70} rd 00} —

oo

Data
Memory

0000000

\W 71E

b RegWriteDat:
b BranchTarget: w

Ready
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CZECH TECHNICAL
UNIVERSITY
IN PRAGUE

File Machine Windows Help

¥ 1 1x 2x 5x 10x Unlimited | Max "B o+ @

Core | selection sort.S

. . . A -
addi x9, x0, 60 addi x8, x0, 0 addi x10, x10, 512 auipc x10, 0x0 nop
NONE NONE NONE NONE
B,
BranchOutcome — Cycles: 4
IF/ID IDFEX EX/MEM MEM/WB stalls: Q
7] ] ] ]
| L RegWrite —E —E
Hemnes — oy = =
[—+Memwrite —[0}—— ([0} MemWrite —
|—MemRead —1{0} nRead
|—-BranchBxx H©1
Control  [—{Branchjal DQ y
Unit | —Branchjair [0}— ([0} 0
—-BranchVa\—El- —|D Xor
Alucentrol {0 — P _.[)-—1)_
[FAluMul E’ Branch Branch
—HAluSTe + Jalr Jalx
Instruction RegWrite E
PC [':I
000004132
0x0000020c Peripherals
[0] 00000000 [U]
i | It =—4—rs100H =
5]
Registers zero —I:I— = ~ =
' }—rs2 oo H 9 Aluout = E
S -
S =]
oY E = g
Program S =l
Memory 00000000 E E g
TE g
= [ILH = Data
4 WriteData =] 2 Memory
Immediate — E
e 00000000 0000200 i)
PC PC
L pC+4 PC+4 PC+4 l)
d 08 rd _| 10 I rd .I 10 —
b RegWriteDat; 00000000 -
BranchTamat.

Ready
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CZECH TECHNICAL
UNIVERSITY
IN PRAGUE

File Machine Windows Help

¥ 1 1x 2x 5x 10x Unlimited | Max "B o+ @

n q 1 . -
addi x9, x0, 60 addi x8, x0, 0 addi x10, x10, 512 auipc x10, 0x0 nop
NONE NONE NONE NONE
o
BranchOutcome — Cycles: 4
IF/ID IDFEX EX/MEM MEM/WB stalls: Q
7] ] ] ]
|—-RegWrite —.— —|1 —|1
| MemToReg —E— —E: —E}
[—+Memwrite —[0}—— ([0} MemWrite —
|—MemRead —1{0} nRead
|—-BranchBxx H©1
Control  [—{Branchjal DQ y
Unit |—tBranchjalr —|:|— —@ 0
—rBranchVal —E- —E Xor
Alucentrol {0 — P _.[)-—1)_3)
[FAluMul E’ Branch Branch
—HAluSTe + Jalr Jalx
Instruction RegWrite E
PC [':I
000004132
0x0000020c N Peripherals
0 ]
i | It =—4—rs100H g
Registers zero —I:I— = aluout| |8 =
o b—rs2 oo o0 o g B
o
oY = g
Program =
progrem ml E S = =
TE g
= [ILH = Data
4 WriteData =] 2 Memory
Immediate
o Do00ED :D :
PC PC
L pC+4 PC+4 PC+4 l)
d 08 rd _| 10 I rd .I 10 —
b RegWriteDat; 00000000 -
RranchTarnat.

Ready
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CZECH TECHNICAL
UNIVERSITY
IN PRAGUE

File Machine Windows Help

¥ 1 1x 2x 5x 10x Unlimited | Max "B o+ @

Core | selection_sort.S | |

addi x9, x0, 60 addi x8, x0, 0 addi x10, x10, 512 auipc x10, 0x0 nop

NONE NONE NONE NONE

=]

BranchOutcome — Cycles: 4

IF/ID ID/EX EX/MEM MEM/WB stalls: Q
= | ¥ |
 RegWrite —.—
| MemToReg —E—
HMemWrite —0}—

+MemRead
+BranchBxx
LBranchjal

HBranchjalr —E—
rBranchval —E-
HaluControl {0 —

HAluMul 0

LAluSTe
AuiP [

MernWrite —
nRead

Control
Unit

e

Instruction RegWrite

PC 00000413

0x0000020c

o

i _ e p—rs1
' p—rs2
Program rr

Memory

=l

o]

|

| 0x0 ®

Registers

00000000

[otmooT]

WriteData ey

4
immediate | rrrn5m500 50000200
decode
PC
PC+4

PC
b PC+4 PC+4

b R2gWriteDat: 00000000 -

RranchTarnat,

Ready
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/ %A?é IN PRAGUE

CCCCCCCCCCCCCC

2023-02-05

Command Line Interface

Testing Automation
Quantitative Analysis
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CLI Example

>>> gqtrvsim_cli --asm program.S --trace-fetch
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CLI Example

>>> qtrvsim_cli --asm program.S --trace-fetch

Fetch: addi x1, x0, 17

Fetch: addi x2, x0, 34

Fetch: 1w x4, 68(x0)

Fetch: addi x5, x4, 85

Fetch: beq x0, x0, 0x22c

Fetch: addi x21, x0, 17

Machine stopped on BREAK exception.

Fetch: ebreak
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CLI Capabilities

« Assembler

« Configuration

» Pipeline stage tracing

« Registers and memory tracing

« Register, memory and diagnostic data dump
« Memory load from file
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/ {%J?gé IN PRAGUE

CCCCCCCCCCCCCC

2023-02-05

Peripherals and OS Emulation

Syscalls
LED
Knobs
LCD
Terminal
C programming
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CTU

... OS Template

UNIVERSITY
IN PRAGUE

BB B & B | X | 2ZX DX 1uX o unumitea  max | El W v P
Aol . ©®  Core template.S template-0s.S Terminal 2k
Follow fetch v | | start: B
_ .| _start:
Bp Address Instruction addi a7, zero, _NR write // load syscall number
0y lelelellele unknown addi a0, zero, 1 // load file descriptor
addi al, zero, text 1 // load text address
0x000001e0 unknown addi a2, zero, text 1 e - text 1 // load text length .
ecall // print the text Input:
0x000001e4 unknown
addi a7, zero, _NR_exit // load syscall numver Memory (&) ()
0x000001e8 |unknown addi a0, zero, 0 // load status argument -
0x000001ec unknown ecall II exit el 4 [Relic=tes ”
0x000001f0 unknown final: Address +0 3
0x000001f4 unknown interaction ebreak J/request ceveloper 0x00000000 [elesEieiluy
0x000001f8 unknown jal zero, final 0x00000004 00000000
.data 0x00000008 00000000
0x000001fc unknown org 0x400
0x00000200 addi x17 0x0000000c 00000000
000000904 | mddi w10 o] | 2Rt wed L34 0x00000010 00000000
0x000001dc text_1: | casch ~ ‘Helloworldn” // store ASC 0x00000000
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CTU

... OS Template

UNIVERSITY
IN PRAGUE

m u J‘_ i m 1X LZX X 1UX uniimicea vViaXx r [_] Ll W v
Aol . ©®  Core template.S template-0s.S Terminal 2k
Follow fetch v | | start: B
: . _start:
Bp Address Instruction addi a7, zero, _NR write // load syscall number
0y lelelellele unknown addi a0, zero, 1 // load file descriptor
addi al, zero, text 1 // load text address
0x000001e0 unknown addi a2, zero, text 1 e - text 1 // load text length | ¢
0x000001c |unk ecall // print the text nput:
X e4 unknown
addi a7, zero, _NR_exit // load syscall numver Memory =&

0x000001e8 |unknown addi a0, zero, 0 // load status argument -
0x000001ec unknown ecall I1 exit Word A et i
0x000001f0 unknown final: Address +0 3
0x000001f4 unknown interaction ebreak J/request ceveloper 0x00000000 feelueliely
0x000001f8 unknown jal zero, final 0x00000004 00000000

.data 0x00000008 00000000
0x000001fc unknown org 0x400
000000200 addi x17 0x0000000c 00000000
000000904 | mddi w10 o] | 2Rt wod L2354 0x00000010 00000000

0x000001dc Etfﬂﬁt__lm:n ) | .ascii "Hello world.\n" I /| store ASCII 000000000

2023-02-05 QtRvSim - Education from Assembly to Pipeline, Cache Performance, and C Level Programming @ FOSDEM



CTU

... EXample: Write To File / Terminal

UNIVERSITY
IN PRAGUE

Bl E & A B IX | £ZX DOX 1uUX unimiteq vax | I W v

Program @® | Core template-0s.S

Follow fetch v

Bp  Address Instruction  ~ el nop AL nop nop

Wy e0lelikie | unknown - g

. IFAID ID/EX EX/MEM MEM/WB stalls: 0
0x00000200 addi x17, x0, 64 K w« —g—llm o ¥
. —MemRead —{c} nAead— NORMAL
0x00000204 addi x10, x0, 1 PR i el =1 | =
[ ™ s 2| [P mind s
. —tAluControl —| : |— lcF
0X00000208 addl Xll, XO, LR ul D’ _?;nch Branch
MTaupe Jalr Jalx
0x0000020c addi x12, x0, 13 | i
Instruction RegWrite
e emaors]
0x00000210 ecall } |
ﬁ al. = HH- : ]
0x000001fc SER ) H e o
program o) =[S
Terminal ® s g [ =
decl:tlie 00000000 00000000 a E
L e Cos Cos
i a0 i 4 {30} l L o [0} _—|
I . . b R2gWriteDat: 00000000

Input:
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CTU

... EXample: Write To File / Terminal

UNIVERSITY
IN PRAGUE

Bl E & A B IX | £ZX DOX 1uUX unimiteq vax | I W v

Program @® | Core template-0s.S

Follow fetch v

Bp  Address Instruction  ~ el nop AL nop nop

Wy e0lelikie | unknown - g

. IFAID ID/EX EX/MEM MEM/WB stalls: 0
0x00000200 addi x17, x0, 64 K w« —g—llm o ¥
. —MemRead —{c} nAead— NORMAL
0x00000204 addi x10, x0, 1 PR i el =1 | =
[ ™ s 2| [P mind s
. —tAluControl —| : |— lcF
0X00000208 addl Xll, XO, LR ul D’ _?;nch Branch
MTaupe Jalr Jalx
0x0000020c addi x12, x0, 13 | i
Instruction RegWrite
e emaors]
0x00000210 ecall } |
ﬁ al. = HH- : ]
0x000001fc SER ) H e o
program o) =[S
Terminal ® s g [ =
decl:tlie 00000000 00000000 a E
L e Cos Cos
i a0 i 4 {30} l L o [0} _—|
I . . b R2gWriteDat: 00000000
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CTU

... EXample: Write To File / Terminal

UNIVERSITY

BB 5 U AX | 4X DX 1ux  uninmitea  max E W + P
Program 2% ' Core template-0s.S
Follow fetch v
B p Add ress |n5trU Ction = addi x10, x0, 1 addi x17, x0, 64 nop nop nop
0x000001fc unknown & e 2
. IFAID ID/EX EX/MEM MEM/WB stalls: 0
0x00000200 addi x17, x0, 64 i e o5 |
pemwrice B} —f O} ] NORMAL
Oy lelelepier s addi x10, x0, 1 PN i s C E?
W B e ol e = DﬁyQ
- =—+AluControl I'c'_'
0x00000208 addi x11, xO, ... o [
s Jalr Jalx
0X0000020c addi X121 XOI 13 Instruction i [:[g
" oon | | [EE=RD
0x00000210 ecall = 0x0000020 I
= HH. : ]
0x000001fc 'gﬂ' 2 | e L B e
i T = |E
Terminal =] : weosa | HT [ vemary
dec;;e G0000000 % E
T | ﬂ"‘ 17 ] "‘—% i I) rd {00} _—|

Input:
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CTU

... EXample: Write To File / Terminal

UNIVERSITY

BB B & U || x| 4Xx DX LUX uniumitea  mMax El W+ P
Program E®  Core template-0s.S
Follow fetch v
B p Add ress I n Stru ctlon - addi x11, x0, 1040 addi x10, x0, 1 addi x17, x0, 64 nop nop
0x000001fc unknown o e s
IFAID ID/EX EX/MEM MEM/WB stalls: 0
OX 00 02 0 I X17 X 4 [ |—-RegWrite [ T i T N
00000200 add , X0, 6 e O 0 alg — —
0x00000204 addi x10, x0, 1 e Pl AT "
" Feow 2] (P = Db@
QL lop{el:R addi x11, X0, ... e [Eememe
T 1 D- Jalr Jalx
0x0000020c addi x12, x0, 13 | | s
e |
0x00000210 ecall a Oroono0ace — il
=1 Hit: fuhe B -—rsl E =
0 XO 0 O 0 0 1 fc —5 | | e ._rsz Registers = ~ AluOut g | Cache
program oomomoon =] ot :
Terminal ® s g [ =
P __E_ E
T | ﬂ"‘ 0 ] rd —% i I) rd {00} _—|

Input:
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CTU

... EXample: Write To File / Terminal

UNIVERSITY

Bl B & U 8 X | 4x DX LuxX  unumitea  max E W + P
Program 2% ' Core template-0s.S
Follow fetch v
B p Add ress I n Stru Ctlon 3 addi x12, x0, 13 addi x11, x0, 1040 addi x10, x0, 1 addi x17, x0, 64 nop
0x000001fc unknown o e 4
. IFAID ID/EX EX/MEM MEM/WB stalls: 0
0x00000200 addi x17, x0, 64 i e o5 =g
pemwrice B} —f O} ] NORMAL
0x00000204 addi x10, x0, 1 e P P
W B e ol e = DﬁyQ
- =—+AluControl I'c'_'
0x00000208 addi x11, x0, ... e [Remam
s Jalr Jalx
0X0000020c addi X12! XO' 13 Instruction RegWrit [:[g
" i~ c EB )|
0x00000210 ecall = g
E -~ o o
= Hit: 2 nlin et &
0 x 0 0 O 0 0 1 fc Miss: 2 | re2 EealEae B Aludut % 1 Cache
i T = |E
Terminal ® s g [ =
dec;;e G000000T % E
T | ﬂ"‘ T ] rd —% i I) rd {17} _—|

Input:
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CTU

CZECH TECHNICAL
UNIVERSITY
IN PRAGUE

Example: Write To File / Terminal

]

addi x17, x0, 64

Cycles: §

stalls: 0

Hazard Unit:

NORMAL

E m ‘i__ i ‘!I:_ 1X ZX X 1UX uniimiteq Viax n % I v
Program E®  Core template-0s.S
Follow fetch v
Bp Add ress |n5trUCti0n ecall addi x12, x0, 13 addi x11, x0, 1040 addi x10, x0, 1
0x00000200 addi x17, x0, 64 - .
0x00000204 addi x10, x0, 1 ] o {1 o vﬂm
Mremness 2 P25 rdlriny
0x00000208 addi x11, x0, ... PO bt Oy E?
[ Unit —grancn]alr ﬂ:l—g EDD D—‘
. L aContre = R }) )
0x0000020c addi x12, x0, 13 R [
I Jalr Jalx
0X00000210 ecall Instruction RegWrit [:[g
. . e 1 [LEEE
0x00000214 addi x17, X0, 93 - 2
S e
- ol e 51 Em S
0x00000200 e ._rsz Registers ~ AluOut g- Cache
progran | poomommn] ={ frei :
Terminal & s g [ =
dec;;e GO000410 % E
b PC | m—: - | M_i% I I) m_@ —|
Input:

2023-02-05
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CTU

CZECH TECHNICAL
UNIVERSITY
IN PRAGUE

Example: Write To File / Terminal

]

addi x17, x0, 64

Cycles: §

stalls: 0

Hazard Unit:

NORMAL

E m ‘i__ i ‘!I:_ 1X ZX X 1UX uniimiteq Viax n % I v
Program E®  Core template-0s.S
Follow fetch v
Bp Add ress |n5trUCti0n ecall | addi x12, x0, 13 addi x11, x0, 1040 addi x10, x0, 1
0x00000200 addi x17, x0, 64 — .
0x00000204 addi x10, x0, 1 ] o {1 o vﬂm
Mremness 2 P25 rdlriny
0x00000208 addi x11, x0, ... PO bt Oy E?
[ Unit —grancn]alr ﬂ:l—g EDD D—‘
. L aContre = R }) )
0x0000020c addi x12, x0, 13 R [
I Jalr Jalx
0X00000210 ecall Instruction RegWrit [:[g
. . e 1 [LEEE
0x00000214 addi x17, X0, 93 - 2
S e
- ol e 51 Em S
0x00000200 e ._rsz Registers ~ AluOut g- Cache
progran | poomommn] ={ frei :
Terminal & s g [ =
dec;;e GO000410 % E
b PC | m—: - | M_i% I I) m_@ —|
Input:

2023-02-05
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CTU

CZECH TECHNICAL
UNIVERSITY
IN PRAGUE

Example: Write To File / Terminal

B S Ve Lx | o2x DX LUX  unumitea  max E W ¥+ P
Program 2% ' Core template-0s.S
Follow fetch v
Bp Add ress |n5trU Ction addi x17, x0, 93 ecall addi x12, x0, 13 addi x11, x0, 1040 addi x10, x0, 1
0x00000204 addi x10, x0, 1 - o
IFAID ID/EX EX/MEM MEM/WB stalls: 0
0x000002 i x11, x0, ... i eonete [z o i
00000208 add » X0, oo O g O —
0x0000020c addi x12, x0, 13 s 2] FBE "
— ] 1
2ol | SRIDE
0X00000210 ecall ul D’ Branch Branch
s _@E Jalr Jalx
0X00000214 addi X17! XOI‘ 93 Instruction RegWrit [:[g
' x 00 14 o
0x00000218 addi x10, x0, 0 - 2 |
—Ul.al ; T
0x00000204 -ELI} [ ] e [ [ Bl o
i T = |E
Terminal =] : weosa | HT [ vemary
dec;;e G000000 % E
T | ﬂ"‘ o0 ] "‘—% i I) rd {11} —|
Input:

2023-02-05
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CTU

CZECH TECHNICAL
UNIVERSITY
IN PRAGUE

Example: Write To File / Terminal

B S Ve Lx | o2x DX LUX  unumitea  max E W ¥+ P
Program 2% ' Core template-0s.S
Follow fetch v
Bp Add ress |n5trU Ction addi x17, x0, 93 ecall addi x12, x0, 13 addi x11, x0, 1040 addi x10, x0, 1
0x00000204 addi x10, x0, 1 - L I o
IFAID ID/EX EX/MEM MEM/WB stalls: 0
0x000002 i x11, x0, ... i eonete [z o i
00000208 add » X0, oo O g O —
0x0000020c addi x12, x0, 13 s 2] FBE "
— ] 1
2ol | SRIDE
0X00000210 ecall ul D’ Branch Branch
s _@E Jalr Jalx
0X00000214 addi X17! XOI‘ 93 Instruction RegWrit [:[g
' x 00 14 o
0x00000218 addi x10, x0, 0 - 2 |
—Ul.al ; T
0x00000204 -ELI} [ ] e [ [ Bl o
i T = |E
Terminal =] : weosa | HT [ vemary
dec;;e G000000 % E
T | ﬂ"‘ o0 ] "‘—% i I) rd {11} —|
Input:

2023-02-05
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CTU

... EXample: Write To File / Terminal

UNIVERSITY
IN PRAGUE

(T A IX | £ZX DOX 1uUX unimiteq VMiaXx I W v

Program E®  Core template-0s.S

Follow fetch v

NONE NOMNE SYSCALL

Bp  Address Instruction = - nop | ecall I s 12, x0, 13 et v0. 100
0x00000204 addi x10, x0, 1 |

BranchOutcome — Cycles: 7
. 'F"“; 'Dﬁx E’:MEM " MEM;WE stalls: 0
0X00000208 addl Xll, XO' e _Aegwrite_m_ ._m ,_E
:ﬂimm?_ﬁ_m EE —o} — Hazard Unit
' |—fMemRead —{c} nAead— NORMAL
0x0000020c addi x12, x0, 13 N e o= | o=
— {TH —={a
" oo B | PO D‘}D )
HFaiucontrol 0 }— L D
0X000002 10 ecall ul D’ ’_'?rqnch Branch
[ Tauire Jalr Jalx
Oy leloPA TS addi x17, x0, 93 | i
Instruction ReglWrite
\ s [ommanTs]
0x00000218 addi x10, x0, 0 - ot 2 e |
= I 1 ] :
= Hi: 3 ulin - § ]
0x00000204 —ng} SO o o T om
program = | oo =1 [ E
Terminal ® . L [ =
b PC+ ‘P.-cv-‘i :54
i {00 | v {00} i = e 123 __|
e BranchTarget. — Reatimenat 00000410

Input:
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CTU

CZECH TECHNICAL
UNIVERSITY
IN PRAGUE

Example: Write To File / Terminal

B Y ¥ ¢

El B & AR IX | £ZX DOX 1uUX unimiteq vax |

template-0s.S
Follow fetch v

Bp  Address

addi x12, x0, 13

Instruction = nop nop nop ecall

0x00000204 addi x10, x0, 1 B o .

. IFAID mﬁx D:MEM MEM;WB stalls: 0
0x00000208 addi x11, x0, ... o Ol jj_zﬂ Rl —
0x0000020¢ addi x12, x0, 13 o LB B "

— o ]
2ol | SRIDE
0X000002 10 ecall ‘” Branch Branch
[Thuse 1 D- Jalr Jalx

0X00000214 addi X17! XOF 93 Instruction RegWrit [:[g

0x00000218 addi x10, x0, O

PC
OxFIEFfee

0000013

Paripherals

Terminal

00000000 =
Cache =
—l.—rsl-J
0 O 2 155 - Registers Aludut § 2
o =
x00000204 | oo C | e |E
= =3 =3
~rd {12 = =] | Hit: 11 =
Program l@l = Miss: 2 2
Memary e g =M
=
lerminal (& (@) P g o | |E
WHteData m = Memaory
decode 00000000 00000000 0
+
Hello world r e
. b PC+ C+4 T+4 I)
e R2gWriteDat: 0000000
b BranchiTarget.

Input:
2023-02-05
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CTU

CZECH TECHNICAL
UNIVERSITY
IN PRAGUE

Example: Write To File / Terminal

B Y ¥ ¢

El B & AR IX | £ZX DOX 1uUX unimiteq vax |

Program E®  Core template-0s.S
Follow fetch v
Bp  Address Instruction  * nog nop nop el a2 013
0x00000204 addi x10, x0, 1 - ”
. IFAID ID/EX D:MEM MEMéwn stalls: 0
0x00000208 addi x11, x0, ... memor j:_jﬂ nirg —
0x0000020c addi x12, x0, 13 e Hevemmot Fms "
| e gl (U = 431%}[)9
I—+Alucontrol =0 ]— —IH
0x00000210 ecall s e ke
0X00000214 addi X17r XOI 93 Instruction RegWrit [:[g
. fo:‘fcfffff o) =
0x00000218 addi x10, x0, 0
E = Ul . : [ ]
0x00000204 a3 e Auout % cache
program o) = s
Terminal B o { H T [ ey
Hello world. ... 3 =l _-BL %
e o0 m_@ Vﬂ@

2023-02-05

b BranchTarnget:

e R2gWriteDat:
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CTU

CZECH TECHNICAL
UNIVERSITY
IN PRAGUE

Example: Write To File / Terminal

B Y ¥ ¢

El B & AR IX | £ZX DOX 1uUX unimiteq vax |

template-0s.S
Follow fetch v
Bp  Address

addi x12, x0, 13

Instruction = nop nop nop ecall

0x00000204 addi x10, x0, 1 B o .

. IFAID mﬁx D:MEM MEM;WB stalls: 0
0x00000208 addi x11, x0, ... o Ol jj_zﬂ Rl —
0x0000020¢ addi x12, x0, 13 o LB B "

— o ]
2ol | SRIDE
0X000002 10 ecall ‘” Branch Branch
[Thuse 1 D- Jalr Jalx

0X00000214 addi X17! XOF 93 Instruction RegWrit [:[g

0x00000218 addi x10, x0, O

PC
OxFIEFfee

0000013

Paripherals

Terminal

00000000 =
Cache =
-.—rsl-J

0 O 2 155 - Registers Aludut § 2
o =
x00000204 | oo C | e |E
= =3 =3
~rd {12 = =] | Hit: 11 =
Program l@l = Miss: 2 2

Memary e g =M

=]
H =3
lerminal (& (@) P o | |E
WHteDAta = lemaory
decode 00000000 00000000 0
+
Hello world r e
. b PC+ C+4 T+4 I)
e R2gWriteDat: 0000000
b BranchiTarget.

Input:
2023-02-05
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CTU

CZECH TECHNICAL
UNIVERSITY
IN PRAGUE

Example: Write To File / Terminal

B Y ¥ ¢

El B & AR IX | £ZX DOX 1uUX unimiteq vax |

template-0s.S
Follow fetch v

Bp  Address

addi x12, x0, 13

Instruction = nop nop nop ecall

0x00000204 addi x10, x0, 1 —~ b .

. IFAID mﬁx D:MEM MEM;WB stalls: 0
0x00000208 addi x11, x0, ... o Ol jj_zﬂ Rl —
0x0000020¢ addi x12, x0, 13 o LB B "

= | SRIDE
0X000002 10 ecall ul D’ Branch Branch
s Jalr Jalx

0X00000214 addi X17! XOF 93 Instruction RegWrit [:[g

0x00000218 addi x10, x0, O

PC
OxFIEFfee

0000013

Paripherals

Terminal

00000000 =
Cache =
-.—rsl-J

0 O 2 155 - Registers Aludut § 2
o =
x00000204 | oo C | e |E
= =3 =3
~rd {12 = =] | Hit: 11 =
Program l@l = Miss: 2 2

Memary e g =M

=]
H =3
lerminal (& (@) P o | |E
WHteDAta = lemaory
decode 00000000 00000000 0
+
Hello world r e
. b PC+ C+4 T+4 I)
e R2gWriteDat: 0000000
b BranchiTarget.

Input:
2023-02-05
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Supported Syscalls

void exit(int status)

ssize_t read(int fd, void *buf, size_t count) __N
ssize_t write(int fd, const void *buf, size_t count)
int close(int fd)

int openat(int dirfd, const char *pathname, int flags, mode_t
mode)

void * brk(void *addr)

int ftruncate(int fd, off_t length)

ssize_t readv(int fd, const struct iovec *iov, int iovcnt)
ssize_t writev(int fd, const struct iovec *iov, int iovcnt)
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http://man7.org/linux/man-pages/man2/exit.2.html
http://man7.org/linux/man-pages/man2/read.2.html
http://man7.org/linux/man-pages/man2/write.2.html
http://man7.org/linux/man-pages/man2/close.2.html
http://man7.org/linux/man-pages/man2/open.2.html
http://man7.org/linux/man-pages/man2/brk.2.html
http://man7.org/linux/man-pages/man2/ftruncate.2.html
http://man7.org/linux/man-pages/man2/readv.2.html
http://man7.org/linux/man-pages/man2/writev.2.html

CTU

..... PEripherals and CSR

IN PRAGUE

File Machine Windows Help

B B oM 1x 2x 5x 10x Unlimited Max “H o+ %

Control and Status Registers ©@® ' Core template-0s.S Peripherals ®
mvendorid 0x0 3

marchid | 0x0 LED RGB 1 LED RGB 2
mimpid 0x0 = _ _
LCD Display & 00000000 00000000

- e o e

Red Knob Green Knob Blue Knob

0* 255 |, 0
Terminal B - :
! Word hexadecimal Word decimal
Hello world. 00000000 0
Word binary
Input: D00000000000000000000000000000
2023-02-05
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CTU

..... PEripherals and CSR

IN PRAGUE

File Machine Windows Help

B B oM 1x 2x 5x 10x Unlimited Max “H o+ %

Control and Status Registers @® | Core template-0s.S Peripherals ®
mvendorid 0x0 3

marchid | 0x0 LED RGB 1 LED RGB 2
mimpid 0x0 = _ _
LCD Display & 00000000 00000000

- e o e

Red Knob Green Knob Blue Knob

0* 255 |, 0
Terminal B - :
! Word hexadecimal Word decimal
Hello world. 00000000 0
Word binary
Input: D00000000000000000000000000000
2023-02-05

QtRvSim - Education from Assembly to Pipeline, Cache Performance, and C Level Programming @ FOSDEM




CTU

..... PEripherals and CSR

IN PRAGUE

File Machine Windows Help

B B oM 1x 2x 5x 10x Unlimited Max “H o+ %

Control and Status Registers ©@® ' Core template-0s.S Peripherals ®
mvendorid 0x0 3

marchid | 0x0 LED RGB 1 LED RGB 2
mimpid __ 0x0 - I
LCD Display & 00000000 00000000

- e o e

Red Knob Green Knob Blue Knob

0* 255 |, 0
Terminal B - :
! Word hexadecimal Word decimal
Hello world. 00000000 0
Word binary
Input: D00000000000000000000000000000
2023-02-05
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CTU

..... PEripherals and CSR

IN PRAGUE

File Machine Windows Help

B B oM 1x 2x 5x 10x Unlimited Max “H o+ %

Control and Status Registers ©@® ' Core template-0s.S Peripherals ®
mvendorid 0x0 3

marchid | 0x0 LED RGB 1 LED RGB 2
mimpid 0x0 = _ _
LCD Display & 00000000 00000000

- e o e

Red Knob Green Knob Blue Knob

0* 255 |, 0
Terminal B - :
! Word hexadecimal Word decimal
Hello world. 00000000 0
Word binary
Input: D00000000000000000000000000000
2023-02-05
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CTU

..... PEripherals and CSR

IN PRAGUE

File Machine Windows Help

B B oM 1x 2x 5x 10x Unlimited Max “H o+ %

Control and Status Registers @ | Core template-0s.S Peripherals &) 3
mvendorid 0x0 E

. LED RGB 1 LED RGB 2
marchid 0x0
mimpid 0x0 = _ _
LCD Display @

00000000 00000000

- | e o @

Red Knob Green Knob Blue Knob

_ 0 255 |1 07
Terminal B - :
B Word hexadecimal Word decimal
Hello world. 00000000 0
Word binary
Input: D00000000000000000000000000000
2023-02-05
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CTU

..... PEripherals and CSR

IN PRAGUE

File Machine Windows Help

B B oM 1x 2x 5x 10x Unlimited Max “H o+ %

Control and Status Registers ©@® ' Core template-0s.S Peripherals @ X
mvendorid 0x0 3

marchid | 0x0 LED RGB 1 LED RGB 2
mimpid 0x0 = _ _
LCD Display & 00000000 00000000

- e o e

Red Knob Green Knob Blue Knob

0* 255 |, 0
Terminal B - :
! Word hexadecimal Word decimal
Hello world. 00000000 0
Word binary
Input: D00000000000000000000000000000
2023-02-05
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CTU

..... PEripherals and CSR

IN PRAGUE

File Machine Windows Help

B B oM 1x 2x 5x 10x Unlimited Max “H o+ %

Control and Status Registers ©@® ' Core template-0s.S Peripherals ®
mvendorid 0x0 3

marchid | 0x0 LED RGB 1 LED RGB 2
mimpid 0x0 = _ _
LCD Display & 00000000 00000000

- e o @

Red Knob Green Knob Blue Knob

0* 255 |, 0
Terminal B - :
! Word hexadecimal Word decimal
Hello world. 00000000 0
Word binary
Input: D00000000000000000000000000000
2023-02-05

QtRvSim - Education from Assembly to Pipeline, Cache Performance, and C Level Programming @ FOSDEM




CTU

CZECH TECHNICAL
UNIVERSITY
IN PRAGUE

Motivation for Peripherals Emulation

.

y
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) Ry,
%-V.-:' Ay
b 7 uf.;. 03 . <

‘ o
~ .
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". Y

S

o,

B
&

https://cw.fel.cvut.cz/b212/courses/b35apo/en/documentation/mz_apo/startv
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External Compilation

clang --target=riscv3?
-march=rv32g -nostdlib -static
-fuse-ld=11ld test.c -o test

riscv32-elf-qgcc test.c -o test

riscvé4-unknown-elf-gcc -ggdb -mabi=ilp32
-march=rv32im test.c -o test
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CTU

...... EXample: Frame Buffer 1

UNIVERSITY
IN PRAGUE

File Machine Windows Help

-~ ~-_ _ - N oo _ 1t _ _ s _ 0 AA_ '.":I lj ~ - ﬁn
o L aE [ IX
Control and Status Registers| pagic | core = Memory = Program cache Data cache OSE |» e
mvendorid 0x0
marchid ~ 0x0 Preset 1 LED RGB 2
impi HE

mimpid 0x0 ® No pipeline no cache
LCD Display o _ 00000000

No pipeline with cache

Pipelined without hazard unit and without cache @ @

Pipelined with hazard unit and cache

Custom Green Knob  Blue Knob
. 255 ¢ 0
ermina v/ Reset at compile ti load aft k . .

eset at compile time (reload after make) ecimal Word decimal
Hello world.

EIf executable: fb-text Browse = DO 0

Input: Start empty | Load machine | Cancel 100000000000000000000
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CTU

...... EXample: Frame Buffer 1

UNIVERSITY
IN PRAGUE

File Machine Windows Help

-~ ~-_ _ - N oo _ 1t _ _ s _ 0 AA_ '.":I lj ~ - ﬁn
o L aE [ IX
Control and Status Registers| pagic | core = Memory = Program cache Data cache OSE |» e
mvendorid 0x0
marchid ~ 0x0 Preset 1 LED RGB 2
impi HE

mimpid 0x0 ® No pipeline no cache
LCD Display o _ 00000000

No pipeline with cache

Pipelined without hazard unit and without cache @ @

Pipelined with hazard unit and cache

Custom Green Knob  Blue Knob
. 255 ¢ 0
ermina v/ Reset at compile ti load aft k . .

eset at compile time (reload after make) ecimal Word decimal
Hello world.

EIf executable: fb-text Browse |00 0

Input: Start empty | Load machine | Cancel 100000000000000000000
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CTU

...... EXample: Frame Buffer 1

UNIVERSITY
IN PRAGUE

File Machine Windows Help

-~ ~-_ _ - N oo _ 1t _ _ s _ 0 AA_ '.":I lj ~ - ﬁn
o L aE [ IX
Control and Status Registers| pagic | core = Memory = Program cache Data cache OSE |» e
mvendorid 0x0
marchid ~ 0x0 Preset 1 LED RGB 2
impi HE

mimpid 0x0 ® No pipeline no cache
LCD Display o _ 00000000

No pipeline with cache

Pipelined without hazard unit and without cache @ @

Pipelined with hazard unit and cache

Custom Green Knob  Blue Knob
. 255 ¢ 0
ermina v/ Reset at compile ti load aft k . .

eset at compile time (reload after make) ecimal Word decimal
Hello world.

EIf executable: fb-text Browse = DO 0

Input: Start empty | Load machine | Cancel 100000000000000000000
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<« _||CTU
s .| Example: Frame Buffer 2
/ \ v

File Machine Windows Help

BB B » v v 1x 2x 5x 10x Unlimited = Max “"H o+
LCD Display 28 | Core = template-0s.S

| love the world!

Ready
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CTU

... NEewLib Example Project

UNIVERSITY
IN PRAGUE

master stud-support / seminaries / qtrvsim / os-emu-example History Find file o

Mame Last commit Last update

¢ .gitignore seminaries/qtrvsim/os-emu-example: initial version of C libra... 2 months ago

Malkefile seminaries/qtrvsim,/os-emu-example: initial version of C libra... 2 months ago
2] ertDlocal .5 seminaries/qtrvsim,/os-emu-example: initial version of C libra... 2 months ago
C malloc-testc seminaries/qtrvsim/cs-emu-example: initial version of C libra... 2 months ago
h gtrvsim_regs.h seminaries/qtrvsim,/os-emu-example: initial version of C libra... 2 months ago
C qgtrvsim_sys_stub.c seminaries/qtrvsim/os-emu-example: remap openlat) flags t. 2 months ago
h gtrvsinn_unistd.h seminaries/qtrvsim/os-emu-example: initial version of C libra... 2 months ago

https://gitlab.fel.cvut.cz/b35apo/stud-support/-/tree/master/seminaries/qtrvsim/os-emu-example
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CTU

... EXample: NewLib Malloc 1

UNIVERSITY
IN PRAGUE

File Machine Windows Help

£ 0 X
LCD Display

Basic = Core Memory Program cache Datacache OSE »

Preset

e No pipeline no cache
| love the world N
No pipeline with cache

Pipelined without hazard unit and without cache
Pipelined with hazard unit and cache

Custom
v Reset at compile time (reload after make)

Elf executable: malloc-test Browse

Example Start empty |Load machine| Cancel
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CTU

... EXample: NewLib Malloc 1

UNIVERSITY
IN PRAGUE

File Machine Windows Help

£ 0 X
LCD Display

Basic = Core Memory Program cache Datacache OSE »

Preset

e No pipeline no cache
| love the world N
No pipeline with cache

Pipelined without hazard unit and without cache
Pipelined with hazard unit and cache

Custom

v/ Reset at compile time (reload after make)

Elf executable: malloc-test Browse ‘

Example Start empty |Load machine| Cancel
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CTU

... EXample: NewLib Malloc 1

UNIVERSITY
IN PRAGUE

File Machine Windows Help

£ 0 X
LCD Display

Basic = Core Memory Program cache Datacache OSE »

Preset

e No pipeline no cache
| love the world N
No pipeline with cache

Pipelined without hazard unit and without cache
Pipelined with hazard unit and cache

Custom
v Reset at compile time (reload after make)

Elf executable: malloc-test Browse

Cancel

Example | Start empty ‘Load machine’

2023-02-05 QtRvSim - Education from Assembly to Pipeline, Cache Performance, and C Level Programming @ FOSDEM



CTU

Example: NewLib Malloc 2

CZECH TECHNICAL
UNIVERSITY
IN PRAGUE

File Machine Windows Help
Q2 umo oM 1x 2x 5x  10x Unlimited = Max "B o+

Program B core  ter |» lerminal = &

Follow fetch = Starting malloc-test
Alloc of chunk 0, len O address Oxle2e0

F N

Bp  Address Instruction
0x000102a4 addi x17, x0, 64

0x000102a8 |1l

0x000102ac bge x10, x0, 0x102b4

0x000102b0 addi x10, x0, -1

0x000102b4 jalr x0, O(x1)

0x000102b8 addi x10, x0, -1

0x000102bc jalr x0, O(x1)

0x000102c0 addi x2, x2, -48 -

0x000102a4 Input:

Ready
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CTU

Example: NewLib Malloc 3

CZECH TECHNICAL
UNIVERSITY
IN PRAGUE

File Machine Windows Help

Q2 umo oM 1x 2x 5x  10x Unlimited = Max "B o+

Program B core  ter |» lerminal = &
Follow fetch = Starting malloc-test
: y Alloc of chunk 0, len 0 address Ox1le2e0
Bp  Address Instruction Alloc of chunk 1, len 137 address 0x1e2f0
0x000102a4 addi x17, x0, 64 Alloc of chunk 2, len 274 address 0x1e518
Alloc of chunk 3, len 411 address 0x1e968

0x000102a8 (e Alloc of chunk 4, len 548 address Ox1efd8
0x000102ac bge x10, x0, 0x102b4 Chunk 0 check OK

0x000102b0 addi x10, x0, -1

0x000102b4 jalr x0, O(x1)

0x000102b8 addi x10, x0, -1

0x000102bc jalr x0, O(x1)

0x000102c0 addi x2, x2, -48 -

0x000102a4 Input:

Ready
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... EXample: NewLib Malloc 4

UNIVERSITY
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File Machine Windows Help
Q2 umo oM 1x 2x 5x  10x Unlimited = Max "B o+

Program B core  ter |» lerminal = &
Follow fetch = Starting malloc-test
: y Alloc of chunk 0, len 0 address Ox1le2e0
Bp  Address Instruction Alloc of chunk 1, len 137 address 0x1e2f0
0x000102a4 addi x17, x0, 64 Alloc of chunk 2, len 274 address 0x1e518
0x00010238 I Alloc of chunk 3, len 411 address 0x1e968
% i €C° Alloc of chunk 4, len 548 address Ox1efd8
0x000102ac bge x10, x0, 0x102b4 Chunk 0 check OK
_ Chunk 1 check OK
0x000102b0 addi x10, x0, -1 Chunk 2 check OK
0x000102b4 jalr x0, 0(x1) Chunk 3 check OK
Chunk 4 check OK
0x000102b8 addi x10, x0, -1 Succeed malloc-test
0x000102bc jalr x0, O(x1)
0x000102c0 addi x2, x2, -48 -
0x000102a4 Input:
Ready
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« Cycle accuracy
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« Cycle accuracy
« YES*
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« Cycle accuracy
« YES*

« RISC-V official tests compliant
 YES (NEW in 0.9.4), part of the CI
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« Cycle accuracy
« YES*

« RISC-V official tests compliant
 YES (NEW in 0.9.4), part of the CI

« [ISA extensions support
« RV32IM, RV64IM (CLI only), ZICSF (NEW in 0.9.41)
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« Cycle accuracy
« YES*

« RISC-V official tests compliant
 YES (NEW in 0.9.4), part of the CI

« [ISA extensions support
« RV32IM, RV64IM (CLI only), ZICSF (NEW in 0.9.41)

« Virtual memory/ MMU
* Not yet (student work planned)
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Future Plans & Wishes

* Interupts

« Compressed ISA support
 Visualization

« Instruction encoding detailed view

* Run minimal riscv64-linux-elf

- 64bit visualization

« MMU - virtual memory

« Pipeline utilization graph

« (Limited) time-travel debugging (step back)
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Calls for Cooperation

« Teachers, Educational Institutions
e Use the simulator
« Cooperate on open materials
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Calls for Cooperation

« Teachers, Educational Institutions
e Use the simulator
« Cooperate on open materials

- Students, Developers
« Help develop the simulator
« Great for final thesis
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Calls for Cooperation

« Teachers, Educational Institutions
e Use the simulator
« Cooperate on open materials

- Students, Developers
« Help develop the simulator
« Great for final thesis

« Distribution maintainers
« Help us with packaging to official repositories
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How to Get It?

Project Sources
https.//github.com/cvut/gtrvsim

Windows, Linux, Mac
https://github.com/cvut/gtrvsim/releases

Ubuntu
https://launchpad.net/~gtrvsimteam/+archive/ubuntt

Suse, Fedora and Debian
https://software.opensuse.org/download.htmli?project=home%3Aj
dupak&package=qgtrvsim

AUR, Nixpkgs

Online version
https://comparch.edu.cvut.cz/gtrvsim/app
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https://github.com/cvut/qtrvsim
https://github.com/cvut/qtrvsim/releases
https://launchpad.net/~qtrvsimteam/+archive/ubuntu/ppa
https://software.opensuse.org/download.html?project=home%3Ajdupak&package=qtrvsim
https://comparch.edu.cvut.cz/qtrvsim/app

Publications

Graphical CPU Simulator with Cache Visualization
Karel Koci; Diploma Thesis

https://dspace.cvut.cz/bitstream/handle/10467/76764/F3-DP-2018-Koci-Karel-diploma.pdf

Graphical RISC-V Architecture Simulator - Memory Model and Project Management
Jakub Dupak; 2021; Bachelor Thesis

https://dspace.cvut.cz/bitstream/handle/10467/94446/F3-BP-2021-Dupak-Jakub-thesis.pdf

Graphical RISC-V Architecture Simulator - Instructions Decode and Execution and OS
Emulation

Max Hollmann; 2021; Bachelor Thesis
https://dspace.cvut.cz/bitstream/handle/10467/96707/F3-BP-2021-Hollmann-Max-thesis.pdf

Dupék, J.; Pi%a, P.; Stepanovsky, M.; Kodi, K.

QtRVSim - RISC-V Simulator for Computer Architectures Classes

In: embedded world Conference 2022. Haar: WEKA FACHMEDIEN GmbH, 2022. p. 775-778.
ISBN 978-3-645-50194-1.
https://comparch.edu.cvut.cz/publications/ewC2022-Dupak-Pisa-Stepanovsky-QtRvSim.pdf
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https://dspace.cvut.cz/bitstream/handle/10467/76764/F3-DP-2018-Koci-Karel-diploma.pdf
https://dspace.cvut.cz/bitstream/handle/10467/94446/F3-BP-2021-Dupak-Jakub-thesis.pdf
https://dspace.cvut.cz/bitstream/handle/10467/96707/F3-BP-2021-Hollmann-Max-thesis.pdf
https://comparch.edu.cvut.cz/publications/ewC2022-Dupak-Pisa-Stepanovsky-QtRvSim.pdf

Teaching Materials

Faculty of Electrical Engineering

« B35APO - Computer Architectures
« CZ+ EN materials and videos

« BE4AM35PAP - Advanced Computer Architectures
e (CZ materials and videos

Faculty of Information Technology

« BI-APS - Architectures of Computer Systems
« EN materials @ E.‘

https://comparch.edu.cvut.cz/ [a]Fd5
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