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Agenda for Today & Next Few Lectures

Single-cycle Microarchitectures
Multi-cycle and Microprogrammed Microarchitectures
Pipelining

Issues in Pipelining: Control & Data Dependence Handling,
State Maintenance and Recovery, ...

Out-of-Order Execution

Issues in OoO Execution: Load-Store Handling, ...



Readings for past and the next few lectures

Guy: P&H CO0&D, Chapter 4 — “The Processor”
Guy: H&P CAQA, Appendix C - "Pipelining:
Basi n

Intermediate Concepts"

Smith and Plezskun, “Implementing Precise Interrupts in
Pipelined Processors,” IEEE Trans on Computers 1988 (earlier
version in ISCA 1985).

Smith and Sohi, “The Microarchitecture of Superscalar Processors,”
Proceedings of the IEEE, 1995

9 More advanced pipelining

9 Interrupt and exception handling

9 Qut-of-order and superscalar execution concepts



Recall: How to Handle Data Dependences

“ Anti and output dependences are easier to handle

4 write to the destination only in last stage and in program order
..INT11TNY DOV N[0

“ Flow dependences are more interesting

" Six fundamental ways of handling flow dependences

4 Detect and wait until value is available in register file

4 Detect and forward/bypass data to dependent instruction
2 Detect and eliminate the dependence at the software level

“ _No need for the hardware to detect dependence
2 Detectand move it out of the way for independent instructions
D . 1" M 124

4 Do something else (fine-grained multithreading) A
Il ®m NAarnaondraAdAaAakacr o 0|



Review: How to Handle Control Dependences

Critical to keep the pipeline full with correct sequence of
dynamic instructions.

Potential solutions if the instruction is a control-flow
instruction:

Stall the pipeline until we know the next fetch address
Guess the next fetch address (branch prediction)
Employ delayed branching (branch delay slot)

Do something else (fine-grained multithreading)
Eliminate control-flow instructions (predicated execution)

Fetch from both possible paths (if you know the addresses
of both possible paths) (multipath execution)



Review of Last Few Lectures

Control dependence handling in pipelined machines

4 Delayed branching

< Fine-grained multi-threading

9 Branch prediction

Compile time (static)
O Always NT, Always T, Backward T Forward NT, Profile based

Run time (dynamic)

Q

o O O O

Last time predictor

Hysteresis: 2BC predictor

Global branch correlation --> Two-level global predictor nirx'711ij7
Local branch correlation --> Two-level local predictor

Hybrid branch predictors

0 Predicated execution (Arm)

J Multipath execution (RS6000) — 111211 70

O Return address stack & Indirect branch orediction — n12'T N7



Pipelining and Precise Exceptions:

Preserving Sequential Semantics




Credit: Modern Processor Design by Shen & Lipasti

MNDPD-1DID Tavn

Figure 4.16
The Necessity of Instruction Dispatching in a Superscalar Pipeline,



Multi-Cycle Execution

Not all instructions take the same amount of time for
“execution”

ldea: Have multiple different functional units that take
different number of cycles

2 Can be pipelined or not pipelined

92 Can let independent instructions start execution on a different
functional unit before a previous long-latency instruction finishes

execution | E Integer add S
Integer mul
™ EI|E|E|E >
—> 2
FID FP mul i
—> E|E|E|E|E|E|E|E >
—>E|(|E|E|E|E|E|E|E >

Load/store 9



Issues in Pipelining: Multi-Cycle Execute

Instructions can take different number of cycles in EXECUTE

stage

9 Integer ADD versus FP MULtiply

FMUL R4 € R1, R2
ADD R3 € R11,R12

VIX'ainn 8

I'PN 22N NINDD,1ToN 'O D-1 F

FMUL R2 € R5, R6
ADD R7 € R15,R16

What is wrong with this picture?

E niTn' nnd vt

D E|E|EJ|E]|E]|E|E
F EIlw * N2md
N> 1702
DI|IE [|W I'pN
FID|E |W
FlD|E E | E| E|E |w
F ||D W \
FIDJ|E |W
Sequential semantics of the ISA NOT preserved!
What if FMUL incurs (NlwNnNn'7 D1n) an exception? * a7wa 7wny
N1 |19 N1IDNT7 NIMND .N7XD D'AXN AQT7 TWON IN
10

NIO70'DANN AXNN NN TNYW7 [N N7 MY NIny INT DY NIXYIN Y'ON




Exceptions and Interrupts

“Unplanned” changes or interruptions in program
execution

Due to internal problems in execution of the program
— Exceptions =na"n

Due to external events that need to be handled by the
processor

— |nterrupts = np 03

Both exceptions and interrupts require

1 stopping of the current program

0 saving the architectural state

0 handling the exception/interrupt — switch to handler

9 return back to program execution (if possible and makes sense)

11



Exceptions vs. Interrupts

Cause

Exceptions: internal to the running thread . 0ox2 N7'7n 7UN7
. DN) AT OV TIAYY KX'W MO
Interrupts: external to the running thread T (0T
NWyNY NIn break point
(1N 7)) W7D 7Y N7 . exception
|2 192 NMIPY NN DoW X'N NNINN
When to Handle AQTY [N XD NONKX, 0'NON

4 Exceptions: when detected (and known to be non-speculative)

9 Interrupts: when convenient
Except for very high priority ones
J Power failure

9 Machine check (error), e.g error in the cache
']"Jnnn NIA'wN2 N'IDN NANNN NIA'WN

Priority: process (exception), depends (interrupt)

Page Fault, divide by zero —internal to the thread :N'A

Handling Context: process (exception), system (interrupt) 12



DTN Q7Y7 JUNN2

12’0 D1

.THREAD -n 7'2¥21'N"19 Y1’ — NN
.THREAD-7 21X"N V11'X — Nj7'09

27907 'MN
JTP],N7IN0D IWND — AN
(..N1D NFOOX NTMT IX 11NV N'7{7N 112D 0N OM7P X1X¥INT) "N WK — D709

Q1 TVN
71970 N2NN NN
M7N N7 - Nj7"09

(N1oN"Nnn 97'n) LO7LIAT

T'7NNN NNI2 NN
J1DVDN NP1 :nj7'oo



NIYXNXIA 117 A72ND 1110;70™DINN AXNN

File Edit View Program Commands

Status  Source Data

(B

()| . /fibonaceci.c:123

;i 9

Lookup  Fifide:  Clear  WELEH

Frifify - DispfEs: Rlot

- gv

Strot Botate e

#include <string.hs>
#include <stdio.h>
int fibk{int n)

Registers

rax 0x2

rbox Ox55555555514d0
rex 0x5555555551d0
rax Oxl

rsi Ox7 TFFfFfdo78
rdi 0x2

rbp Ox7 Tffffffcenn
rsp Ox7FFFffffcdel
r8 030

ro Ox7 FFF7fedds0
rio 0x7

ril 0x2

2
Q3824992235984
93824992235984
1
140737488343160
2

Ox7 FffFffffcedn
Ox7FFfFffffcdel
0
140737354009936
7

2

=

C Run “ Integer registers - All registers
int 1, 3; Interrupt
it (2‘:2) ] Step | Stepi Close |
e1gg urnem; Next | Nexti| _ I
> ! i=Fibno1): Until | Finish /code $ gcc -g -o fibonacci
: j;f1b(n—2)3 Cont | Kil /code § ./fibonacci
o g return 141 -—leDown /code § ddd ./fibonacci
Undo | Fedo
P  0x0000555555555163 <+26>: mov  —0x14(%rbp) ,%eax Sil |vele
0x0000555555555166 <+29>: sub $0x1,%eax -
Ox0000555555555169 <+32>: mow Yeax,¥adi
Dx0000555555555160 <+34>: callg Ox5555335555149 <fib> .
=
(gdb) step a
fib (n=3) at ./fibonacci.c:4
{gdb) step
(gdb) step
(gdb) [ J{
A Step i

./fibonacci.c

Help |




Precise Exceptions/Interrupts

The architectural state should be consistent (precise)
when the exception/interrupt is ready to be handled

: IN'N-|19 TIN5 ONNN2
1. All previous instructions should be completely retired.

2. No later instruction should be retired.

Retire = commit = finish execution and update arch. state
retired="10PV'DINN 2XNN NN [DTVD IN''D

15



Checking for and Handling Exceptions in
Pipelining

When the oldest instruction ready-to-be-retired is detected
to have caused an exception, the control logic should:

4 Ensures architectural state is precise (register file, PC, memory)
9 Flushes all younger instructions in the pipeline
1 Saves PC and registers (as specified by the ISA)

2 Redirects the fetch engine to the appropriate exception
handling routine

16
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Why Do We Want Precise Exceptions?

Semantics of the von Neumann model ISA specifies it
4 Remember von Neumann vs. Dataflow

Aids software debugging — ANW7 ,110{70IN AXN ITN'Y UATI DT )IXT
121010 TN 77N AXN INY7 DI WOX Dj7N0n

Enables (easy) recovery from exceptions, e.q. page faults

Aside: A memory page fault occurs when a program tries to access data that is not
currently loaded in the physical memory (RAM). The operating system then retrieves
the required data from secondary storage, allowing the program to continue running.

Enables g(easily)) resta}rtable processe
aAXNN OO N N2 X TN D' X' YITIY NN X 2INNKX NIYYY NI Nt 0D'XNY NN ON

NITNA ININ XNPY D "NNI I0PLIINNPMN

Enables traps into software (e.g., software implemented

ncades)

A try-catch exception is a programming construct used to handle errors in code. The "try" block
contains code that might cause an error, and if an error occurs, the "catch" block executes to handle
the error gracefully, allowing the program to continue running.




0oN1 AN :MTA Q3

Fegisters

; > - - - = |The program has no registers now. ['fe
(i . sexcept.c:11 R Tl A A

demo:
/home/telzur/science/Teaching/CPU/lectures/11/code/except.c

File Edit View FProgram Commands Status Source Data

int x;
n=>5;
_ Tor (i=n;i=-2;1--)
@ X = n/i;
return O, , ,
T ' « Integer registers <> All registers

Close |

0x000055555555514b <+34>: @—Dxc(%rbp)
Ox0000555555505514de <+37>: Teax, —0xd(%rbp)

Ox000055555555515]1 <+40: subl $0x1, -Oxci(%rbp)
Ox0000555555555155 <+44: cmp FOxTIFrf, Oxci(%rbp)
{gdb) step

Program terminated with signal SICFPE, Arithmetic exception.
The program ne longer exists.
(gdb) |

A Program terminated with signal SIGFPE, Arithmetic exception. The program no longer exists,

.T‘\L



RISC-V tolerates div by 0 and no
exception will be thrown

reverse | » m A ¢ ¢t N s O =

aetdrget remote 11234 see:readme

show filesystem | fetch disassembly | reload file  intel /home/telzur/science/Teaching/CPU/lectures/11/code/except.c:1400(28 lines total)

v threads

¥ local variables

V¥ expressions

int main(int rg v Tree

addi sp,sp,

8,32(sp) ¥ memory
addi s®,sp,48 8

a5,al
v breakpoints

main & condlition
home/telzur/science/Teaching/CPU/lectures/11/code/except.c14

n=75;

v signals
send SIGINT ~ to gdb (pid 1970500)

¥ registers

<main+34>



http://127.0.0.1:5000/

Why RISC-V tolerates divide by zero and doesn't
throw an exception?

What RISC-V does:
Integer divide-by-zero returns all 1s (OXFFFFFFFF = -1 for signed, UINT MAX for unsigned). No
exception.

Why:

1. Simplicity — Exception handling adds hardware complexity (priority logic, trap vectors,
saved state). RISC-V aims for minimal, clean architecture.

2. Performance — Not checking for zero before every division saves cycles. The hardware just
does the operation.

3. Consistent, defined behavior — Returning all 1ls is predictable. Software that cares can
explicitly check for zero first. It's easier to add a check in software than to handle
exceptions when you don't want them.

4. Some code wants that value — Saturating arithmetic, certain crypto routines, or bitwise
operations may actually need OxFFFFFFFF. Having a defined result is more useful than
crashing.

5. Comparison:

e x86 and MIPS - throws #DE exception (divide error)
* ARM - configurable, can trap or return all 1s
e RISC-V - returns all 1ls, no trap

Bottom line: RISC-V follows the principle of "hardware does the simple thing, software
handles edge cases when needed." It's not tolerating bad behavior — it's explicitly
defined.



Ensuring Precise Exceptions

“ Easy to do in single-cycle and multi-cycle machines

“ Single-cycle
9 Instruction boundaries == Cycle boundaries

“ Multi-cycle

J Add special states in the control FSM that lead to the
exception or interrupt handlers

0 Switch to the handler only at a precise state — before fetching
the next instruction

See H&H Section 7.7 for a treatment of exceptions in multi-cycle uarch 22



Precise Exceptions in MIPS Multi-Cycle Datapath

EPC register: Holds the exception causing PC

Cause register: Holds the cause of the exception
Exception Handler starts at address 0x80000180

PCEn

MemWrite IRWrite

RegDst MemtoReg RegWrite

ALUSrcA ALUSrcB, , ALUControl, Branch PCWrite

PCSrci:0

D

cLk C%K oLk C!l_K CLK
| ; CLK
| [Mpel A W:D |§|7| Instr a1 VB3 Rpy AT F5| | s
[T]en Adr A EINI 0t A2 RD2 s ALUResuit | [M]ALuout | -
Instr/Data 20:16 --j @—' 10
M | A3
W;mory CLK A ﬂ Register Cdump| L4
0 File <Ox80000180
Data -D— WD3
|7 \<<2\ i <<2\ 27:0
/ Signimm
L { Sign Extend
25:0 (jump)
Figure 7.62 Datapath supporting overflow and undefined instruction exceptions
See H&H Section 7.7 for a treatment of exceptions in multi-cycle uarch 23



Precise Exceptions in MIPS Multi-Cycle FSM

S12: Undefined S14: MFCO

PCSrc=11
PCWrite
IntCause=1
CauseWrite
EPCWrite

RegDst=0
Memtoreg=10
RegWrite

Op=others

S0: Fetch S1: Decode

Op=MFCO0

lorD=0
AluSrcA=0
ALUSrcB =01

S11: Jump

Reset

ALUSIcA=0

ALUOp=00 ALUSrcB=11
PCSrc=00 ALUOp=00 PCSrc=10
IRWrite PCWrite

PCWrite

Op=LW
or
S2: MemAdr Op = swW

Op = R-type

S6: Execute

S9: ADDI
Execute,

S8: Branch

ALUSrcA=1
ALUSrcB=00
ALUOp =01
PCSrc=01
Branch

ALUSrcA=1
ALUSrcB=10
ALUOp=00

ALUSIcA=1
ALUSrcB=10

ALUSIrcA=1
ALUSrcB =00
ALUOp=10

ALUOp =00

Op = sw
Op=Lw : Qverfl
P S5: MemWrite \?Vi}téll;gck v 0WS1 3: S10: ADDI
S3: MemReag Overflow Writeback
PCSrc=11
lorD =1 RegDst=1 PCWrite RegDst=0
M Vg it MemtoReg =00 IntCause=0 MemtoReg =00
emivrite RegWrite CauseWrite RegWrite
EPCWrite
S4: Mem
Writeback
RegDst=0
MemtoReg=01
RegWrite

see: H&H MIPS 7.7

Figure 7.64 Controller supporting exceptions and mfc0

= Supports

o Overflow
o Undefined
instruction

= mfcO instruction
is used to copy
the exception
cause into a
general-purpose
register




Precise Exceptions in MIPS Multi-Cycle Datapath

In summary, an exception causes the processor to jump to the excep-
tion handler. The exception handler saves registers on the stack, then uses
mfcO to look at the cause and respond accordingly. When the handler is
finished, it restores the registers from the stack, copies the return address
from EPC to $k0 using mfc0, and returns using jr $kO0.

Cause |,

EPC —

|[MemtoReg

Figure 7.63 Datapath supporting mfc0



Mips coprocessor 0

L1111
— Memory
|
I
CPU Coprocessor 1 (FPU)
Registers Registers
50 50
|_ $31 _‘ 831
Arithmetic Multiphy
unit divide
—— Arithmetic
Lo | [ Hi it

Coprocessor O (braps and memory)
Registers

Bad'WAddr Causs
Status EPC
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Interrupts and Exceptions

e What to do?

— Execute code in response
to event (handler)

* Save PC (EPC reg,) Pr;iam
e Record cause (Cause reg.) {mtm:tions}i
e Set new PC (4) o EPC <=PC
- Return from handler & F° <=..
* Restore PC Exception | ———— Exception
« Enable e/i (shift Status reg.) —_— TRAP handler
o program
e Determining type of e
exception e
- Use vectored exceptions PC <= EPC
* Infer type from address return from
i .
- Use polled exceptions Scepron

* Use Cause register

« This is what MIPS does | Vectored vs. Polled exception: A vectored exception uses a
specific address in memory to directly call the appropriate
interrupt handler based on the type of exception, allowing
for faster response times. In contrast, a polled exception
UNIVERSITY requires the CPU to continuously check each device to see

K)U'[HQ\ROUNA if it needs attention, which can be less efficient.




Program

Exception

OCCurs

flow

Excaption
Handler




Multi-Cycle Execute: More Complications

Instructions can take different number of cycles in EXECUTE
stage » This complicates exception/interrupt

handling
4 Integer ADD versus Integer DIVide Exception-causing
DIV R4 ¢ R1,R2 FIDIE|E|E|E|E|E|E|E|w]| Instruction
ADD R3 ¢ R1,R2 F|DJ|E|W
F|DJE|W
F|D|E|W
DIV R2 €< R5, R6 FIDJE|E|E|E|E]|E|E]|E]|W
ADD R7 € R5, R6 F|D|E|W
F|D|E|W

0 What is wrong with this picture in a Von Neumann
architecture?

Sequential semantics of the ISA NOT preserved!

W\ATIR A E SEMIN/ S ml1me e ANs o~ =~ | R

30



The clean and minimalist RISC-V way

| Register | Purpose |
[EEEEEEEEE [ |
| mtvec | Trap vector — address of exception handler |
| mcause | Exception cause code (what happened) |
| mepc | Saved PC where exception occurred |
| mtval | Additional info (faulting address, instruction) |
| mstatus | Status flags (interrupt enable, privilege mode) |

1. Trap occurs (exception or interrupt)

2. Hardware auto-saves: mepc « PC, mcause « reason, mtval « details, mstatus flags updated
3. Jump to mtvec handler address

4. Handler runs — reads mcause, decides what to do

5. Return via MRET/SRET/uret — restores PC and privilege mode

Exception Codes (mcause)

* 0 = instruction address misaligned
* 1 =instruction access fault

* 2 =illegal instruction

* 3 = breakpoint (ebreak)

* 4 = load address misaligned

* 5 =load access fault

* Exceptions always trap up to a higher privilege level.
«..and soon



Ensuring Precise Exceptions in Pipelining

ldea: Make each operation take the same amount of time

FMUL R3 € R1,R2 FID/E|E|E|E|E|E|JE|E |W
ADD R4 € R1,R2 FID|IEJEJEJE|EJE|E JE|W
FIDIEJEJE|E|E|E|E|E|W
FIDIE|JE|JE|E|E|E|E|E |W
FIDIE|JEJE|JE|E|E|EE|W
FIDIE|JEJE|E|E|E|E |E|W
FID|E|JEJE|JE|E]JE|E]JE W

:DAN |INTN DY Ny |'N NYD

Downside
J Worst-case instruction latency determines all instructions’ latency
9 What about memory operations?

9 Each functional unit takes worst-case number of cycles? -



Solutions crceptions in the presence of
‘ Reorder buffer ‘ g]rsé)tggacgogrsdce??jpletmg outof
History buffer )
Future register file > PRIYY KON I NON NWIbWA
Checkpointing )
Readings

9 Smith and Plezskun, “Implementing Precise Interrupts in Pipelined
Processors,” IEEE Trans on Computers 1988 and ISCA 1985.

9 Hwu and Patt, “Checkpoint Repair for Out-of-order Execution
Machines,” ISCA 1987.



Instruction fetch
and decode unit

R

In-order issue

Reservation || Reservation Reservation || Reservation
station station T station station
Functjonal Integer Integer N Flca_ting Load- | out-of-order execute
units point store

ROB l
\ 5
—» Commit In-order commit

P&H CO&D 4.10 unit

FIGURE 4.72 The three primary units of a dynamically scheduled pipeline. The final step of
updating the state is also called retirement or graduation.




!

In order

B
Lt
=
S
‘5 Execute 3
5
o

Finish
2
=
Figure 4.20

Instruction/decode bufter

Dispatch bulfer

Dispatch

¢

i ¥

I Reservation
stations

i r Y

I Reorder/completion buffer

Complete I

v

I Store buffer

v

= | Credit: Shen & Lipast;i
Mod.Proc.Des.

A Dynamic Pipeline with Reservation Station and Rearder Buffer,



Solution I: Reorder Buffer (ROB)

ldea: Complete instructions out-of-order, but reorder them
before making results visible to architectural state

When instruction is decoded it reserves an entry in the ROB
When instruction completes, it writes result into ROB entry

When instruction oldest in ROB and it has completed
without exceptions, its result moved to reg. file or memory

> Func Unit | >
Instruction| Register J Fome Unit || Reorder
Cache File dnen Buffer
> Func Unit > (ROB)

A |

36



Reorder Buffer

Buffers information about all instructions that are
decoded but not yet retired/committed

A re-order buffer is a hardware unit [ used in an extension to
the Tomasulo algorithm — next lecture ] to support out-of-
order and speculative instruction execution. The extension
forces instructions to be committed in-order.

37



Reorder Buffer

A hardware structure that keeps information
about all instructions that are decoded but
not yet retired/committed

Entry 0 Oldest instruction
Entry 1 (pointer to ROB entry
Eniry 2 that contains information
~ about oldest instruction
Sol s IS in the machine)
T =l O |E
> 0| 5 |2
Eny8 | S+ | O | o < Youngest instruction
oz [=
[ [ - @ 'I(T)
a—o .
a) valid = nNIIND NXXPN NNWY)
Entry 13 destid /value =7vin / bwin Nn
Entry 14 written? = 2K IX QNJ1 12D VN
Entry 15

ROB is implemented as a circular queue in hardware 38



What's in a ROB Entry? n'710n

Valid bits for reg/data :
DestRegID | DestRegVal | StoreAddr D ) ?
\/ | DestReg estRegVa StoreData | pC + control bits Exception
1
vaxn\_ N A e / VIX'2 DILLD 2NnA1N
100'A0 N2

(02 1M NY)

Everything required to:

J correctly reorder instructions back into the program order

4 update the architectural state with the instruction’s result(s),

if instruction can retire without any issues

0 handle an exception/interrupt precisely, if an
exception/interrupt needs to be handled before retiring the

instruction

Need valid bits to keep track of readiness of the result(s)
and find out if the instruction has completed execution

39



Instruction | Rename

address register Speculative
(a)
Next entry to Next instruction
be allocated to complete
(tail pointer) (head pointer)
Bl{Oojojojojop e fr{rpnrpnfl
|
NN 12101 DX F
90-1 nYavn
[11"2 Nibyn
N'D L JIVUN 1A
NNKXIN NN
1"V poNS RR
S
W
Reorder buffer
(b)
Figure 5.28

Credit: Shen & Lipasti

(a) Reorder Buffer Entry; {b) Reorder Buffer Crganization.
Mod.Proc.Des.






Reorder Buffer: Independent Operations

Result first written to ROB on instruction completion

Result written to register fi

e at commit time

FID|E|E|E|E|E|E|E|E|R|W XN
Flp e IR R=ROB
cElplelr W = Commit
F|D|E |R W
F|D|E|E|E|E|E|E R |W
F|ID|E|R W
F|D|E |R W
What if a later instruction needs a value in the reorder
buffer?
4 One option: stall the operation — stall the pipeline
43

O Retter: Read the valiie fFrom the reorder buffer How?




Reorder Buffer: How to Access?

A register value can be in the register file, reorder buffer,
(or bypass/forwarding paths)

Random Access Memory
Instructi Register (indexed with Register ID,
(?S rrl:C on Fomemn > File which is the address of an entry)
ache ;
| > Func Unit >
A N
——> Func Unit >—>
1
A
L Reorder > Func Unit >
Content Buffer
Addressable
Memory _ bypass paths
(searched with /
register ID,

which is part of the content of an entry) 44



Reorder Buffer Example

Register File (RF)

Reorder Buffer (ROB)

i Entry O Oldest
o Emry ; Instruction
R2 ntry
R3
R4
R5
R6
R7
T Value Entry 8 «—— Youngest
ZE instruction
)
- - .
© Initially: all registers
> are valid in RF Entry 13
& ROB is empty Entry 14
Entry 15
- ~
Simulate: % % ci;é c
MUL R1, R2 » R3 > 0 > g
MUL R3, R4 » R11 ; 3 8 =
ADD R5, R6 » R3 LICJg % ,&_'3)
ADD R3, R8 » R12 8 =
S 46
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Reorder Buffer Example

Register File (RF) Reorder Buffer (ROB)

RO |) Entry0 [ = Oldest
R1 |/ Entry 1 | () ] > instruction
R2 |} Entry2 | /) \
R3 | | (
R4 | ] 0 . R
RS | | , |
R6 | | = |
R7 || |.
S Value SR - *— Youngest
- E instruction
= .
0 —
'.,% Initially: all registers
o are valid in RF Entry 13
& ROB is empty E":W 11;
ntry 15[
= (&0
Simulate: © 2 = S
MUL R1, R2 > R3 23 g =
MUL R3, R4 = R11 e 2D 2
T

ADD RS, R6 = R3 i ii ﬁ



N11WwNN N1 1nY decode

Reorder Buffer Example

Register File (RF) Reorder Buffer (ROB)
RO [ ] Entry 0 [E]R2 Q e Oldest
Ryl I Entry1 ()] instruction
;v R2 [} 54 Entry 2

rR3 IO
R4 ||
RS | [| A - |
R6 | | . |
R7 |1 .

S Value SIS «— Youngest

- instruction

-

> Il regist 'S

o Initially: all registers

o are valid in RF Entry 13 i

& ROB is empty Eavitd
Entry 15| (',
Q- 0 © s
Simulate: % = Tzu :1::
>0 >

MUL R1, R2 2> R3 | i ol



n1vawn nna1ny decode
Reorder Buffer Example

e —

Register File (RF) Reorder Buffer (ROB)

RO [} Entry 0[R2 0 e~ Oldest
R L I Entry 1 [§(]2 /) 0 2 instruction
gt LN _’7 Entry2 | /|

r3 IO '

R4 | J 'y

RS | |

RG

R | | _ |

P U—
% Value Entry 8 -Younge.st
= instruction
o ||
= . .
T Initially: all registers
©
- are valid in RF Entry 13
& ROB is empty Entry 1%
Entry 15| (,
s =) ) o
Simulate: — % S g
~MULR1, RZ_-)_BS >0 > =
{MUL R3, R4 > R pw B 2
T o
mo @ 9

| ADD R5 . R6 -) R3 i



D0 MUK OARNTNNY N ANy
Reotdet Buffer Example ~ R3-7 71V UM

Register File (RF) Reorder Buffer (ROB)
RO [} Entyo [F[R2] (564 @ e Oldest
- -8y | ! Entry 1 [ (] 27) O ~"_ instruction
RN G K
e nXwon -
re | = ROB-2R3 |
i 8| Youngest
C> Enlry I BEST —
% yale ] instruction
> | =
f—?, Initially: all registers
= are valid in RF Entry 13|
& ROB is empty Entry 14
Entry 15 _al
Simulate: —

"MUL R1, R2> R3>
(MULR3, R4 > RH

written?
'y

try Valid?|C
est reg ID
reg value



nwrwn nx1107 decode
Reotrder Buffer Example

Register File (RF)

RO |} Entry 0
R |/ | Entry 1
-:Rz -'_ _’:J_ o . Enth

R3 T Syt I '_] |

R4 | | 2a R } = . K
-BS | | < .

-R6 | ! 4
R7 | ) o
: '| Ent
S Value =" Y
e Oy
© Initially: all registers - /e
- are valid in RF i )} ntry 113
&ROBisempty | — - Entry
Entry 15
Simulate:
R1, R2 2> R3>

Reorder Buffer (ROB)

REEE () o Oldest
$R3 l""fﬁr:-hm - .
!‘ £1) 0 [~ instruction
YRR \\ o\

AAN |
N\ |
- \ |
AN |
Youngest
instruction
| 2 _
§-‘ B |§E 2 WAW dependence

' = . -

E’ et I T on R3 which is a false
2| @ E o dependence

o, 5 O




1y127n. 117 - decode
Reorder BuJEfer Fxample

Register File (RF) Reorder Buffer (ROB)
E— ) o
RO [} Entry.0_ :%(I;}__‘; ] 9‘) Oldest
__R1 |/ ] Entry1 (@121 = =710 V)\ ' instruction
——pe il 7 ey 2 [N "
-r3 O : . Y1257 D
AT —a— S o . e
g —R,b T_ "-‘_: AT @\9 \
_-R6 " 4 1 (P _ ,)
R7 | | ATRES %¢ N\
& Value— = "0 A\ {olngest
- " AN instruction
g | Q
@) — A R3 nX wono v
Faedl] § ___Initiallyt-all registr QM ._} F g >TINY oXxNNa ROB-2
- are valid in R ) =]~ Entry _
Ry I'JE maliad nivIys) CAM -n
| ' Entry 15 (| (NNTIN NIXNWN
[ =RA s WA wnnwnbI
Simulate: — =\ 2= |3 U:J I -]'7 5
- 3, g9 8 & 195V DY |NNXN
‘R4 > R [ — 2 .E = = NAITIN NXIINN
B\~ ce/z g MDD M NN
R8 | I T— 1-5 NN YaTn



RAM vs. CAM (Guy)

RAM (Random Access Memory) is used for storing data and programs that the CPU needs in
real-time, while CAM (Content Addressable Memory) allows for high-speed data retrieval
based on content rather than specific addresses. CAM is particularly useful in applications

requiring rapid searches

Difference between Random Access Memory (RAM) and Content
Addressable Memory (CAM)

Last Updated : 13 May, 2019

RAM:
Random Access Memory (RAM) is used to read and write. It is the part of primary memory and used in order to store running
applications (programs) and program'’s data for performing operation. It is mainly of two types: Dynamic RAM (or DRAM) and Static

RAM (or SRAM)

CAM:

N, cmory, in which the user supplies data word and associative

memaory searches its entire memory and if the data word is found, It returns the list of addresses where that data word was located.

The difference table is given below on the basis of their properties:

Credit:


https://www.geeksforgeeks.org/difference-between-random-access-memory-ram-and-content-addressable-memory-cam/
https://www.geeksforgeeks.org/difference-between-random-access-memory-ram-and-content-addressable-memory-cam/

Simplifying Reorder Buffer Access

Idea: Replace CAM with indirection

D'2'27N0 NIND NYTANI NP'AIY NODDIN L,'0NPN 2'NIN NOIXN 221101 DTIpn D'WINN

CAM=-1 9ani1onn wis'nn 11037 nuxn -

Access register file first 7170 700117 DWW N7'NN

9 If register not valid, register file stores the ID of the reorder
buffer entry that contains (or will contain) the value of the
register

9 Mapping of the register to a ROB entry: Register file maps the
register to a reorder buffer entry if there is an in-flight
instruction writing to the register

Access reorder buffer next 19X17 0w 10N MNXTI

(nxan nxxnn) 000 YV TnYawd qwnna'DA NNIN YN nw o 56



Reorder Buffer Example

Register File (RF)

Reorder Buffer (ROB)

RO Entry O Oldest
R1 Entry 1 instruction
R2 Entry 2
R3
R4
R5
R6
R7
$ Value Tag Entry 8 «— Youngest
T ' instruction
S (pointer to
@ ROB entry)
-
© S :
> Initially: all registers Entry 13
are valid in RF Entry 14
& ROB is empty Entry 15
c- :
n o ¢
Simulate: % > = S
MUL R1, R2 - R3 >0 > E
MUL R3, R4 » R11 a7 8 =
+—J b - ®))
ADD R5, R6 » R3 u‘—] e 2 O
ADD R3, R8 » R12 8 9
O 7
3 5



Reorde?ﬁu%?ﬁxqmplfj 177 Decode

Register File (RF) Reorder Buffer (ROB)

RO | __Enwyo [FTAT ®) +«— Oldest
~R1.| Entry1 || instruction
-R2 | ? = . Entry 2

R3 () 202D ) (3|

R4 e il i

RS

R6

R7 _

g (po]nter to instruction
® ROB entry) :
-
4 Initially: all registers Entry 13
are valid in RF Entry 14
& ROB is empty Entry 15 _ N
Simulate:

(MULR1,R2> R3
MUL R3, R4 > R11
ADD R5, R6 2 R3
ADD R3, R8 © R12

Entry Valid?
Destreg ID
Dest reg value

Dest reg written?

117




Reorder%ﬁyfgr'ﬁg{gm&?éj 177 Decode

Register File (RF) TR Reorder Buffer (ROB)
RO } -f?._{;l'.w'-___:___-_ Entry 0. [f [ 2 C) +—— QOldest
R o Entry 1 [§ 7)) N instruction
Rz | 7 & Entry2 1§ |RS 0
R3 (
R4 {
R5 | = |
RGR | j', |
T
S  Value Tag Entry8 | | «—— Youngest
© (pointer to | instruction
E ROB ent:y{ .
— s
5| Initially: Ll[fégléiers Entry 13]
L “——are valid in RF | Entrytq] |
& ROB is empty J Enlry 15 1 — qnINa
Simulate: / o8 35 o OV decode-nY
“MUL R1,R2> R3 T8 2 £ NWYI 3 NN
mm:)-w fal I NXIINN D1L2
“ADD R5, R6 2R3+~ E& & & NN"0 NAIWNIN
ADD R3, R8 > R12 L=
= 117
()]



ROB -aw T1va n%221n o'vo'ann nind RF-2
21237 11Nn2 231 0'311N1 N2AN TNW? WON
NYo'1aAn W NAIW TI1Id'N N1'nY

Architectural registers = Physical registers (ROB
or another structure...)

Size of ROB in Pentium 4: 128 entries



Reorder Buffer in Intel Pentium III

. Boggs et al., “The
Pelltlllm III ROB Microarchitecture of the

Data Status Pentium 4 Processor,

Intel Technology Journal,
2001.
Register Alias Table
RAT
-y .a-
EBX
L ECX
EDX
__ES| |
EDI
ESP
EEBP
- ™~
——]1RRF
Retirement Register >~ DNVoA
File N'10IN
7

64



Intel Pentium Pro (1995)

. » °

9.0 O, 0 0 O O oo (' «

0.0 0,0 é» O
éigk» (39?» :' (ﬁih» «3‘«& O O c~ « C
@go @ge'» D0 00 uw O 6CCO
9, 0 0,0 0,0 eb.e» (D) «~ O e~ (~ « «~
f%BS &%uﬁ %’!ﬁ O,

O O d» o0 0 @a O 43 ¥) «w

e
.-

1111
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By Moshen - http://en.wikipedia.org/wiki/Image:Pentiumpro_moshen.jpg, CC BY-SA 2.5, https://commons.wikimedia.org/w/index.php?curid=2262471
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Important: Register Renaming with a Reorder Buffer

Output and anti dependencies are not true dependencies

0 WHY? The same register refers to values that have nothing to
do with each other

0 They exist due to lack of register ID’s (i.e. names) in the ISA

The register ID is renamed to the reorder buffer entry that
will hold the register’s value

4 Register ID - ROB entry ID ( a larger name space!)
9 Architectural register ID = Physical register ID
4 After renaming, ROB entry ID used to refer to the register

This eliminates anti- and output- dependences
Q2 Gives theé)lggion that tpere are a lar ge number of rejg(lsntgrs

1T0N '"HV KoY ']XWW XD I']XI naryan NXRAIYP1 i NXTN2
69



Recall: Data Dependence Types
True (flow) dependence
,, & I, 0opTr, Read-after-Write

FS\ r, op r, (RAW) -- True

Anti dependence
s < r,Oopr, Write-after-Read
ﬁ/‘—v r, Op I (WAR) -- Anti

Output-dependence

r Write-after-Write

— T, opr,
D « (WAW) -- Output

. «— [__OD .

70



Register renaming example n>112y 717n

Assume

1 Register file has a pointer to the reorder buffer entry that
contains or will contain the value, if the register is not valid

9 Reorder buffer works as described before

Where is the latest definition of R3 for each instruction
below in sequential order?

LD RO(0) » R3

LD R3,R1 = R10
MUL R1,R2 > R3
MUL R3, R4 > R11
ADD R5, R6 - R3
ADD R7, R8 - R12

71



Reorder Buffer Example

Register File (RF)

Reorder Buffer (ROB)

o Entry 0 Oldest
a1 Entry 1 Instruction
R2 Entry 2
R3
R4
R5
R6
R7
.‘E Value Tag e  rounges!
= . instruction
S (pointer to
o ROB entry)
>
E .y . -
g In|t|aIIy._ aI_I registers Entry 13
are vallFl in RF Entry 14
& ROB is empty Entry 15
Simulate: T ¢ ¢
= = O
LD RO(0) — R3 g € =
LD R3, R1 » R10 ~ = O =
MUL R1, R2 » R3 23 2 o
MUL R3, R4 » R11 e o =
ADD R5,R6 5 R3 J g 72

ADD R3. R8 » R12



Reorder Buffer Simulation

Instruction Input Simulation Control Performance Metrics
Sample Programs m m Instructions Issued:
1. Basic Dependency Chain o ) ) Instructions Completed:
Simulation Speed Instructions Committed:
Select a sample, click Load, then press "Load Program” below to parse. . ROB Utilization:
Add Individual Instruction Detay: 100ms per cycle Average CPI:

Current Cycle :
SUB o Cy Total Cycles:

ROB Status

Custom Assembly Code

LD RO(0) » R3

LD R3,R1 = R10 Reorder Buffer Occupancy

MULR1,R2+R3
MUL R3,R4 = R11
ADD R5,R6 = R3
ADDR3,R8 » R12

copy & paste this
code:

LOAD R3, RO (0)
S S LOAD R10, R3(R1)

X Load Program C Reset

LD RO(0) - R3 ROBO LD RO() — R3 [ complete | RO

LD R3,R1 — R10 ROB1 LD R3, R1 - R1® ‘ Complete | R3

© . |MUL R11, R3, R4
ROB3 UL R3, R4 - R11 e R3 g ) g )

ﬁiijz =~ | | ADD R3, R5, R6
ADD R12, R3, RS

ROB6 - Empty



https://aca-iiith.vlabs.ac.in/exp/reorder-buffers/simulation/index.html

Valid and Ready bits

Valid Bit

* Means: The instruction has finished executing and its result is ready

« Set to 1 when the execution unit writes the result back to the ROB
entry

« Before this, the entry holds a placeholder (or the instruction is still
executing)

Ready Bit

* Means: All operands needed by this instruction are available

« Set to 1 when all source registers have been resolved (either from the
register file or forwarded from earlier instructions that completed)

« The instruction can only start executing once the ready bit is 1



ROB -n N71ON 7¥ Q011 D'¥WN

EHTH‘I’l DEST. $IGEP- PROGRAM
RESULT|TION VALI
NUMBER REG. D COUNTER
3
HEAD—>[ & r o 4] 5
5 [#] 4] 7
TAIL =2 &

REQCRDER BUFFER



In-Order Pipeline with Reorder Buffer

“ Decode (D): Access regfile/ROB, allocate entry in ROB, check if
instruction can execute, if so dispatch NI>'w instruction

“ Execute (E): Instructions can complete out-of-order
“ Completion (R): Write result to reorder buffer

“ Retirement/Commit (W): Check for exceptions; if none, write result to
architectural register file or memory; else, flush pipeline and start from

exception handler DI>'0Y
" |n-order dispatch/execution, out-of-order completion, in-order
retirement —>| | ntegeradd >
Integer mul
™ EI|E|E|E > N
FI|D epmul | LR W
o —>E ||E |E |E ||E ||E ||[E || E >
—>E (|[E ||E ||E |E (|[E ||E||E | o0 e>

Load/store

78



[ New 2023 | NNAIT touofz |

Credit: https://fuse.wikichip.org/news/7531/arm-introduces-the-cortex-x4-its-newest-

flog:
Arm Introduces The Cortex-X4, Its Newest Flagship
Performance Core

)
Arm Cortex-X4: The Fastest Arm CPU Ever Built

Unparalleled Efficiency
Meost efficient Cortex-X core ever built

X J % P cs o= ~ More Scalability

Up to 2MB per-core L2 Cache
performance

Compared to last year’s

Android flagship : .
GGl L e Architecture leadership

Mew Armva.2

Fourth consecutive year of Cortex-X double-digit performance gains!

Today, Arm is launching the Cortex-X4, the company’s next-generation flagship performance core and
the highest-performance Arm core designed to date.



[ New 2023 | NNAIT | 2ouof2 |

Credit:

see also:

The out-of-order buffer on the Cortex-X4 was increased by 20% from 320 on the Cortex-X3 to 384 here.
In fact, Arm has been increasing the ROB by anywhere from 10-30% each generation. To put that in
perspective, the Cortex-X4 ROB is now bigger than Intel's Sunny Cove core which had 352 entries -
albeit not nearly as much as Golden Cove with a whopping 512-entries ROB.

Reorder Buffer
uArch Cortex-X1 Cortex-X2 Cortex-X3 Cortex-X4
Dispatch 8/cycle 8/cycle 8/cycle 10/cycle
Max In-flight 224 288 320 384

On the floating-point side, Arm fully pipelined the divider/sgrt units. The pipes and units themselves
remain unchanged.



https://fuse.wikichip.org/news/7531/arm-introduces-the-cortex-x4-its-newest-flagship-performance-core/
https://fuse.wikichip.org/news/7531/arm-introduces-the-cortex-x4-its-newest-flagship-performance-core/
https://en.wikipedia.org/wiki/ARM_Cortex-X4

Reorder Buffer Tradeoffs

Advantages
4 Conceptually simple for supporting precise exceptions
4 Can eliminate false dependencies

Disadvantages

1 Reorder buffer needs to be accessed to get the results that
are yet to be written to the register file

CAM or indirection — increased latency and complexity

' aim Fn eliminate Fhe dicadvantanec
_ Guy: Wikipedia: Content-addressable memory (CAM) is a
- _History buffer special type of computer memory used in certain very-high-

) speed searching applications. It is also known as associative
9 Future File memory or associative storage[a] and compares input search

a .o data (tag) against a table of stored data, and returns the
Checkpomtlng address of matching data




Solution Il: History Buffer (HB)

ldea: Update the register file when instruction completes,
but UNDO UPDATES when an exception occurs

When instruction is decoded, it reserves an HB entry

When the instruction completes, it stores the old value of
its destination in the HB

When instruction is oldest and no exceptions/interrupts,
the HB entry discardec

When instruction is oldest and an exception needs to be
handled, old values in the HB are written back into the
architectural state from tail to head

. RF NX [27TV |on OYNXD1 D'NON NXINNY TV NdN — '"M'05 XIin ROB
LDIDTVANX PN NANN W' DX IX RFNX TN DTV —M'ODIX XIn HB



History Buffer

!
> Func Unit | >
nstruction| Register J Fome Unit | History
Cache File dnc ni Buffer
> Func Unit >

Used only on exceptions

Advantage:

9 Register file contains up-to-date values for incoming instructions
— History buffer access not on critical path

‘E' Need to read the old value of the destination register

9 Need to unwind the history buffer upon an exception —
increased exception/interrupt handling latency 83




NIANONN Y Q011 120N

I
Register
file

2] 1]

Reservation
stations

| Extra RF read port

Y

HB

Functional
units

i7'NIn y1axnn

nix11n 1000 7w 71072
e AT NP2

1YXN V1 aXnNn

HB-n 12 o121 VD] X (1

RF -n 1729

11X W NAatn 2w napna (2

D'YAN 1x7

HB -n "1p 212

nun7n 1ToN 37 NOTN 11N27)

clde o

\4

\4

(nounY
> HB
Write back all the
values




Comparison of Two Approaches

Reorder buffer —nuonn 170 "oy ,anixN 7119 100N NX 1DTYD
2 Pessimistic register file update

4 Update only with non-speculative values (in program order)

O Leads to complexity/delay in accessing the new values

History buffer — nx11n 01"0 DY N0 719 100N NX 1D TYUN
% U Optimistic register file update
1 Update immediately, but log the old value for recovery

** 0 |eads to complexity/delay in logging old values ('7v n1j7n2
recovery)

Can we get the best of both worlds?
** - 71207 720 * N N1IN7
9 Principle: Heterogeneity D1 01— 111NoN

9 |dea: Have both types of register Files 85



Solution lll: Future File (FF) + ROB

ldea: Keep two register Files (speculative and
architectural)

4 Arch reg file: Updated in program order for precise exceptions
Use a reorder buffer to ensure in-order updates

4 Future reg file: Updated as soon as an instruction completes
(if the instruction is the youngest one to write to a register)

Future File is used for fast access to latest register values
(speculative state) 12'071790 271 N1DNNTO '97 N7 N1

9 Frontend register file

Architectural File is used for state recovery on exceptions
(architectural state)

4 Backend register File 86



Future File

!
| > Func Unit | >
Instruction Future : OB Arch.
Cache I File ,’ > Func Unit > = File
> Func Unit > ,
Used only on exceptions / _
Advantage

2 No need to read the new values from the ROB (ho CAM or

. . . 1 |ND
indirection) or the old'value boF desl;wkgg ng;l'yer 5 5y D.WUD.A'ﬁ

. D WT”,,'?J?J;’I 79307,], ROB -n DNYW 170N
Disadvantage i x5) 119N
(0"2'0YIPO0

9 Multiple register Ffiles
9 Need to copy arch. req. file to future file on an exception

D™LDMN 190NT7 NIDND |PT.NIIN 7Y NP DNV N DX 7NYN7 Y 87
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Smith and Pleszkun [1988]

P&H CAQA Appendix C
(C.5)

IEEE TRANSACTHONG (W COMPUTERST

Implementing Precise Interrupts in Pipelined
Processors

JAMES E. SMITH, memeen, ez, avn ANDREW R. PLESZKUN, MEMBER, IEER

Abstract—This paper 4 ibes amd i 1o the
precise interrmpt problem in pipelined processors. An interrupi is
precise if the saved process state corresponds with & sequential
medel of program execution where one instroction compleles
betore ibe mex! begins. Ina pipelined processor, previse interru pis
are difficnlt to impdemeni because wn instraclion may be initialed
before its predecessors have compleied.

The precise intcrrapt problem is described, and five solutions
are discussed in detail. The first sol forces o
complete and modily the process state in architeciural order, The
other four solutions allow insirections to complete in any order,
bt additional hardware Is used so that a precise state can he
restored when an intcrrapl occurs, All the methods are diseussed
in the context of a parallel pipeline structure. Simulation results
based on the CRAY-18 sealar acchitecture are used to show that
the first solution resulis in a performance degradation of pt least
16 perceni. The remaining four solutions offer better perform-
ance, and three of them resnlt in as littie 23 2 3 percent
performance boss, Several extensions, inchuding vector architec-
tares, virtual memory, apd tincar pipeline structures, are briefly
diseussed.

Tati < a4

frdex Terms—Performance si pip p
precise interrapis, process checkpointing, process recovery, i
itnal memory.

I [NTRODUCTION

OST computer architectures are based on a sequential
Mrmdel of program execution in which an architectural
PrOZram COUNET SCqUETCes ihrough instructions one-by-one,
finishing one before starfing the next. In comtrast, a high-
porformance implementation may be pipelined, permitting
several instructions to be in some phase of execution at the
same time. The use of a sequential architecturs and a pipelined
implementation clash at the time of an interrupt; pipelined
instructions may modify the process state in an order different
trom that defined by the sequential architectural modcl. At the
time an interrupt condition is detecied, the hardwarc may not
be in a state that is consisient with any specific program
couner value.

When an interrupt occurs, the state of an interrupted process
is typically saved by the hardware, the software, or by a
combination of the two_ The process state generally consists of
the program counter, registers, and memaory. [f the saved
process state is consistent with the sequential architectural

Manuscript received March 23, 1986, This work s sopporied by the
Matioaal Science Foundation wnder Grast ECS-3207217.

1. E. Smith is with the Departmept of Eloctrical and Computer Engimeer ing,
Usiwersity of Wisconsin, Madisoa, W 53706

A B Pleszin js with the Desartmant of Computer Sciences, University of
Wisconsle, Madison, W1 5X106,

IFEE Log Mustber 8717725

madel, then the interrupt is precise. To be more specific, the
zaved state should reflect the following conditions.

1) All instructions preceding the instruction indicated by
the saved program counter have been executed and have
modified the process state correctly,

%) All instruetions following the instruction indicated by the
saved program connter are unexecuted and have not modificd
the process state.

3) Ifthe interrupt is caused by an exception condition raised
by en instruction in the program, the saved program counter
points to the interropted instruction. The interrupted instruc-
tion may of may nol have been cxccuted, depending on the
definition of the architecture and the cause of the interrupt
Whichever is the case, the inlermpted instruction has either
completed, or has not stared execution.

If the saved process slate is inconsistent with the sequential
architectural model and does not satisfy the above conditions,
then the interrupt is inprecise.

This paper describes and compares ways of implementing
precise interrupts in pipelined processors. The methods used
are designed to modify the state of an executing process in &
carefully controfled way. The simpls methods force all
insiructions to update the process state in the architectural
order. Other, more complex methods save portions of the
process state so that the proper state may be restored by the
hardware at the time an intermupt ocours,

A, Classification of Interrupts

We consider interrupes belonging © two classes.

1y Program interrupts, sometimes referred w as “traps,™
result from exception conditions detected during fetching znd
execution of specific instructions. These expeptions may be
due to software errors such as trying to execwte an illegal
opeode, mumerical errors such as averflow, or they may be
part of normal program exceution s with page faults.

2y External interrupis are not eaused by specific instiue-
tions and are ofien caused by sources outside the currenily
executing process, sometimes completely unrelated to it. 1O
intcrrupts and timer ipterrupts are examples.

For & specific architecture, &l interrupts may be defined w
he precise or only @ proper subset. Vinwally every architce-
e, however, has some types of interrupts that must be
precise. There are & number of conditions under which precise
intermepls are cither necessary or desirable.

1) For O and timer interrupts, a precise process stale
makes restarting possible.

2y In virual memory systems, procise interrupes sllow 4.
process to be correctly restarted afier a page fault has beer
serviced.

001 8-0340/EE0500.0562$01 .00 © 1988 IEEE



In-Order Pipeline with Future File and Reorder Buffer

Decode (D): Access future file, allocate entry in ROB, check if instruction
can execute, if so dispatch instruction

Execute (E): Instructions can complete out-of-order
Completion (R): Write result to reorder buffer and future file

Retirement/Commit (W): Check for exceptions; if none, write result to
architectural register file or memory; else, flush pipeline, copy
architectural file to future file, and start from exception handler

In-order dispatch/execution, out-of-order completion, in-order

retirement —>{ g | Integeradd >
Integer mul
™EI|E|E|E >
FlD rpmut [ LR IW
—>E |E |E |E ||E ||[E ||E | E >
—>E ||E||E|E||E||E||E||E | oo e

Load/store

89



Can We Reduce the Overhead of Two Register Files?
?00'"5 100D'A 'IW 2pY NNIPN DXNXD 'K

ldea: Use pointers to data in front-end and retirement
4 Have a single storage that stores register data values

1 Keep two register maps (speculative and architectural); also called
register alias tables (RATS)

Future map used for fast access to latest register values
(speculative state)

9 Front-end register map

Architectural map is used for state recovery on exceptions
(architectural state)

2 Back-end register map

90



Future Map in Intel Pentium 4

A single
NetBurst RF ROB

Future map Data  Status Boggsetal, The
RAT Register Alias TatV Microarchitecture of

Frontend RAT the Pentium 4
L EAX ] Processor,” Intel
— . Technology Journal,

_EDX | 2001.

N Many modern
Retirement RAT N . or] L
IV N T processors are similar:
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Reorder Buffer vs. Future Map Comparison
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Before We Get to Checkpointing ...

“ Let's cover what happens on exceptions
“ And branch mispredictions

94



Checking for and Handling Exceptions in Pipelining

When the oldest instruction ready-to-be-retired is detected to
have caused an exception, the control logic:

9 Recovers architectural state (register Ffile, IP, and memory)

9 Flushes all younger instructions in the pipeline

0 Saves IP and registers (as specified by the ISA)

2 Redirects the fetch engine to the exception handling routine

Vectored exceptions = n'7x a1'7'T7 NANN 210 NN YT wwd- exception

handler
11791191 N11'INA 719'01 N7 1A

:N2N 191X '7VON NM1j7an 7 N7 170 1T X102 NN NT7aN01 WI1N97 N1D10 Nj7'™N1 DN NXI1NN TWUKD
.(jn271 RF, PC) "110{70"IXN 2XNN TNY X

JM791191 NIWXN NIXNN 70 7V N7'np .

ASA-n -7y waTmaw 190 nnvonannl (IP) PC-n npw )

.NANN2N79%0Nnn N210N7 FETCH-N 112200 N"Mon .1

(D12N NN NP) NATINN 7V 2100 NN VTN D1 X7X N'7'72 11017 W1 71 X7 TWUXD = N0 Recals



Pipelining Issues: Branch Mispredictions

A branch misprediction resembles an “exception”

1 Exceptitis not visible to software (i.e., it is microarchitectural)

What about branch misprediction recovery?

2 Similar to exception handling except can be initiated before
the branch is the oldest instruction (not architectural)

H_All three state recovery methods can be used
ROB, History Buffer, FF-2 naidn

Difference between exceptions and branch mispredictions?

9 Branch mispredictions are much more common than
exceptions

— need fast state recovery to minimize performance impact

of mispredictions o6



How Fast Is State Recovery?

Latency of state recovery affects
1 Exception service latency
J Interrupt service latency

2 Latency to supply the correct data to instructions fetched
after a branch misprediction

Which ones above need to be fast?

How do the three state maintenance methods fare in
terms of recovery latency?

9 Reorder buffer
4 History buffer
9 Future file

97



Branch State Recovery Actions and Latency

Reorder Buffer
9 Flush instructions in pipeline younger than the branch
9 Finish all instructions in the reorder buffer

History buffer
9 Flush instructions in pipeline younger than the branch

4 Undo all instructions after the branch by rewinding from the
tail of the history buffer until the branch & restoring old
values one by one into the register file

Future file

2 Wait until branch is the oldest instruction in the machine
4 Copy arch. req. file to future File

2 Flush entire pipeline

98



Can We Do Better?

Goal: Restore the frontend state (future file) such that the
correct next instruction after the branch can execute right
away after the branch misprediction is resolved

ldea: Checkpoint the frontend register state/map at the
time a branch is decoded and keep the checkpointed state
updated with results of instructions older than the branch

4 Upon branch misprediction, restore the checkpoint associated

with the branch

Hwu and Patt, “Checkpoint Repair for Out-of-order
Execution Machines,” ISCA 1987.

99






Checkpointing

When a branch is decoded

4 Make a copy of the future file/map and associate it with the
branch

When an instruction produces a register value

4 All future file/map checkpoints that are younger than the
instruction are updated with the value

When a branch misprediction is detected

4 Restore the checkpointed future file/map for the mispredicted
branch when the branch misprediction is resolved

9 Flush instructions in pipeline younger than the branch

4 Deallocate checkpoints younger than the branch 101



Checkpointing

Advantages

9 Correct frontend register state available right after
checkpoint restoration —» Low state recovery latency

Disadvantages
4 Storage overhead
0 Complexity in managing checkpoints

Q
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Many Modern Processors Use Checkpointing

MIPS R10000
Alpha 21264
Pentium 4

Yeager, “The MIPS R10000 Superscalar Microprocessor,”
IEEE Micro, April 1996

Kessler, “The Alpha 21264 Microprocessor,” IEEE Micro,
March-April 1999.

Boggs et al., “The Microarchitecture of the Pentium 4

Processor,” Intel Technology Journal, 2001.
103



Summary: Maintaining Precise State

Reorder buffer A

History buffer ~n1a1ns 3
Nni1a*no

Future register file )

o } NIYYINNNN NXNIN
Checkpointing

Readings

9 Smith and Plezskun, “Implementing Precise Interrupts in Pipelined
Processors,” IEEE Trans on Computers 1988 and ISCA 1985.

9 Hwu and Patt, “Checkpoint Repair for Out-of-order Execution Machines,”
ISCA 1987. 104
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Part 1: MIPS




MARS

Java based MIPS simulator

Home page:
http://co
du/Ken

Missouri State

UNIVERSITY

MARS (MIPS Assembler and Runtime Simulator)
An IDE for MIPS Assembly Language Programming

MARS is a lightweight interactiva development enviranment (IDE) for programming in MIPS
assembly language, intendad for educational-level use with Patterson and Hennessy's
Computer Organization and Dasign.

NO SPYWARE
| & NO ADWARE
4 NO VIRUSES

SOFTPEDIA

certified by www softpedia.com

Feb. 2013: "MARS has been tested in the Softpedia labs
using several industry-leading security solutions and found to be completely clean of
adware/spyware components. ... Softpedia guarantees that MARS 4.3 is 100% FREE,
which means it does not contain any form of malware, including spyware, viruses,
trojans and backdoors."

Download MARS from Softpedia (version on Softpedia may lag behind the version on
this page).

Download MARS 4.5 software! (aug. 2014)

Note: Is your MARS text unreadably small? Download and use a new release Java
9, which contains a fix to automatically scale and size AWT and Swing components for
High Dots Per Inch (HIDFI) displays on Windows and Linux. Technical details.

New for 4.0: new editor, featuring multiple files, context-sensitive input, and
color-coding.


http://courses.missouristate.edu/KenVollmar/MARS/
http://courses.missouristate.edu/KenVollmar/MARS/

MARS

| Starting from
Invocation (LiBg3EB we

File Edit View Search Term

telzur@GL553|

/home/telzur

telzur@GL553!

#1/bin/sh

java -jar /h&e, tzizar,/sciencs)ieaching/CPU/SW/MARS/Marsd 5. jar
telzur@GL553VD




File Edit Run Settings Tools Help

:
Ed
I~
(o

=

P
|
\

)

Run speed at max (no interaction)

Edit | Execute : Registers rCopmcl f/Coprnc 0 |
7 Text Segment : Mame Number Value
‘|$zero £ 0
Bkpt | Address Code sic Source gat 1 0
; 0x00400000] 0x24020004 addiu 10: 11 $vo, 4 & m;vg 2 0
U (0x00400004) 0x3c011001 Tui $1, 40 11: la $a0, msg0 §H$v1 3 0
U 0x00400008 0x34240000/0ri $4,%1,0 §||Sa(] 4 0
L] | Ox0odgenoc 0x0000800c syscall syscall lgal g 0
L] | Oxb04o0010 0x3c011001 Tui $1,4097 11 $s0, 0x10010000 # begining data segment {lga2 6 0
U (0x00400014) 0x343000000ri $16,%1,0 §||$33 7 0
L] | ox0odooe18 0x820800001h $8,0(516) b $10, 0x00($s0) # Toad byte from Mem to Reg = sto g 0
U 0x0040001c| 0x82090001 1b $9,1($16) 16 11, 0x01 (3s0) §“$t1 g 0
U 0x00400020, 0x820a0002/1b $10,2($16) 20 12, 0x02($50) §||“2 10 0
L 0X00ﬂ0002ﬂ 0x820b00031h $11,3($16) 21: 0x03(3s0) E"$t3 11 0
U 0x0040992m 0x3c011001 lui $1,4097 24: 16616040 5";14 12 0
[] | 0x0040882c 0x34310840/0ri $17, 51,64 ¢t5 13 [
; 0x00400039 0xa2280000/sh $8.0(517) msts 14 0
U 0x0040003 32290001 sb $9,1($17) §||$t7 15 0
|| | Gx00400038) 230002sh $10,2($17) |§s0 16 0
[] | ox0040003c 0003sb $11,3(§17) @, . . 451 17 0
[l nanUIFVVUF\ B 1 g ssz la 0
1
53 19 0
» [ )
54 20 0
[ Data Segment ' () D) 455 7 0
Address ‘ 0) 56 22 0
UXIUOIGGGG\ 40324 $57 23 0
0x10010020 07 - l5t8 24 [
0x10010840) . @, . @ O |l {sta 5 0
0x10010050 [ 0 Il :[ska 2% 0
0x10010880 9 0 | lgka 27 0
0:10010020 . D 0 of || lsop 28 268468224
0r100160c0 j o=l | ‘Iysp 25 2147479548
0x10010020 lsp 30 [
0x10010100 $ra 3l 0
0x10010120 b 0 pe 4194304
0x10016140 | [ i 0
010016160 | 0 0 1o 0
0x10016180 | [ [ :
0x100161a0 | [ [
10101 -0 ol n ol
1]
‘ ﬁ | * HOKIDOIODOD (.data) |v‘ Hexadecimal Addresses [ |Hexadecimal Values
Mars M ges rRun 10 ‘

Invalid language element: @function

Error in /mnt/038d7f89-5713-462a-a96h-aad%
Invalid language element: fp=xx

Error in /mnt/038d7f89-5713-462a-a96h-aa%afa3f6f93/Teaching/CPU/ lecture

Invalid language element: @function

Error in /mnt/038d7f89-5713-462a-ad6h- aa%afa3f6f93/Teaching/CPU/ Tectures /63/code/s11del 23/s11de123 m1
Invalid language element: @function

Assenble: operation completed with errors

ing/CPU/ectures/03/code/s11del23/s11de123 mips.asm line 5 column 10:  .module fp=xx

ine 20 column 14:

Assenble: assembling /mnt/038d7f89-5713-462a-a96bh-aadafa3f6f93/Teaching/CPU/ lectures/03/code/sinple_denos/lbsb.asm

hssenble: operation completed successfully,




MIPS X-Ray - Animation of MIPS Datapath, Version 2.0

TOO I S N ) MIPS X-Ray - Animation of MIPS Datapath
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Starting from
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to RISC-V




SPIM / QtSPIM

https://

File Simulator Registers Text Segment DataSegment Window Help

“spimsimulator.sourC s .. .. .. - .

About QESpim X

FPRegs | ntRegs [16] | Data | Text |
nEfoac e ext BE®

QtSpi

User Text Segment [00400000]..[00440000] =
[00400000] 8fad0000 lw $4, 0($29) ; 183: 1w $a0 0($sp) # argc
[00400004] 27a50004 addiu $5, $29, 4 ; 184: addiu $al $sp 4 # argv
[00400008] 24a60004 addiu $6, #5, 4 ; 185: addiu $a2 $al 4 # emvp
[on40000c] 00041080 =11 92, $4, 2 ; 186: 511 §v0 $ao0 2
[00400010] 00c23021 addu $6, $6, $2 ; 187: addu §a2 $a2 §vo
[00400014] 0c000000 jal O0x00000000 [main] ; 168: jal main
[00400018] 00000000 mnop ; 183: nop
[0040001c] 34020002 ori 42, $0, 10 ; 191: 11 $vDd 10
[00400020] 0000000 syscall ; 182: syscall # syscall 10 (exit)

Kernel Text Segment [80000000]..[80010000]

[80000180] 0001d821 addu $27, $0, 31 ; 90: move §k1 $at # Save fat
[B0000184] 3c013000 lui $1, -28672 ; 82: sw $v0 sl # Not re-entrant and we can't trust
= Tfffe3dd $sp
R6 [a2] = 7fffel0s [B0000188] ac220200 =w $2, 512(41)
i R7T [a3] =0 [8000018c] 3c018000 lui $1, -28672 ; 93: sw $a0 s2 # But we need to use these registers
Version 9.1.20 of August 29, 2017 ' B8 [t0] = 0 [80000190] ac240204 sw $4, 516(41)
SPIM s a simulator of the MIPS R3000 processor. RS [tl] =0 [80000194] 401aé800 mfcld $26, $13 ; 95: mfec0 §k0 §13 # Cause register
RI0 [t2] =0 [80000198] 001a2082 srl $4, 826, 2 ; 96: srl $a0 3k0 2 # Extract ExcCode Field
Copyright (c) 1990-2015, James R. Larus (larus@larusstone.org). RI11 [t3] =0 [800001%c] 3084001f andi $4, 4, 31 ; 97: andi §a0 a0 OxIf
R12 [td] =0 [800001a0] 34020004 ori $2, $0, 4 ; 101: 11 §v0 4 # syscall 4 (print_str)
SPIM is distributed under a BSD license. R13 [t5] =0 [B00001a4] 3c048000 lui $4, -28672 [_ml ] ; 102: la $a0 _ml_
R14 [t6] =0 [800001aB] 0000000c syseall ; 103: syscall
For more information, source code, and binaries: RI5 [t7] = 0 [800001ac] 34020001 eori $2, 80, 1 ; 105: 11 $v0 1 # syscall 1 (print_int)
i L. R16 [s0] =0 [800001E0] 001a2082 srl $4, $26, 2 ; 106: srl §al $k0 2 # Extract ExcCode Field
https:/jsourceforge.net/projects/spimsimulator/ RI17 [s1] = 0 [800001b4] 30B4001f andi §4, $4, 31 ; 107: andi $a0 $a0 Ox1f
QISPIM is linked to the Qt library, which is distributed under the GNU RIB [s2] =0 [800001b6] 0000000¢ ‘Y’_’call i 108: syscall .
Lesser General Public License version 3 and GNU Lesser General R19 [s3] = 0 [800001kc] 34020004 ori $2, $0, 4 ; 110: 11 §v0 4 # syscall 4 (print_str)
public License version 2.1. R0 [=d] =0 [800001c0] 3244002c andi §4, $26, 60 ; 111: andi fal $k0 Oxic
R21 [85] = 0 [B0000Lcd] 3c018000 lui $1, -28672 ; 112: 1w $a0 _ excp($a0)
GNU Lesser General Public License, version 2.1 R22 [s6] =0 (800001cB] 00240821 addu §1, §1, #4
R23 [s7] = 0 [800001cc] 8c240180 lw $4, 384(41)
GNU Lesser General Public License, version 3 R4 [t8] =0 [g00001d0] 00000000 mnop ; 113: nop
R25 [t9] =0 [800001d4] 0000000c syscall ; 114: syscall
R26 [k0] =0 [800001d8] 34010016 ori $1, 80, 24 ; 116: bne §k0 0x18 ok pc # Bad PC exception reguires
717 k11 = 0 —| | special checks —



QESpim - + X
File Simulator Registers TextSegment DataSegment Window Help

tSPIM ... ™ ' a
FP Regs = ntRegs [16] Data Text
Int Regs [16] @® Text B
BC = 400030 = User Text Segment [00400000]..[00440000] =
I e coge e -0 [00400000] 8£a40000 1w $4, 0(429) ; 183: 1w $a0 0(gsp) # arge
Cause =0 [00400004] 27a50004 addiu $5, $29, 4 ; 184: addiu $al $sp 4 # argv
- Badvaddr = 0 [00400008] 24a60004 addiu $6, $5, 4 ; 185: addiu $a2 $al 4 ¢ emvp
IS Ioad ed Status = I000EfL0 [0040000c] 00041080 =11 42, 84, 2 ; 186: 511 §v0 $a0d 2
[00400010] 00c23021 addu $6, #6, $2 ; 187: addu $a2 $a2 $vo
- HI =0 [00400014] 0clooond jal 0x00400024 [main] ; 188: jal main
Into the 10 =g [00400018] 00000000 nop ; 189: nop
ori $2, §0, 10 ; 181: 11 §v0 10
syscall ;

: syscall # syscall 10 (exit)
ori $8, $0, 2 i
ori $9, 40, 3

addu $10, 38, 49

simulato - —
To exec
click on

Kernel Text Segment [B0000000]..[80010000]
addu $27, $0, $1 ; 90: move $k1 $at # Save fat
lui $1, -28672 ; 92: sw $v0 s1 # Not re-entrant and we can't trust

sw $2, 512(81)

“S I m u Ia | lui $1, -28672 ; 93: sw $a0 352 # But we need to use these registers
sw $4, 516($1)
mfcd $26, $13 ; 95: mfcO $k0 $13 # Cause register
srl $4, 826, 2 ; 96: srl $a0 £k0 2 # Extract ExcCode Field
S0B4001F andi $4, $4, 31 ; 97: andi fa0 $a0 0xIf
= offlLE L ks o [800001a0] 34020004 ori $2, $0, 4 ; 101: 11 §v0 4 # syscall 4 (print_str)
[800001a4] 3c045000 lui $4, -28672 [_ml 1 ; 102: la §a0 _ml_
[800001a8] 0000000c syseall ; 103: syscall
[800001ac] 34020001 ori $2, $0, 1 ; 105: 11 $v0 1 # syscall 1 (print_int)
Ry : n . [800001b0] 001a2082 srl $4, $26, 2 ; 106: srl fa0 §k0 2 # Extract ExcCode Field
1 $tE, Ok $to €az (800001b4] 3084001f andi $4, #4, 31 ; 107: andi $a0 $a0 Oxif
11 $t1, 0x3 # $t1 0x3 [800001b8] 0000000c syscall ; 108: syscall
f [800001bc] 34020004 ori $2, $0, 4 ; 110: 11 $v0 4 # syscall 4 (print_str)
%ddl_J %2 $10, $t1 # $t2 ADD($10, $tl) [300001c0] 3344003c andi $4, $26, 60 ; 111: andi $a0 $%0 Ox3c
telour@GLadsvD (800001c4] 3c019000 lui 41, -28672 ; 112: 1w §a0 _excp($a0)
R25 [t9] [800001cB] 00240821 addu $1, $1, 84
R26 (k0] =0 [800001cc] 8c240180 1w 84, 384(pl)
R27 [k1] =0 Io|| [B00001d0] 00000000 113: nop (¥

nop H

Attempt to execute non-
Attempt to execute non-
Attempt to execute non-
Attempt to execute non-

ingtructicn at 0x00400030
ingtructicn at 0x00400030
ingtructicn at 0x00400030
ingtructicn at 0x00400030




EduMIPS

https://
edumips.o
rg/




| & EduMIPS64v. 1.2.7.1 - MIPS64 Processor Simulator

File Execute Configure Tools Window Help

ﬁ Cycle

= Registers

Statistics

! lRo (5zero) 0000000000000GB0  FO  0OO000000AEE000 Execution
RL ($at) 0000000000000 F1  000AOEE00000000 (| O Cycles
R2 (4v0) 0000000000000 F2  000AEEE00000000 (| @ Instructions
R3 (4v1)  0000000000000000 F3  0OOAO00000000O
R4 (5a0)  00000000000000G0  F4  00BOGODOOOO0BOE Stalls
(sal)  00000000000G00G0  F5 0060060060000/ g E:ﬁ :E:}%:
H C' m e ($a2) ~ 0000000000006000  F6  00E00000000008 [} o 1o cio11
($a3) 0600006000000600 F7 000000000060000 0 Structural Stalls (Divider not available)
($t0) ~ 0000000000000600  F8 0060000000008 [l o stryctural Stalls (Memory not available)
ee n ($t1)  0000000000060G06  F9  060000000060000— W o Branch Taken Stalls
R10 (§t2)  000000000000008 F10  000000000000000 |l 6 Branch Misprediction Stalls
RIl ($t3)  000006G00000 FI1  000000000000000 || Code size
F12  000000000000000 || O Bytes
F13  000000000000000 |f| Floating point unit
F14  000000000060006 (| FCSR register
B | [T ey
F16  000000000000000
F17 500000008300000l1 29990000000000000000111100000001

"0 Cod
Address

[} Pipeline

Representation Label Instruction

0000
0004
0000000000600000 0008
0000600600800000 000C
0000600600800000 0010
FP Muliplier 0000600600800000 0014
//{:}{:k[J_[}+:}{:+{: 0000000000000000 0018
0000600600800000 001C
F— MEM | W8 0000600600800000 0020
::J_+::}_{::}_[:: 0048  0000060000000000 0024
0050  0006060000000000 0028
FP Adder 0058  0000060000000000 002C
0060  0000060000000000 0030
0068  0000060000000000 0034
FP-DIVO 0070  0006060000000000 0038
0078  0006060000000000 003C
0080  0006060000000000

0040
I .

Welcome to EduMIPS64 1.2.7.1




& EduMIPS64v. 1.2.7.1 - MIPS64 Processor Simulator - quyl.asm :
File Execute Configure Tools Window Help
= Registers Statistics

—
EHCycle

_ | ~llRo (5zero) 0000000000B0G0C0  FO  00B0G000BAOB00CA]|| Execution
daddi 15,10, format RL (sat)  006000G000000000 F1  000000000000000| f| 5 Cycles
I, f5_adar(r0) R2 (Sv0)  006000G000000000 F2  000000000000000| | O Instructions
daddi 12,051 R3 (Sv1)  0080000006060600 F3 0606000060000
R4 ($a0)  00000000000O0000  F4 0000000600000 | STALlS
(sal)  00000000000G00GB  F5 0060006000006 g m :E:H:
(§a2)  0000000000000000  F6  000000000000008 fI o 110 cro11e
:iig; gggggggggggggggg E; ggggggggggggggg 0 Structural Stalls (Divider not available)
(st1)  00000000000G00GO  F9  000GA0G00G06000 8 Sﬁgﬂﬁﬁ“ﬁkeﬁtgﬂfl;"e"“’” not available)
RIO (§t2)  0000000000000G4MEM F10  000000000000008 || 0 Branch Misprediction Stalls
RIL ($t3) 0060000006000 F11  000000000000000 [ Code size
F12  000000000000000 (| 36 Bytes
F13  000000000000000 (I Floating point unit
F14  000000000000000 ff FCSR register

F15 000000000000000 FCC Cause EnablFlag RM
000000008060000 7654321 0 VZOUIVZOUIVZOUI

006060000606000 00000000000000000000111100000001

"0 Cod

[} Pipeline

Address |  Representation Label Instruction

25206E6F69737265 60020030

str .asciiz "%dth of %s*

daddi r2, r@,sl

2073692069252E69 60030038 daddi r3,r0,s2
657420676E696562 FC020058 sd r2,sl_addr(ro)
FP Multiplier 0000002164657473 FC030060 sd r3,s2_addr(ro)
00000000656E754A sl .asciiz "June" 600E0048 daddi rl4,r0, fs_add
. I I I I I I MEM 365350494D756445 2 .asciiz "EduMIPS64' 0000014C syscall 5
0040  0000006000600034 0020  0000006C syscall @
0048  0000000000000000 fs_addr  .space 4

DADDI I I I

0050 0000000000000005 .word 5

FP Adder 0058  0000000000000000 sl_addr  .space 4
0060 0000000000000000 s2_addr .space 4
0068 0000000000000000 .word 0
FP-DIVO

po70e 0000000000000005 .word 5
0o78 0000000000000000 test
po8e 0000000000000000

Il ]

Welcome to EduMIPS64 1.2.7.1 ' ' RUNNING ———




Dr. MIPS

https://brunonova.github.io/drmips/
https://github.com/brunonova/drmips

https:// tch?v=dyDSV-3v1Ns

ation (CISPEE)

rchitecture Teaching
ng

Bruno Nova!, Jodo C. Ferreira?, Anténio Aratijo?
'Faculdade de Engenharia da Universidade do Porto, Porto, Portugal
?INESC TEC and Faculdade de Engenharia da Universidade do Porto, Porto, Portugal

Abstract—Computer architecture is an important subject for
informatics and electrical engineering courses. However, students
display some difficulties in this subject, mainly due to the lack
of educational tools that are intuitive, versatile and graphical.
Existing tools are not adequate enough or are very specific.
In this paper, an educational MIPS simulator, DrMIPS, is
described. This tool simulates the execution of an assembly
program on the CPU and displays the datapath graphically.
Registers, data memory and assembled code are also displayed

and o Ymarfarmanea mada?? e alen neastdad Bath aintounla and

B. Objectives

The main objective of the work presented in this paper
was to create a tool to support computer architecture teaching
and learning. This educational tool is a simulator the MIPS
processor [1], which is a well-known processor in the computer
architecture academic community and also one of the most
used processors for teaching computer architecture courses
in universities [2]. This simulator was developed under the



https://brunonova.github.io/drmips/
https://github.com/brunonova/drmips
https://www.youtube.com/watch?v=dyDSV-3v1Ns

Dr. MIPS

s@E8E Gk

File View Edit Datapath Execute CPU Help

are done

File View Edit Datapath Execute CPU Help

LEEE @<

Q00 ¢ Zoom: 218%

Code | Assembled | Datapath | Datamemory |

Address Assembled Code
0 537395210 1: addi $t0, §0, 10 % 1i §to, 10
4 537460736 2; addi §t1, $0, 0 #1i 5t1, 0
8 287831114 1: loop: beg $t1, 5t0, end
12 556335105 5: addi §t1, $t1, 1
16 134217730 6: j loop




- Shift
Single cycle»: =
N
yl—
q " DD PC+d: 58 nl: ﬁbD ) X
_[ﬂ = T put: 350
Shift
[ Buft 2 e 30
J . AND
eadlatal: 400 nl: 46
Instruction ReadReq2: 300 o —
ifC: Sh5| P Memory egisters g ALU |
@l s H| Mﬂiress: 518 L N
o0 s Data [Juh
_._ritellata: 930 X memory eadlata:| 315
Eritellata: a0
Sign ALU
n:@*ﬂ:end Dut: 308 control




Pipelined

— =

>

Control -
nl: D
El put: 50 L, o L
|| shift :
[Eft 2 hut: 0
[ E ‘ M
DY _ ! ;
/ X InL: &5 — / M
ewFE:"EE PC: E | s ALU E \J;
X ——+T M esllty) 1EB| Addrass: B| B
U v Tn2: 8 Data =
'|_)( X memory Readiat
F ] h riteliata; @
Sign ALU ]
neattend put: o 1 control i
M M
meRs efarding |
Junit
IVERE: 0 MEWE. R




Dr. MIPS

There Is a support
for several micro-
archit

.)ut

Suppo
many

Load CPU from file

Look In: 7] cpu v

-extended.cpu
-no-hazard-detection.cpu
-onlyforwarding. cpu
.Cpu
-extended.cpu
-no-ump-branch.cpu
-no-ump.cpu

e.cpu

File Name: |pipeline-nnly-fonr.rarding.cpu|

Files of Type: |CPU files (*.cpu)

M

Open...

| Cancel |
o \ o




QtMIPS

See a Zilreen capture in the
next slide

Tutorial video:

https://www.youtube.com/watc
h?v=6xH72UBvnaY

& About QtMips

QtMips - MIPS Architecture Simula

Version 0.8.0

Copyright (c) 2017-2019 Karel Koci cynerd@email.c
Copyright (c) 2019-2022 Pavel Pisa pisa@cmp.felk.
Copyright (c) 2020-2022 Jakub Dupak dev@jakubdi

Home Page : https://github.com/cvut/gtmips
Implemented for Computer Architectures and
Advanced Computer Achitectures courses at
Czech Technical University in Prague Faculty of
Electrical Engineering

Y

This program is free software: you can
redistribute it and/or modify it under the terms
of the GNU General Public License as published
by the Free Software Foundation, either version
3 of the License, or (at your option) any later
version.



https://comparch.edu.cvut.cz/qtmips/app/
https://comparch.edu.cvut.cz/qtmips/app/
https://www.youtube.com/watch?v=6xH72UBvnaY
https://www.youtube.com/watch?v=6xH72UBvnaY

QtMIPS

File Machine Windows Help
& 0 (1 2x 5x 10x Unlimted Max | [(TH B+ @

Program B® Core | cop0-test-ia.S Memory
Follow fetch v NOP NOP NOP X ‘Word - || Direct
Bp Address  Instruction * MFCD 59, §14, 00 Address +0
080020000 ADDI §1, ... b, 0x00002000 00000000
0x80020004 ADDI §2, ... o e MEX 0x00002004 00000000
080020008 SYNCI ... 0x00002008 00000000
[0
0x8002000C ADDI §3, ... %g m — 0x0000200C 00000000
=
0x80020010 ADDI §4, ... - 0x00002010 00000000
080020014 LUI $20, ... 0x00002014 00000000
0x80020018 ORI $20, .. 0x00002018 00000000
0x8002001C MTCO $20, - 0x0000201C 00000000
0x80020020 ERET E g 0x00002020 00000000
080020024 ADDI §5, ... 0 0 0x00002024 00000000
0 — i 0 p—
080020028 ADDI §6, ... O [ {law YR BT Eee 1 0x00002028 00000000
_ I (0000000 | a ﬁ 0 0
0x8002002C ADDI §7, ... A Registers 7D off ™2 0 0x0000202C 00000000
X C 0] 0
0x80020030 ADDI §8, ... HE = 0 : 0x00002030 00000000
0
0)(80020034 MFCO $9r u g Mernary 0 2D [ARTalalalawla=Y. MEaTaTalalalaTalil
0
0x80020038 BREAK 0 0x00002000
L
(YENDPANE MFCO $10, _ mip Terminal
R 1 .
0x80020040 LUI 520, ... S0 m ¢ Eee 1o m
[xB0020044 ORI $20. o e T P Ct500 ]
080020048 MTCO $20,
Exception
0x8002004C LUI $21, ... L : NORMAL e
080020050 ORI $21, . - - - -
080020054 LUI $20, ... =
‘0)(50020000 ‘ NORMAL Hazard Unit Cycles 2 Stalls. B Input: |




Part 2: RISC-V




v /home/benjamin/Documents/workspace/rars/examples/bottles.s - RARS 1.1 - + X
File Edit Run Settings Tools Help
“qnq . . . . Run speed at max (no |nteract|onO)
é Registers | Floating Point | Control and Status |
: Name Number Value

zero 0 0x00000000)
2 .qlob ra 1 0x000H0060
3 . i[sp 2 Ox7fffeffc
4 template: {op 3 0x10008000)
5 cstring "%d bottles of beer of the wa bot ne down |u’ | g1 leggminbeer oy thegnalling (tpg p— = 4 e~y =x00B00000
6 _ i Lintfim N
7 tert w \NULILrrtd 8 6 :
8 min: 12 7 0x00000025)
g S : and ra for s . 0400009000
10 0500000060
o OIF I ar O ere is or
1 1 0x16910054
13 oo 12 ) 12 0x08300014
r 13 0x06903300
: plﬂQ@ESSQf . x
- 0.0 15 0x0033800
18 16 0x08800000
19 17 040006005
L H me page: ;
21 di 50,50, 19 0x000H0060
22 a3,50 i|1s4 20 0x0000000
23 - 21 0x0000E0060
. https:ligithub.com/TheThirdOnelrars —
5 s7 23 0x00000000
2 2 000000060
z 5 0x06000000
o % 0408900000
& ® 27 0x00330000
gf % 3402003030
b 29| 0x00000000
3 30 0x000E0060
2 3 £x08800000
5 2 0408400054

: a -jar /patn/rosene/jar/file/RARS

[ Ii ]

[v]

Line: 1 Column; 1 [¥| Show Line Numbers

[ Messages I’ Run IIO

99 bottles of beer of the wall., 99 bottles of beer. Take one down pass it around, 98 bottles of heer on the wall
98 bottles of beer of the wall. 98 bottles of beer. Take one down pass it around. 97 bottles of heer on the wall
97 bottles of beer of the wall. 97 bottles of beer. Take one down pass it around. 96 bottles of heer on the wall
96 bottles of beer of the wall. 95 bottles of beer. Take one down pass it around, 95 bottles of beer on the wall
95 bottles of beer of the wall., 95 bottles of beer, Take one down pass it around, 94 bottles of heer on the wall
94 bottles of beer of the wall. 94 bottles of beer. Take one down pass it around. 93 bottles of heer on the wall
93 bottles of beer of the wall. 93 bottles of beer. Take one down pass it around. 92 bottles of heer on the wall
92 bottles of beer of the wall. 92 bottles of beer. Take one down pass it around, 91 bottles of beer on the wall

91 bottles of beer of the wall., 91 bottles of beer. Take one down pass it around, 90 bottles of heer on the wall
90 bottles of beer of the wall. 98 bottles of beer. Take one down pass it around. 89 bottles of heer on the wall
89 bottles of beer of the wall. 89 bottles of beer. Take one down pass it around. 88 bottles of heer on the wall
88 bottles of beer of the wall. 88 bottles of beer. Take one down pass it around. 87 bottles of beer on the wall
87 bottles of beer of the wall., 87 bottles of beer. Take one down pass it around, 86 bottles of heer on the wall
86 bottles of beer of the wall. 86 bottles of beer. Take one down pass it around. 85 bottles of heer on the wall
85 bottles of beer of the wall. 85 bottles of beer. Take one down pass it around. 84 bottles of heer on the wall
84 hnttles nf heer nf the wall 84 hottles nf hear Take nna down nass it arnund 83 hattleas nf heer an the wall

4]

_4.jar



https://github.com/TheThirdOne/rars

RISC-V

Home page:
https://riscv-programming.org/ale/#home
(it was tested on Google Chrome)

This is a portal for executing RISC-V
code.

RISC-V emulation is done here in two
stages.:

1) build: This is done OM
machine with the RISC-V tool chain. ... N

2) Upload and execute the code’ 'G[JT.NJ;K!TQ
portal. T



https://riscv-programming.org/ale/#home

RISC-V

QtRVSi

m
QtRVSim is the counter part to the QtMIPS
simulator

Tutorial are available at:

https:/Icomparch.edu.cvut.cz/slides/ewc22-qtrv
sim.pdf

and:

https:/ldrive.google.com/file/d/1Rxd6-Qm6Lhk
Djd9740lAKY_kX1roLOeOlview

The simulator is available at:

Ittt llraithhiitlh ~carmalavrmn it lcatry 10178


https://comparch.edu.cvut.cz/slides/ewc22-qtrvsim.pdf
https://comparch.edu.cvut.cz/slides/ewc22-qtrvsim.pdf
https://drive.google.com/file/d/1Rxd6-Qm6LhkDjd9740IAkY_kX1roLOeO/view
https://drive.google.com/file/d/1Rxd6-Qm6LhkDjd9740IAkY_kX1roLOeO/view
https://github.com/cvut/qtrvsim
https://comparch.edu.cvut.cz/qtrvsim/app/

RISC-V

File Machine Windows Help

& 0 @ (1x 2x sx 10x Uniimited Max || (TH 0+ @ QtRVSim

Program BY Core | simple-lw-sw-ia.
Follow fetch v
Bp Address Instruction * nop

OV ODDDEE unknown

NONE
0x000001f0 unknown
0x000001f4 unknown Sranchoutcome — Cycles: 0
stalls: 0
0x000001f8 unknown
0x000001fc  unknown L pe—
P — lemRead -
0x00000200 Iw x2, ... _anm_m_ﬂ
Control  |—Branchjal 0
0x00000204 swx2, ... | Unit —Brancn}alr-ﬂ J
[—BranchVal —| “I xor
0x00000208 beq x0, X0, —Aucontrol {0} —
=Alubul 19 Branch Branch
0x0000020c nop I Jar o
o
0x00000210 nop ‘—L“
0x00000214 ebreak - etructon ME; e g
GDDUGDDUI
0x00000218 unknown OxfTf
0] pherals
0x0000021c unknown o0500000 '
0x00000220 unknown | =1 {0 s Y onl E
s wout| |2
0x00000224 unknown ’“2 AW 3
~rd = =
0x00000228 unknown s — i e
0x0000022¢ unknown ) JE 0 H- o
\riteData = emory
0x00000230 unknown 'd m Kooy
(L4
0x00000234 unknown o o H E
0x00000238 unknown - o Fove Fost J
rd [i]i]
0x0000023c unknown
0x00000240 unknown b RegWWriteDat: 00000000
A mnmAAnAs 1 4 ke BranchTargets

AGAARRAT = =



Ripes

A graphical processor simulator and
assembly editor for the RISC-V ISA

Homepage:
https://github.com/mortbopet/Ripes/

Documentation:

https://github.com/mortbopet/Ripes/tree/ma
ster/docs

Easy install:
In Linux as Applmage just do

~hmaAd 1y Rinacay? 2 A limnive


https://github.com/mortbopet/Ripes/
https://github.com/mortbopet/Ripes/tree/master/docs
https://github.com/mortbopet/Ripes/tree/master/docs

File Edit View Help

8oL Phwms BY 2

100
1010

Bior

Input type: (@ Assembly () C Executable code

1 # This example shows an implementation of the mathematical
2 # factorial function (! function) to find the factorial value of !7 = 5048,

3
4 .data
5 argument: .word 7
6 stri: .string "Factorial value of "
7 str2: .string " is "
8
9 .text
18 main:
1 1w a0, argument # Load argument from static data
12 jal ra, fact # Jump-and-link to the 'fact' label
13
14 # Print the result to conscle
15 mv al, a@
16 1w a8, argument
17 jal ra, printResult
18
139 # Exit program
20 1i a7, 10
2 ecall
22
23 fact:
24 addi sp, sp, -16
25 sw ra, 8(sp)
26 sw al, 8(sp)
27 addi te, ae, -1
28 bge t@, zera, nfact
29
30 addi a0, zero, 1
Kl addi sp, sp, 16
32 jr x1
33
34 nfact:
35 addi a0, a0, -1
36 jal ra, fact
37 addi t1, 2@, @
Console

|A

View mode: () Binary (® Disassembled |E GPR |

10000517
(0052503
01c000ef
00050593
10000517
f£052503
04co00ef
00200333
00000073

00000024 <fact>:

24:
28:
2c:
3o:
34:
38:
3c
49:

00000044 <nfact>:
44:
48:
4c:
50:
54:
58:
5¢:
60:

ffa1e113
00112423
00212023
fff50293
0082d863
00100513
01919113
00008067

00000064 <printResult>:

64:
68:
6
T0:
14:
78:

00050293
00058313
10000517
9850513
00409893
00000073

s

auipc x10 0x10000

1w x10 @ x10 Name Alias Value e
jal x1 28 <fact» v cero | Bx00000000

addi %11 x18 @

auipc x1@ 0x10000 x1  ra @x0000004c

lw x10 -16 x10

jal %1 76 <printResult> X2 sp  Bx7fFFffIe

addi x17 x@ 10

acall x3  gp 0x10000000

x4 tp Gx00000008

i s
swox! 8 x2

SW 10 @ x2 X6t 0x00000000
addi x5 x10 -1

bge %5 %@ 16 <nfact> X7 12 0x00000000
addi x10 %@ 1

addi x2 x2 16 x8 50 0x00000000
jalr xa x1 @

X9 sl Gx00000000

x10 a0  6x00000902

addi x10 x10 -1
jal x1 -36 <fact

x11 al  Gx000p0000

lw x10 0 x2
lwx1 8 %2
addi x2 x2 16
mul %10 %10 %6 B
jalr x0 x1 @

x12 a2 Gxe0()0008

x13 a3 oxb

x14

x15

addi x5 x10 @
addi x6 x11 @

x16

x17

x18

x19

Factorial value of 7 is 5040
Program exited with code: 0

x20

x21

x22

%23

x24

%25

Hex hd

r: 5-stage processor  [SA: RV32IM(



File Edit View Help

BCC) b 5 E

5-Stage RISC-V Processor . e
addix10x10-1

GPR

ﬁ Name Alias Value

Proimisar . . . 0x00000800

0x0000004c
BxTFFFFf90
0x10000000
Bx0@000000
0x00000001
0x00000000

0x06000000

0x00000000

0x00000000

0x00000002
0x00000000
0x06000000
0x0a000000
0x00000000
x15 0x06000000
x16 0x0a000000
17 0x00000000

x18 0x06000000

Display type: Hex

1 .
Instruction memory

Console m Execution info
BP Addr Stage Instruction

Cycles:
Y 0x3c addi x2 x2 16

Factorial value of 7 is 5040 nets.rered: 0x40 jalrx0x10

Program exited with code: @ CPl:
0x44 EX  addix10x10-1
IPC:
0x48 D jal x1-36 <fact>
Clock rate:
Oxdc IF addix6x100

0x50 Iwx10 0 x2

Processor: 5-stage processor  1SA: RV32
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....... b | data Reg 1
PC memaory Wridx
addr Decode R idx : :
) anatle IFlD R2 idx IDEx
..... Ll e Req 2
............. opeode En
------------- Compressed
""""""" decoder
e mm.
SERDEREDRERE R, R
---------------------- clear . . .. . .o ey

e
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' . .
: ’ Op2
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Read
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V e n u S Editor ~ Simulator

Step  Prev Reset  Dump

Mhiﬂtcut pS : %lfo‘yen U S n kvra“k:i-l_ n me/ ra (x1)  0x00000000
https://venus.cs6lc.org/ e

Open source: T

ttps://github.com/kvakil/venus .uw ..
User guide: i
nttps://github.com/kvakil/venus/wiki

00000
a2 (x12) 0x00000000

console output

4 Display Settings ~ Hex

Registers  Memor


https://venus.kvakil.me/
https://venus.cs61c.org/
https://github.com/kvakil/venus
https://github.com/kvakil/venus/wiki

Active File: null BEEE Close

11116, 3
/ addi t1, tO, 5

The Editor tab:

The Simulator
ta b: Venus  Edtor  Sim

m Step  Prey Reset  Dump MNIEEEY ~ Re-assemble from Editor

PC Machine Code Basic Code Original Code

0x00300293 addi x5 x0 3 1i te, 3

0x4 0x00528313 addi x6 x5 5 addi t1, te, 5




Venus as a VS-Code Extension

ext install

hm r A0S Extension: RISC-V Venus Simulator X & ESP-IDF W
[ ]

N RISC-V Venus Simulator s
, hm | & 20,181 | %k % %% (2
. RISC-V Venus Simulator embedded in VS Code

i iy
Uninstall 525

DETAILS ~ FEATURES

RISC-V Venus Simulator embedded in VS Code

This Visual Studio Code extension embeds the popular Venus F ' simulator. It provides a standalone
learning environment as no other tools are needed. It runs RISC-V assembly code with the standard
debugging capabilities of VS Code.

To use it as educational tool, Further views are added as described below.

Installation




emulsiV

https://eseo-tech.g
@ Q & L B |Select an example v Animations | Speed |10 A o Reset| Run [Step| Fetch Decode ALU Compare Mem/Reg PC
Memory I tT;l U b ° I O / ermmh} lS IV / ALU General-purpose regs

Address 0 1 2 3 |Instructions v pc 06000000 op - x0 ©0epec0e
00000000 | 93 |86 | 00 2 | addi x1, x0, 32 mepc 00860280 a - A1) caasaose
00000004 | 37| 81 88 c0 lui x2, BxcA@88 poHd  pRRRRRRA b - LRy p—
00000008 | 83 | c1 88 88 1bu X3, @(x1) r - X3 | 00apaage

x4 00800600
X5 00860000

0000000c | 63 | 88 @1 @@ beq x3, xB, #16

00000070 | 23 | @@ 31 @@ sb x3, 8(x2)

00000074 | 93 | 80 18 0@ addi x1, x1, 1 Bus % e
00000018 | 6F | f@ 1f ff jal xB, -76 addr _ X7 | 80BBa6A0
0000001c | 6f | 60 8@ 08 jal x8, @ data - i X8 60000600
00000020 | 48 | 65 6c 6c - irg  false X9 | Baenacas
: ¥10 00806006
00000024 | 67 (6@ @0 @@ jal x8, @ Instruction reg.
x11 00000000
00000028 | @@ 6@ 00 @0 - .
instr - x12 | 80000000
0000002c 6@ 6@ @@ @@ - f _ Comparator
20000030 n X13 00000060
00|60 00 B0 -
rs1 - op - x14 00889660
00000034 | o0 00 00 @0 - 152 _ a - P
00000038 | @@ 6@ 00 @0 - rd _ b - 6 s
0000003c | 6@ | 6@ @@ @8 - imm - taken - a7 B
Text1/0 General-purpose /0 Bitmap output (00000C00-00000FFF)

© About emulsiV

0 1 01 2 3 [ Read the license
b0000000 (ctrl, data) @@ | @@ d0000000 (dir) | £ | £f | £f | £f 0 Report an issue
) Get the source code
d0000004 (jen) | 6@ | 00 | 60 | 00 Q
40000008 (rev) | €@ | @@ | 6o | oo GQGC
0000000 (data) | 88
d000000c (fev) | 6@ | 60 | 60 | B0
d0000010 (val) | 0@ | 60 | 08 | e

0
1



https://eseo-tech.github.io/emulsiV/
https://eseo-tech.github.io/emulsiV/

WebRISC-V
https://webriscv.altervi

<ta nra/

. COMMANDS EXECUTION OPTIONS VISUALIZATION OPTIONS
Load Py
ogram Architecture Forwarding Branch Hazard Handling Popup Shaw Show
Pipeiine in New Window Elements - “F' i o ¢ 5 I alh
VERSION 184 RVEAM v Activated v Fiush Instruction v on Haver Ll b
Write your feedback: System Reset
Email | GitHub
EXECUTION STATUS SCHEMA LAYOUT
not loaded current cycle: - N " - H - ” - ” -
EXECUTIONTABLE || CONSOLE | T —
(115351, HATARD ]
124200, DETECTION & e
AND . L ] OR EX.Flush
H UNIT “
IFFluzh J
JPeare ; — ID/EX l_' M
- l 1[14-12, .| CONTROL U
In':trumnn L J 0] UNIT L WB Jx
Emol A d (|
ry S T ‘ﬁ{ — a M EX/MEM
X 1j1¢-12] m M u wB
] iR — CRINT # x | 5= MEM/WE
EMPTY SCAUSE m
* M EX M W8
— ! L,
Click HERE 10 load a program . o 9] v— BRANCH| s e
prog o 1D _.r. ey e i s
ALLSrct E
§
LISy b i 1 M M DATA
1[24-20] | |_ J
READ REG 2 r+ U — U = MEMORY
— X 04 X
- l READDATA1 J
. SHIFT READ DATA 2 I &
MEMORY LEFT a3
ALU — ADDRESS £
B L REGISTERS 3
L—HADDRESS WRITE REG M READ.L, | M
WRITE DATA L v o DATA U -
READLy) o X 44 X - t
INSTR 1 [_\g:_r 1 L AW
Instruction [30,25.14-12.3 COI\TRD]‘
Instruction [13-15 UNIT il
Instruction [24-20] |
_ Instruction “1-7
FORWARDING ¢
FORIWARDING UNITALD
b/ UNIT BRANCH |

Data Memory

Lavier to Upper bytes

v


https://webriscv.altervista.org/
https://webriscv.altervista.org/
https://github.com/Mariotti94/WebRISC-V
https://github.com/Mariotti94/WebRISC-V

Interactive RISC-V Simulator

RISC-V Simulator ¢ Editor (@ Datapath B Memo € Cache 4 b ) 1000ms M .  SshowOutput
p ry P
. I i Register Hexadecim:
Code Editor Import  Export hJBto[DS .//I’I S U&&to M- |:| ve.verce l app Export Code [ ESUNES
Name Number Value
1 # Quicksort Algorithm Impl tati / zer0 0 8x0ROREER0
wicksort-Algorithm Implementation
. . . . i ra 1 BxB0000828
2 # This program demonstrates the quicksort algorithm on an array of integers Address  Code L2 “E0E
3 ! - sp 2 ax7fFffffe
4 .data ©x00600064  8x02028863 beq t0, s1, 0x000@AA94  beq t0, s1, print_done ap 3 x18080889
5 array: word 64, 34, 25, 12, 22, 11, 90, 45  # Array to be sorted ) p 4 2xBReeaEen
6 length: .word 8 # Length of the array x80900068  0x00229313  s1li t1, t, 2 sl t1, t6, 2 0 5 0408303002
7 megli:.--.asciz "Original array: 0x3009006c 000640333  add t1, s, t1 add t1, 50, t o 5 Do
8 msg2: .asciz "\nSorted array: " ¥l 7 9X88080880
9 space:  .asciz " " x80908076  0x00632503 1w a8, B(t1) 1w a8, 8(t1) s 8 018080800
10 B
. 5! 9 axbooa08ese
1 'tfle | 9x00000074  0x00106893 addi a7, x0, 1 lial, 1 = .
12 .glo main al 1 080000600
13 main: 9x00900078  0x00606073 ecall ecall
y . . - - a? 12 Bxeooe0800
1 #Print original array message 0x0000007c  0x10080537 lui 2@, ©%10000 1a 28, space ; .
15 la a0, msgl a
16 lia7, 4 # Print string x300A00B0  OxP4650513 addi ad, a@, 70 la a0, space at 14 600099869
17 ecall a5 15 8XB0EREER0
138 09x000000.  0x00409893  addi a7, x@, 4 lial, 4 % 6 oxesasnnes
19 # Print original arra -
2 ln-sB arras y #.50-= array-address 0x00000088  0x00000073  ecall ecall a7 17 fueenemal
' _ : s2 18 8X800600800
21 la s, length #:51:= length-address 0¢O00REEEC  0x00128207  addi t@, te, 1 addi te, ta, 1 3 19 oxosa60s00
22 l..w sl, B(slll #:51 = length value “ . oxE8089080
23 jal ra, print array x80R0AA9R  OxFOSFFAGF  jal x6, AxPAOAARGA j print_loop
24 B 5 21 8x6e08a800
. <print_done>: -
25 # (Call quicksort p 56 2 8xB0080600
26 la a0, array #:a0 = array address 9x00008094  Bx000880G7 jalr zero, ra, @ jalr zero, ra, 8 s pE] 9X08000080
27 lial, @ #al= srart_ Index (0) <quicksorts: E 24 [ GEIEELEL]
28 addi a2, s1, -1 # a2 =end index (length-1) i 59 5 8X80080880
29 jal ra, quicksort €x00000098  0x@6c50463 bge a1, a2, GxG00ER18Q bge al, a2, quicksort_done <0 2% x60080080
% o 6x0060009c  Mxfec19l13 addi sp, sp, -20 addi sp, sp, -20 st 7 0x806eEa0e0
3 # Print sorted-array message 5 B —
32 La a0, msg2 000900020  0x00112823 W ra, 16(sp) s 13, 16(sp) “ 2 ovessences
33 1ia7, 4 # Print string ; . FR
34 ecall 0x000000a4  @x00812623 su 50, 12(sp) sw 58, 12(sp) ! B
35 t6 3 0XB0E0EBE0
6 # Print sorted array 0x00000028  0x@0912423 sw s1, 8(sp) sw s1, 8(sp)
37 la 50, array # 5= array address Gx00B600ac  6x01212223 s s2, 4(sp) su s2, 4(sp)
38 jal ra, print array
39 0x000000b0  ©x01312023 sw s3, 0(sp) sw 53, 0(sp)
49 # Exit program

41 lia7, 10 # Exit 0x000000b4  ©x00050413 addi s@, ad, @ mv s@, ad


https://riscv-simulator-five.vercel.app/
https://riscv-simulator-five.vercel.app/

RISC-V Functional Simulator

https://risc-v-cpu-visualizer
vercel.app/simulator

ycle Simulator ~ Five-Stage Simulator  Converter  Contact Us

i RISC-V*

Input your RISC-V code here: Registers
‘”'alg:wri te your code here InitValue  Register  Decimal Hex Binary
‘En,j;t ; X0 (zero) 0 0x00000000 00000000000000000000000000000000
ebreak
E x1(ra) 0 0x00000000 00000000000000000000000000000000
E X2 (sp) 0 0x00000000 00000000000000000000000000000000
E X3 (9p) 0 0x00000000 00000000000000000000000000000000
E X4 (tp) 0 0x00000000 00000000000000000000000000000000
E X5 (t0) 0 0x00000000 00000000000000000000000000000000
E X6 (t1) 0 0x00000000 00000000000000000000000000000000
E X7(t2) 0 0x00000000 00000000000000000000000000000000
E X8 (s0/fp) 0 0x00000000 00000000000000000000000000000000
Execution Log
E X9 (s1) 0 0x00000000 00000000000000000000000000000000
E %10 (a0) 0 0x00000000 00000000000000000000000000000000
E X11(21) 0 0x00000000 00000000000000000000000000000000
E x12(32) 0 0x00000000 00000000000000000000000000000000
How to Use the Simulatar ) - B R


https://risc-v-cpu-visualizer.vercel.app/simulator
https://risc-v-cpu-visualizer.vercel.app/simulator

RISCV ¥  Assemble Disassemble Assemble and Run  Format Hex

la a0, string
1i a2, ©x9000000 // UART DR, write here to print characters

top:

1bu a1, 8(al@)

sw al, 8(a2)

addi a@, a@, 1
bne al, zero, top

j skip
string: .string "Hello World"

.align 1
skip:

Save as binary file

Ret - Reverse-Engineering Tool
Click the top left button to switch architecture.
Click 'Examples' to get started.




CPUlator Computer System

Simlllnl-nr- [

Ncrulator Computer System Simulato }

CPUlatoris a Nios II, ARMv7, MIPS, and RISC-V RV32 simulator of a computer system (processor and I/0 devices) and debugger that runs in
amodern web browser. It is designed as a tool for leamning assembly-language programming and computer organization.

To start using CPUlator now, choose a computer system to simulate, then follow the link.

To learn more, try a sample program in the simulator (Help ~ Sample programs), or see the documentation.

Choose a system to simulate

Architecture System

Any RISC-V RV32

Nios I RISC-V RV32 SPIM

ARMV7 RISC-V RV32 DE1-S0C

MIPS32r5 RISC-V RV32 DE10-Lite

MIPS32r6

RISC-V RV32

https://cpulator.01xz.net/?sys=rv32 Go

RISC-V RV32 h t t p S ://

RISC-V RV32IMAFD_Zicsr_Zichom system with 4 GB of memory

Optional 1/0 Devices @ C p u la to r.o 1 XZ.
net/




StepInto | StepOver | StepOut | Continue Stop Restart Reload filev  Helpw

CPUlator Computer System
Simulator - Ii 3) You
e will be

t2x7 | 60000000

sOx8 | coeoeoc0e

s1x9 | 00000000
a0 x10 | ceececon
alx11 | 00000008
aZx12 | coeeecos
a3x13 | 60000008
adx14 | 0ooooooe
a5x15 | 6060008
abx16 | 0eO0E08
a7 x17 | ooee000e
s2x18 | 00000000
s3x19 | 0eEEEE00 1 m
s4x20 | 6o0OEEE0 SI U a to
s5x21 | 00000000
s6x22 | 00000000
s7%23 | 00000000
s8x24 | 0ooEOEED r
s9x25 | 0000000

LR MY
#k Call stack |k Trace | 3 Breakpoints |
Watchpoints | ¥ Symbols | § Counters |

@ Settings

Number Display Options
Size: | Word v |

Format: | Hexadecimal v |

Memory words per row: |E|

Editor Options |lmwm <[» Disassembly (Ctrl-D) | Q Memory (Ctrl-M) |

B4 Messages

CPUlator has started with system RISC-V RV32 containing a RISC-V RV32 processor.



QEMU

RISC-V 64 Bit Emulator
https://www.gemu.org/download/#windows
Build from the source:

git clone git clone
https://gitlab.com/gemu-project/gemu.git

+ The RISC-V Toolchain


https://www.qemu.org/download/#windows
https://gitlab.com/qemu-project/qemu.git

Spike

https://github.com/riscv-soft

Spike is the official or golden-reference-style RISC-V Instruction Set
Simulator (ISS)

telzur@TUF:~/science/Teaching/CPU/SW/spike/guy$
riscv64-unknown-elf-gcc -o hello ./hello.c

teI%‘Qeri@e-sl,_tlsall%e.ﬂc{rczrianra /[TaarhinA/CDI | /C\Al/cn”/e/g Uy$

5|3 v/ Reference ISA- level correctness

v/ Early software development (bare- metal & small programs)
H¢ v/ Debugging and inspecting architectural state

v/ Verification and compliance testing

v/ Exploring ISA extensions and configurations

oZ RiinninAa RPISC-\ rAade when hardwware ic nAF availakhlae


https://github.com/riscv-software-src%20/riscv-isa-sim
https://github.com/riscv-software-src%20/riscv-isa-sim

Get a RISC-V core!

https://docs.espressif.com/projects/esp-dev-kits/en/|
atest/esp32c3/esp32-c3-devkitm-1/index.html

- ‘ Ty - =W
7 W e e
A

Install EspregSiEfiie

“Ie; %,
TR \


https://docs.espressif.com/projects/esp-dev-kits/en/latest/esp32c3/esp32-c3-devkitm-1/index.html
https://docs.espressif.com/projects/esp-dev-kits/en/latest/esp32c3/esp32-c3-devkitm-1/index.html

Part 3: Additional simulators

Compiler Explorer
Reorder Buffer

Tomasulo Algorithm



L.
Fl

€D 00— O N e LD PR3

Compiler Explorer

https://

Csource #1 # X

B Save/load + Addnew..* VVim

int bar(int,int);

int foo(int a, int b){

if (a <= b)
a=o;
else

h=0;

return bar(a, b);

x86-64 clang 14.0.0 (Editor #1) & X

xB6-64 clang 14.0.0

A~ @Output.~ WFitter.~ @Libraries A Overrides +Addnew..~ * Addtool..~

[ R R R

foo:

xor
cnp
cmovle
cnovy
np

A

eax,
edi,
edi,
esi,
bar

t

eax
esi
eax
eax

@ -03 -fomit-frame-pointer

# [@foo

# TAILCALL

@c

O X

= COMPILER
-4 EXPLORER

mips gee 11.2.0 (Editor #1) & X
mips gee 11.2.0 v @ @ -03-march=mips4-fno-delayed-branch
A~ QO0utput.~ WFiter..~ B Libraries & Overrides + Addnew..~ o Addtool..~

1 foo:

2 slt  §$2,85,84
3 movn  $5,%0,52
4 movz  $4,$0,52
5 ] har

6 nop

C HOutput (0/0) mipsgee11.2.0 1 -cached (63108) ~420 ines fitered £ Comipiler License

Output of mips gee 11.2.0 (Compiler #1) & X
A~ DOWraplines = Selectall

Compiler returned: @



Reorder Buffer

https://www.ecs.umass.edu/ece/koren/archit

ecture/ROB/rob_simulator.htm
XN NN MNXN

'n

Simulation NM&M)M
Control ation Window
(ssL NUATKRE

Number of ROB entrics: Instructions
curentclock: | FUs  [Number| % |i#ofRSs Operands
Cycles | # Opcode causes an exception

Fradder |1 [z ]| ] Dest | Op! | Op2
Simulation Seftings - 1 Lb v 0
i - I T 5
FP-Divider |[1 [ a0 |1 | 3 g
4 F8 v F6 v F2 v 0
y Number ofCDBs: 5 DIVD v 0
Number of Load Buffers: o ” (000 ] ” oy ” [y ” Py H 0

Latency of Load: clock cycle(s)

# of Instructions to

current # of Instructions: D



https://www.ecs.umass.edu/ece/koren/architecture/ROB/rob_simulator.htm
https://www.ecs.umass.edu/ece/koren/architecture/ROB/rob_simulator.htm

Loadd
Loadl
Adde
Addl
Addz2
Multe
Multl
Stored
Storel

Tomasulo Algorithm

http://nathantypanski.github.io/toma

sulo-simulator/

Busy

false
false
false
false
false
false
false
false
false

vj

Tomasulo algorithm simulator (protoype)

This simulates Tomasulo's algorithm for a floating-point MIPS-like instruction pipeline, demonstrating out-of-order execution. The source is on

GitHub.

Click instructions on the right to issue and execute them. Instructions will only execute if all of their data dependencies have been resolved, but
they may issue in any order (though at least issuing them in order is recommended). Currently, loads have two-step execution and still require a
writeback cycle. Regs[x] is the value at location x from the register file.

Color codes are as follows: destination source occupied source occupied destination.

Reservation stations

Vk

0

0k

Result

Instruction Status
Instruction Issue Execute

L.D F6,32(R2)

L.D F2,44(R3)

MUL.D FO,F2,F4
ADD.D F10,F12,F8
5UB.D F8,F2,F6
DIV.D F18,F0,F6
ADD.D F6,FB,F2
5.D F6,32(R2)

Write result


http://nathantypanski.github.io/tomasulo-simulator/
http://nathantypanski.github.io/tomasulo-simulator/

Tomasulo Algorithm

https://www.ecs.umass.edu/ece/koren/archit
ecture/Tomasulo/AppletTomMagbOeEERt: rmasiss sgoritm

Can work

] ¥ [F6 ¥ |15 ¥ |R1 v
(]
Plu _In LD v |F2 v |22 v |R2 -
g ® MULTD v |FO v |F2 v |F4 v
SUBD v |F8 v |F6 v |F2 v
For exam - Java Appt
ADDD ¥ |F6 v |F8 v v
Execute Reseat
2 v o ¥ b4  Add/Subd 2 10 L4 Divd £
xt Commit Credits
INSTRUCTION STATION LOAD/STORE UNIT
Issue Exec comp Write Result Name Busy Address Funct Unit
Ldl NQ
Ld2 NQ
Ld3 MO
Sdl NQ
Sd2 NQ
5d3 MO
RESERVATION STATION
Narme Busy Op V] Vk Qi Qk Time
Addl NO
Add2 MO
Add3 NG
Multl NO
Mult2 MO
REGISTER FILE STATION
Clock FO F2 F4 F6 F8 F10 Fl12 F14
0 Funct Unit

Vd

er.

v

| »

]



https://www.ecs.umass.edu/ece/koren/architecture/Tomasulo/AppletTomasulo.html
https://www.ecs.umass.edu/ece/koren/architecture/Tomasulo/AppletTomasulo.html

Current Simulation Cycle:0 stage 0

Tomasulbﬂsﬁlig%#b{n V1.5

OOOOO

https://www.icsa.inf.ed.ac.uk/cgi
-bin/hase/ident.pl?Tomasulo

works on Chrome with CheerpJ

ja¥ zamgletﬁ@n i Ll HVID KY
] ; ™ 1> o ppLu!

0 N Dcco[n;:llSL 0 { Butters
nyan
H NJ'NN
S N R NIN'A]
;ggewatlon g::t?own:ﬂon D I ] D -r D -Il].
.0'"TIN

ADD MULTIPLY
COMMON DATA BUS (CDB)



https://www.icsa.inf.ed.ac.uk/cgi-bin/hase/ident.pl?Tomasulo
https://www.icsa.inf.ed.ac.uk/cgi-bin/hase/ident.pl?Tomasulo
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FREESS: An Educational Simulator of a RISC-V-Inspired
Superscalar Processor Based on Tomasulo’s Algorithm

Roberto Giorgi
plorgii@unisi it
University of Siena
Siena, Italy

Abstract

FREESS is a free, interactive simulator that illustrates instruction-
level parallelism in a RISC-V-inspired superscalar processor. Based
on an extended version of Tomasulo's algorithm, FREESS is in-
tended as a hands-on educational tool for Advanced Computer
Architecture courses. It enables students to explore dynamic, out-
of-order instruction execution, emphasizing how instructions are
issued as soon as their operands become available.

The simulator models key microarchitectural compenents, in-
cluding the Instruction Window {IW]. Reorder Buffer (ROB), Reg-
ister Map (RM), Free Pool (FP). and Load/Store Queues. FREESS
allows wsers to dynamically configure runtime parameters, such
as the superscalar issue width, functional unit types and latencies,
and the sizes of architectural buffers and queues.

To simplity learning, the simulator uses a minimal instruction
set ingpired by RISC-V [ADD, ADDI, BEQ, BME, LW, MUL, 58W),
which is sufficient to demonstrate key pipeline stages: fetch, register
renaming. out-of-order dispatch, execution, completion, comumit,
speculative branching, and memory access. FREESS includes three
step-by-step, illustrated examples that visually demonstrate how
multiple instructions can be Issued and executed in parallel within
a single cycle. Being open source, FREESS encourages students and
educators to experiment freely by writing and analyzing their own
instruction-level programs and superscalar architectures.

CCS Concepts

+ Computer systems organization — Superscalar architee-
tures; Reduced insiruction set computing; » General and reference
— Evaluation; « Applied computing — Computer-assisted in-
struction.

Keywords
Superscalar, Simulator, RISC-V, Tomasulo
ACM Reference Format:
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https://github.com/robgiorgi/freess

omal Simulator of 2 RISC-V-Inspired
ube's Algorthm. In Proceedings of
pation {WCAE "5 ACM, New Yook,
RO KO

all ar part of this work for persanal e
fl that copies are not made or distributed
ppses bear this notice and the full citation

af this work cwned by others than the

redit s permitted. To copy otherwise, or
1o lists, requires prior specific pensmsion
Js i RO O

). Pushlication rights leensed b ACAM

Mager
Fil

Figure 1: Structure of an Out-0Of-Order Processor in FREESS.

1 Introduction

Most modern microprocessers in medium- and high-end systems
adopt supersealar architectures, building upon dynamic scheduling
mechanisms such as Thornton's scoreboard [10)] and Tomasule's
algorithm [11]. In this paper, we focus on Tomasulo's to illustrate
how machine instructions can be executed (r parallel, transparently
to the user. These techniques are commonly known as dynamic
scheduling, out-of-arder execution, or restricted dataflow [4].

This topic is therefore a cornerstone for Advanced Computer
Architecture courses, where Instruchion-Level Parallelism (ILF} plays
a key role in achieving High-Performance Computing and in accel-
erating single-threaded execution.

Superscalar architectures provide an elegant hardware-based
solution to the preblem of tracking control and data dependencies
among instructions. While thread— and data-level parallelism are
useful, executing multiple instructions per cycle can also signifi-
cantly boost performance. Normally, one instruction takes several
cyeles to complete. A first performance improvement comes from
pipelining, but a single pipeline can still issue al most one instruction
per cycle, also known as Flyan's bottleneck. This limitation is over-
come by issuing multiple instructions to independent functional
units. This geal is achieved in superscalar processors (via hardware
scheduling) or VLIW architectures (via software scheduling).

The superscalar approach based on Tomasule's extended al-
gorithm augments the pipeline with several hardware structures
that dynarmically track data dependencies and execute instructions
according to the defaflow principle: firing them as soon as their
operands are ready. The most relevant structures involved in the
tracking dependencies include: Physical Registers (Fx), the Free Poal
(FF), the Register Map (RM), the Instruction Window (W), the Reorder
Buffer (ROB), and the Load Store Queues (L50s) {see Fig. 1).



https://arxiv.org/abs/2506.07665
https://github.com/robgiorgi/freess
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RIDECORE's microarchitecture is based on "Modern Processor Design: Fundamentals of Superscalar Processors"
https://github.com/ridecore/ridecore/tree/master


https://github.com/ridecore/ridecore/tree/master
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Free & Open

L FRR&erdace Card

@

Base Integer Instryctions: RV32I _RV64I and RV1281 RV Privileged Instructions
('nfilany Name Emt RV32I Bgse +RV{64, 128} ('nfp)l{nry Name RV mnemonic
Loads Load Byte I LB rd rSl lmm CSR Access X Atomic R/W CSRRW rd csr, rsi
Load Howerd | 1 |rp e . wASTERS 8o B CSRRS 65 rS)
Load Byte Unsigned I II:\gU Fg Fg% imm L{DIQ} rd,rsi, imm Atomic R/W Imm 8355\21 ;g 82? ;_,?1%
Load Half Unsigned I ralwt WG o 4 = Atomic Read & Set Bit Imm
3 S B 3 HHY ro st tmm b ro, st Tmm Atomic Read & Cloar Bit Imm CSRRSI I’d csr,imm
tores Store toﬁ%lfwgrtg S gﬁ rs% rs% dmm Change Level Env. Call EgﬁfEI r oSt imm
rsi,rs2,imm - V.
Shifts Storeﬁ"‘f"];g ; Sp———F s+ -+S52Emm S{BHOF—rstyrs2 dmm—— nvironment Breakpoint EBREAK
| e nvironmen eturn EDET
Sh|ft Left Immediate p |StL. rd,rsi,rs2 SLL§W|DB rd,rsi, rs2 Trap Redirect to Supervisor  [MRTS
SLLI rd,rs1,shamt SLLI{W|D} rd,rs1, shamt g MRTS
shifcRgntImoe™ | 8 [SRL rarsTrsa’ISRUNIDY rdirszrea ||, Rediectlepiophpersor e
SRLI rd rsl shamt SRLI{W|D} rd rsl shamt HRTS
Shift Right Arithmetic R Interrupt Wait far Interrupt e
Qh|ftR|ghrAr|thmm L ggﬁl rg rii zﬁgm ggﬁéé‘vh’i%} rg rii iﬁiml. MMU Supervisor FENCE. g;é?'\,E YM—Tst
Arithmetic __ADD R [ADD~  rd)rsi)rs2 ADD{W| rd,rsi, rs2 '
ADDImmS%dé?ﬁgct IIQ ADDI rg rsi,imm APD%{_WlE} rd, rsi, imm
oad Upper Imm U Eg? ||:d ;;% rs2 JUU\"HnﬁnnanJnmbrpc ed (16-bit) Instruction Extension: RVC
Add llnnpr Immto PC ] AGEPE— u Tt {'nf%anv Name Fmt RVI Pmli\/nlpnr
Logical ~ XOR R Loads Load Word CL ' 1 *
P xommmeate: | T[S0 T8 TS Ie2 oadord Y| L G-, 7ayre e Fa et
Oa ouble I *
OR Immediate 1 OR rd,rsi,rs2 Load Double SP I C.LD rd',rs1',imm LD rd',rs1' }mm 8
AND R ORI r(cji rsi, imm Load Quad cL g.tDSP g 1mm1 tg rg Sp,%m 8 16
. AND r rsl rs2 . rd',rsi’' rsi' 1mm
C AND Tgnm:dmfp IT? ANDT—rd,rsi,imm St ln';? Ouar{/\lﬁPd E; €= L%SP rd; J.I‘ITITI H—rd, sy J.mm 16
ompare et SLT_ rd,rsi,rs2 ores ore Wor C.SW rsi’, rs2',imm SW rsi’, rs2' , imm*4
Set < Immediate 1 Store Word SP CSS
SLTI rd rsl imm C.SWSP rs2, imm SW rs2, sp,lmm *4
set < Unsigned R ISLTU rd;rs1,rs2 store Double | CS |cisp  rsif,rs2', SD rs1',rs2', imm*8
5 SEt;Imm U”;'“”eg S:B SEFEY ICII,IDJ.,J.m'm Store E?Uble SPd CCSSS C.SDSP rs2,imm SD rs2,sp, imm*8
rancnes ranch = ore Qua 4 1 § '
Branch =/ 3R EEE ’rgi 'rg% imm i Store Quad SP e C.§gﬂ rsi Ir“§2 mm §Q rsi rszmmlmm 16
Branch < 2B |BLT  rs1,rs2,imm Arithmetic ADD | CR [&:ADD T2 d rsi KBD'M'rdp'd rsi-
Branch = 3B IBGE rsi,rs2, imm ADD Word CR |c.ADDW rd rsi ADDW rd, rd, imm
Branch < Unsigned SB ADD Immediate CI
BLTU rsl rsz imm C.ADDI rd imm ADDI rd rd imm
Branch = Unsigned SBBGEU—rstrs2 i ADD Word Imm €l |C.ADDIW _ rd,imm ADDIW rd, rd,imm
Jump & Link &L [ U LLEET ADD SP Imm * 16 CI '
| & Link Regist N JAL rd imm ADD SP I *2 CTW C.ADDI16SP XO imm ADDI sp,sp imm*16
Syr e & Link Register IAER—F oS3, imm mm - C.ADDI4SPN rd", imm ADDI rd‘, sp,imm*4
ynch Synch'thread I Load Immediate cI d,
3 FENCE C.LI rd, 1mm ADDI rd, x0,imm
ynch Instr & Data I |rrner = Load Upper Imm CI d d
Syst Systern CALL I FENCET MoV CR C.LUI rd, imm LUI rd, imm
YSTOM  opdem BREAK 1 |SCALL sup | cr [S-MV. rd, rsi ADD  rd,rsi, x0
Counters ~ ReaD CYCLE I [Rpever Shifts  Shift Left Imm [z 3PP rdrrs: SYB_—rdrrdrrst
ReaD CYCLE upper Half 1 |RDSYCLE  rd Branches  branch-0 | CB |G bEgy regmm BEQ ref’ ”kamem
ReaD TIME upheal TIME % RDTIME rd Tump Bra”ffmp ER E-BNEZ rsi-mm BNE——r st x6—imm
ReaD INSTR RETired I RDTIMEH rd Jump Register C ,C\"L Lmm "]|é!_n XQ 1mm &
RDINSTRET rd A LA u, st ELal=LY KOt D_L,
ReaD INSTR upper Half I lpp3ncroery oo Jump & Link J&L Cl ¢ 3AL imn JAL ra,imm
A ump & Ink Registe CR i Jalr rsi SAER—r e F5170
System Env. BREAK (@l PO RPrAL ! !
32-bit Instructlon Formats i R 7 % Y7 {RVC) Instruction Fr‘»rm%':f'rc\E ™
31 30 25 24 21 15 14 12 11 5 7 6 o CR 15 14fu_rl)ct4 I rd/rsl = 1:2 3 =2 1Opo
R funct? rs2 rsl functd rd opcode | CI Funct3 imm | rd/rsl T op
I imm[171:0] rsl funcitd fxil opcode | CSS funct3 imim =2 op
S imm[11:5 rs2 rsl functd imm[4:0] opcode | CIW funct3 imm rd’ op
SB [imm[i12]] me[lﬂ 5] rs2 rsl functd [ imm[4:1] [imm[11] [ opeode | CL funct3 imm rs1” imm rd” op
U imm[31:12] rd opcode | CS funct3 imim 1'51: imm rs2’ op
]} imn[20] | 1rnm[10:1] [l [1I] | imm[19:12] rd opcode EJB gﬁgz:g offset ju:; S offset gg

RISC-V Integer Base (RV321/641/1281), privileged, and optional compressed extension (RVC). Registers x1-x31 and the pc are 32 bits

wide in RV32I, 64 in RV641, and 128 in RV128I (x0=0). RV641/1281 add 10 instructions for the wider formats. The RVI
classic integer RISC instructions is required. Every 16-bit RVC instruction matches an existing 32-bit RVI instruction. See risc.org.

ase of <50




Free & Open B 4 FRI1Sw&ence Card (riscv.orq) @

Optional Multiply-Divide Instruction Extension: RVM
Category Name Emt RV22M (Multinly~Divide) +RV{64 128}
Multiply MULtiply R
ply MULtiply upper HahP R HHtH Fg ;g% ;g% MUL{W|D} rd, rsi,rs2
MULti IyHafSlgn/Uns R MULHSU rd rsl rs2
. MULtiply upper Half Uns R [MULHU rd rsl rs2
Divide Dlvide R |p1v rd,rsi, rs2 DIV{W|D} rd, rsi,rs2
. DIVide Unsigned R |pIVwU rd rsi. rs2
Remainder =~ REMainder | R |pgy- rd, rsi,rs2 REM{W|D}_ rd,rsi, rs2
Optional Atomic Instruction Fyrdncmh ﬁf/A REMOTRTDT AR
('nfpnnrv Name ! Emt RV32A (Atomic) +R\{64 128}
Loa Load Reserved R P ooy o 4 18 oA o P
Store Stare Canditional R 55.:\’". : é’ : :i res gE 1-5 éﬁ : é’ : :i » 34
adqr ADD AP AeSAP W ANOSHAP £p10} T Ts1 s
. AMTUADUU W Tu,To5L,1T52 ANMMURDUD Uy LI IDJ. IDL
Logical Aﬁ%R E AMOXOR . W rd/ rsilrs2 AMOXOR.{D|Q0} rd,rsi,rs2
OR R |AMOAND.W rd rsl, rs2 AMOAND. {D|Q rd rsi, rs2
N N AMOUNTW Iu,IDJ.,IQL I'\IIUUT\.ILI|\{J IU IbJ. IDL
Min/Max MINimum R |AmomIN. W rd,rsi,rs2 AMOMIN.{D|Q} rd,rsi,rs2
MINimum UnS|g||'1r2<ijm R |AMOMAX.W rd,rsi, rs2 AMOMAX. {D ? rd,rsi,rs2
MAXimum Unsigned R QMQM:EN.U. W. rd rsl FSZ AMOMINU'{ } rd rSj' rs2
Three Optional Floating-Point [nstruction Fyfencmnc’ RVF’ RVD & RVQ AMOMARG BT T T st 752
Category lame ~ I Emt T RV32{E[D[Q}(HP/SP,DP QP E[Pt) +RI{64 128}
Move Move from Integer R
Mave to Tntsggpr R Emy, iHLS}cq .rg,.ri% E?R;EDL%}“Z( rg ri}
Convert Convert from Int R [Fovi. {H|STD|Q}.w rd,rs1 FCVT. IH]SID[Q}.{L|T} rd,rsi
Convert from Int Unsigned R |FCVT.{H[S|D|Q}.WU rd;rs1 FCVT.{H|S|D[Q}.{L|TIU rd,rs1
Convert to Int R |FCVT.W.{H|S|D]Q} rd,rsi FCVT.{L|T}.{HIS[D|Q rd rsi
Canvert to Int Unsigned R FOVT--WU-—{HS+B Q) —rdrst ISVE B IEE L TR SRR YT WG
Load Load I PP, o : - e et f(‘l"—V{"nITmn Convention
| Store _ Stare S T o Xy A blkl-mm Rngicfpr ABI Name Saver Description
Arithmetic ADD R [FaDD 757D Q rd Fsitbs2 X0 zero Hard-wired zero
SUBtract R |FsuB.{s(D|Q rd’ rsi’rs2 x1 ra Caller Return address
MULtiply R |FmuL.1S|D|Q rd’ rsi’rs2 X2 sp Callee Stack Pomter
DIVide R FDIV S|D Q rd’rsllrsz X3 p - Globa pOInter
SQuare RooT R | eSoRF LSO —rerst X4 gp - Thread pointer
Mul-Add Multiply-ADD R |FmADD 13[D|6 rd'rsi,rs2,rs3 X5-7 t0-2 Caller Temporaries
Mu|t|p SUBtract R |rMsuB.ts|D rd, rsl rs2,rs3 X8 se/fp Callee Saved register/frame pointer
Negative Multiply-SUBtract R |ENMSUB |D[Q} rd rsl rsz rs3 X9 s1 Callee Saved register
. Negative Multiply-ADD R lemmapg Folplyd ogf o9’ 25709 x10-11 ad-1 Caller Function-arguments/return values
SignInject ~ SIGN source R |ESGNJI. {éy)lg(l%j rd,rsi,rs2’ x12-17 a2-7 Caller Function arguments
egative SiGN source ; - - allee aved registers
M7 I Xor SiGN source R Eig?N“g,N\ 5B Qi r(ljurlsil.lrlst 5%2 gz %g %;i Ea”pr T@mnnra?’lm
in/Max MINimum R 3 1 ! / f0-7 fto-7 aller FP temporarles
MAXimum R EME\N g B Q Irg rf} rif f8-9 fs0-1 Callee FP saved registers
Compare Compare Float = R FEQ r$1D Q‘*J rd'rsl'rsz f10-11 fa0-1 Caller FP arguments/return values
Compare Float < R [FLT tslD ) rd rsi. rs2 f12-17 fa2-7 Caller FP arguments
Compare Float = R |rLe t5|D ) rd rsl rs2 £18-27 fs2-11 Callee FP saved registers
| Categorization Classify Type R leeiass corpigy o' ooq £28-31  ftg8-11 Caller EP tempaoraries
Configuration Read Status R [rrcsr™ U™ g’
Read Rounding Mode R [ERRM rd
Swap Stgsggd;ézgs E FRELAGS rd
Swap Rounding Mode R EggﬁR Fg: Fg%
swap Flags R [FSFLAGS rd, rsi
Swap Rounding Mode Imm I FSRMI rd, imm
Swap F|2(\< Imm I PP

RISC-V calling convention and five optzonaT extléfr;\sji?oLns: 10 multi IL mglwde instructions (RV32M); 11 optional atomic instructions (RV32A); and

25 floating-point instructions each for single-, double-, and quadr uple—preczslon (RV32F, RV32D, RV32Q). The latter add registers f0-{31, whose

width matches the widest precision, and a floating-point control and status register fcsr. Each larger address adds some instructions: 4 for RVM,

11 for RVA, and 6 each for RVF/D/Q. Using regex notation, {} meansset,so L{D|Q} isboth LD and LQ. See risc.org. (8/21/15 revision)
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