Module 6 - Problems:
Multicycle processor design

Introduction to Computers Il

Fernando Castro Rodriguez

José Manuel Mendias Cuadros
Dpto. Arquitectura de Computadores y Automatica
Universidad Complutense de Madrid




1) Provide the value of the control signals produced in a multicycle RISC-V when executing a Sw

Instruction.
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Cutput function
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- AddrSrc is 0 because the memory address to read is the one provided by the PC
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- IRwr is 1 because the instruction fetched from memory is written in the IR

- MemWr is 0 because in this cycle the memory is read, but it is not written




Cutput function
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- The ALU performs PC+4 (ALUop=00). The PC value arrives at the ALU upper input through channel 0 of the
corresponding MUX, thus ALUsrcA is 00. The immediate 4 arrives at the ALU lower input through channel 2 of the
corresponding MUX, thus ALUsrcB is 10. The result is not written in the ALUout register (thus ALUoutWr is 0), but it
is directly routed to the PC, in order to update its value, through channel 2 of the MUX controlled by ResSrc (10).

S
8=y
0
B
1
)
a
8
=~
S
D
=y
2
=
S

Module 6 - Problems:




= B IHEEENENEE
.gu:a:,_io—..ln.n_n.ln_llo
no:._imwm_ i clg] 8 2E
my._w:._iwwm_ 8] m_wm ——
4Ew:._iw—mm_ O I = e
_3&010000000_00 _q
1 a S O
mfol-|o|lo|o|e|a|e|e|e|e + O
.S.E&.UOO_UI_UUIOOU mmL\
v O
LEmQS_OOOIGGOGOOG M/_\Du
Ml o ([oclo|lo|lo|o|o|lo|ola Cw
/_\PO
Mddpll— o oo |o|o|lo|lolo|ola [a's
_BENS_OODDDIDDODO

$
i

0

1

1

.mr.l. aepdndl~ o |o|lo|ojolo|o|lo|~|o
.W.u) -._U-._mh 0: -1 M [=] .MI o . m o M D |H
5| s _mnnsmgwnwmm
@ g aru.
< %
0 [
=] [ LLI -
i ¢« e 2
: O 3
anony |- O (al
o —_— A C
DE %
©
% & 25 o
~J
Q ¢ o =
R w ...-w... aad
~ 3 . £
P &
Q =
. ®
C M >
w
-_—] = C
Q ° o
P +=
(e
@) (0]
~ 5 £
~J W ................................ VM m._.w < nm.m <. n”_. " w
U x 1935168y m o
o < 0
= EEE =
£10uny ..n_lw
do e
S710UNy W
()
I T N o B <= 71 =
- P
MMIPIO S
5 S
. o
= w (D)
E Mz Mowap < o]
= a —
< =
[ L
2 -
w
m ............................ W
< O
: =
553
233 ~>[ od 4 =
gt O

ubisap 4o0ssazoud ajaAnnn

UOISIaA ¥2/10/S 1

:SWajqoid - 9 ajnPo



Cutput function
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Other signals:
- Signals MDRwr, BRwr, Awr y Bwr are 0 because the MDR register, the register file and the A and B
registers are not written.
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The content of source register 1 is written into the A register, thus Awr
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The content of source register 2 is written into the B register, thus Bwr
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Cutput function
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- The ALU performs the addition (ALUop=00) of OIdPC + sExt(imm). The OIdPC value arrives at the ALU upper input
through channel 1 of the corresponding MUX, thus ALUsrcA is 01. The signed extended immediate arrives at the
ALU lower input through channel 1 of the corresponding MUX, thus ALUsrcB is 01. The result of the addition is

Towd written in ALUout, thus ALUoutWr is 1.

Multicycle processor design
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Cutput function
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Other signals:

- Branch and PCupdate are 0 because this is not a beq instruction and the PC is not updated in this cycle
- The AddrSrc is a “don’t care” because nothing is written in IR or MDR (IRwr and MDRwr=0).

-  MemWr is 0 because the memory is not written.

- OIdPCwr and BRwr are 0 because the OIdPC register, and the register file are not written in this cycle.

- ResSrcis a “don’t care” because the register file and the PC are not written in this cycle.
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- The ALU performs the addition (ALUop=00) of A + sExt(imm). The A value arrives at the ALU upper input
through channel 2 of the corresponding MUX, thus ALUsrcAis 10. The signed extended immediate arrives at
the ALU lower input through channel 1 of the corresponding MUX, thus ALUsrcB is 01. The result of the
addition is written in ALUout, thus ALUoutWr is 1.
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Other3|gnals
- Branch and PCupdate are 0 because this is not a beq instruction and the PC is not updated in this cycle

- The AddrSrc is a “don’t care” because nothing is written in IR or MDR (IRwr and MDRwr=0).
- MemWr is 0 because the memory is not written.
- OIdPCwr, BRwr, Awr and Bwr are 0 because the OIdPC register, the register file and the A and B registers are not written

in this cycle.
- ResSrcis a “don’t care” because the register file and the PC are not written in this cycle.
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- The B value has to be written in the memory, thus MemWr=1. The memory address for the write operation
is the one contained in ALUout, and therefore the ResSrc signal is 00 in order to route this value to the
memory input MUX. The value will arrive at the memory through channel 1 of that MUX, thus AddrSrc=1
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Cutput function
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Other signals:
- Branch and PCupdate are 0 because this is not a beq instruction and the PC is not updated in this cycle

- OIldPCwr, IRwr, MDRwr, BRwr, Awr and Bwr are 0 because the OIdPC register, the IR register, the MDR register, the
reqgister file and the A and B registers are not written in this cycle.

- The ALU is not used in this cycle (nothing is written in its output register, thus ALUoutWr=0), and therefore the ALU input
MUX control signals (ALUsrcAy ALUsrcB) are “don’t care”. For the same reason, the ALUop value is also a “don’t care”.
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2) Provide the value of the control signals produced in a multicycle RISC-V when executing an add

mstruction.
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Funcién de salida
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- The Branch signal is 0 because this is not a
beq instruction

- The PCupdate signal is 1 because the PC is
updated with PC+4
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- AddrSrc is 0 because the memory address to read is the one provided by the PC
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- IRwr is 1 because the instruction fetched from memory is written in the IR

- MemWr is O because in this cycle the memory is read, but it is not written
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- The ALU performs PC+4 (ALUop=00). The PC value arrives at the ALU upper input through channel 0 of the
corresponding MUX, thus ALUsrcA is 00. The immediate 4 arrives at the ALU lower input through channel 2 of the
corresponding MUX, thus ALUsrcB is 10. The result is not written in the ALUout register (thus ALUoutWr is 0), but it
is directly routed to the PC, in order to update its value, through channel 2 of the MUX controlled by ResSrc (10).
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Other signals:
- Signals MDRwr, BRwr, Awr y Bwr are 0 because the MDR register, the register file and the A and B
registers are not written.
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The content of source register 1 is written into the A register, thus Awr
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The content of source register 2 is written into the B register, thus Bwr

4 ImmSrc
1 MDRwr

ubisap 4o0ssazoud ajaAnnn
:SWa|qo.d - 9 I[npo

UOISIaA ¥2/10/S 1




Cutput function

- @ =
-4 ImmSre 5 o = ALUsrcB |-+ Slels|s 5 K 2|,
3 ¢ o MULTICYCLE CONTROLLER 3 P e | E[E(BI8] 85|, ] [E]2]5]E]
-4 MIDRwr a Qe O <] cl3|lalE|B|E2|2|&E|2| 2|22 |2 |2)| 8
k) EQ-: 3 : dlal<|l2|D|E|S|wlcs|la@ala |l |T | T |
PCwr AddrSrc MemWr Q I[Rwr 2068 BRWr Bwr Awr ALUsrcA ALUctr zero < A ResSrc : so ol 1 o010 il 1lolo 0l 0 00 10/l00 010
. H . . H AAA - - H H A . . E 51 o 0 - o 4] 0 4] 0 gk 1 |01|(01|00)| 1 -
; k : : : : 3 Jolo[1]o]olo]z[o]o]o0 0 | 00
A - y : : : : s¢ Jolo|-]o|olo|o|1[o]|o]- 0|01
: 3 : -‘,"'3 2 g 3 .--;"2 ss Jo|lo[1[1]oflo]o]o]0o]o 0| oo
: H F % : : : s6 Jolo[-|o|o|o|o|o[o[o[10]o0[10]1
g : : : 3 : : : : g M| l=10 alela]alola] =|=1=]%
@ : i 8 Jolof-ToJoofofoo[o[w0]or]a0]1]
o i : ' : : : 59 o1 olo|lo|o|lo|lo|lo|o1|1wo|o0] 1
; - : V : : : si0 |10 ojoJo|o|lo|o|o|i|oo|o1]| 0
q : : : :
= Q WE ¥ ;i P
o A s WE : . 5 :
~— A S RA1 . : H ' : AGRF[ rSl]
€ RD . RD1 : : :
g RAZ £, 7 3 : B < RF[rs2]
— = = > 0 : .
WD WA DT 3 . : ALUout ¢ oldPC + sExt(imm)
@ A = :
A WD RD2j=d @0 2
A A 4
Sign '_2 :
extension El
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- The ALU performs the addition (ALUop=00) of OIdPC + sExt(imm). The OIdPC value arrives at the ALU
upper input through channel 1 of the corresponding MUX, thus ALUsrcA is 01. The signed extended
immediate arrives at the ALU lower input through channel 1 of the corresponding MUX, thus ALUsrcB is 01.
The result of the addition is written in ALUout, thus ALUoutWr is 1.
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Cutput function
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Other signals:

- Branch and PCupdate are 0 because this is not a beq instruction and the PC is not updated in this cycle
- The AddrSrc is a “don’t care” because nothing is written in IR or MDR (IRwr and MDRwr=0).

- MemWr is 0 because the memory is not written.

- OIdPCwr and BRwr are 0 because the OIdPC register, and the register file are not written in this cycle.

- ResSrcis a “don’t care” because the register file and the PC are not written in this cycle.
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Cutput function
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- The ALU performs the addition A+B (this is an arithmetic-logic addition, thus ALUop=00). The value of A
arrives at the ALU upper input through channel 2 of the corresponding MUX, thus ALUsrcA is 10. The value
of B arrives at the ALU lower input through channel 0 of the corresponding MUX, thus ALUsrcB is 00. The
result of the addition is written in ALUout, thus ALUoutWr is 1.
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Other3|gnals
- Branch and PCupdate are 0 because this is not a beq instruction and the PC is not updated in this cycle

- The AddrSrc is a “don’t care” because nothing is written in IR or MDR (IRwr and MDRwr=0).

- MemWr is 0 because the memory is not written.

- OIdPCwr, BRwr, Awr and Bwr are 0 because the OIdPC register, the register file and the A and B registers are not written

in this cycle.
- ResSrcis a “don’t care” because the register file and the PC are not written in this cycle.
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- The content of ALUout (which is the result of the addition performed in the previous cycle) is routed to the
register file through channel 0 of the MUX controlled by ResSrc, and therefore this signal is 00. This value
is written in the destination register (rd), determined by bits 11:7 of the instruction. Since the register file is
written the BRwr signal is 1.
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LEREY

Other3|gnals
- Branch and PCupdate are 0 because this is not a beq instruction and the PC is not updated in this cycle

- The AddrSrc is a “don’t care” because nothing is written in IR or MDR (IRwr and MDRwr=0).

- OldPCwr, Awr, Bwr and MemWr are 0 because the OIdPC register, the A and B registers and the memory are not written
in this cycle.

- The ALU is not used in this cycle (nothing is written in its output register, thus ALUoutWr=0) and therefore the signals that
control the ALU input MUX (ALUsrcAy ALUsrcB) are “don’t care”. For the same reason, ALUop is also a “don’t care”.
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3) Provide the value of the control signals produced in a multicycle RISC-V when executing a jal

Instruction.
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Funcién de salida
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- The Branch signal is 0 because this is not a
beq instruction

- The PCupdate signal is 1 because the PC is
updated with PC+4
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- AddrSrc is 0 because the memory address to read is the one provided by the PC
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- IRwr is 1 because the instruction fetched from memory is written in the IR

- MemWr is 0 because in this cycle the memory is read, but it is not written
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- The ALU performs PC+4 (ALUop=00). The PC value arrives at the ALU upper input through channel 0 of the
corresponding MUX, thus ALUsrcA is 00. The immediate 4 arrives at the ALU lower input through channel 2 of the
corresponding MUX, thus ALUsrcB is 10. The result is not written in the ALUout register (thus ALUoutWr is 0), but it
is directly routed to the PC, in order to update its value, through channel 2 of the MUX controlled by ResSrc (10).
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Other signals:
- Signals MDRwr, BRwr, Awr y Bwr are 0 because the MDR register, the register file and the A and B
registers are not written.
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The content of source register 1 is written into the A register, thus Awr
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The content of source register 2 is written into the B register, thus Bwr
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- The ALU performs the addition (ALUop=00) of OIdPC + sExt(imm). The OIdPC value arrives at the ALU
upper input through channel 1 of the corresponding MUX, thus ALUsrcA is 01. The signed extended
immediate arrives at the ALU lower input through channel 1 of the corresponding MUX, thus ALUsrcB is 01.
The result of the addition is written in ALUout, thus ALUoutWr is 1.
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Other signals:

- Branch and PCupdate are 0 because this is not a beq instruction and the PC is not updated in this cycle
- The AddrSrc is a “don’t care” because nothing is written in IR or MDR (IRwr and MDRwr=0).

-  MemWr is 0 because the memory is not written.

- OIdPCwr and BRwr are 0 because the OIdPC register, and the register file are not written in this cycle.

- ResSrcis a “don’t care” because the register file and the PC are not written in this cycle.
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- The content of ALUout (which is the result of the addition performed in the previous cycle, i.e., the target
address of the jal instruction) is routed to the PC through channel 0 of the MUX controlled by ResSrc, and
therefore this signal is 00. Also, since the value of PC is updated, the PCupdate signal is 1.
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instruction). The OIdPC value arrives at the ALU upper input through channel 1 of the corresponding MUX,
thus ALUsrcAis 01. The immediate 4 arrives at the ALU lower input through channel 2 of the corresponding
MUX, thus ALUsrcB is 10. The result of the addition is written in ALUout, thus ALUoutWr is 1.
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Other signals:

- Branch is 0 because this is not a beq instruction.

- The AddrSrc is a “don’t care” because nothing is written in IR or MDR (IRwr and MDRwr=0).

- MemWr is 0 because the memory is not written.

- OIdPCwr, BRwr, Awr and Bwr are 0 because the OIdPC register, the register file and the A and B registers are not written

in this cycle.
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- The content of ALUout (which is the result of the addition performed in the previous cycle, i.e., the return
address of the jal instruction) is routed to the register file through channel 0 of the MUX controlled by
ResSrc, and therefore this signal is 00. This value is written in the destination register (rd), determined by
bits 11:7 of the instruction. Since the register file is written the BRwr signal is 1.
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LEREY

Other3|gnals
- Branch and PCupdate are 0 because this is not a beq instruction and the PC is not updated in this cycle

- The AddrSrc is a “don’t care” because nothing is written in IR or MDR (IRwr and MDRwr=0).

- OIldPCwr, Awr, Bwr and MemWr are 0 because the OIdPC register, the A and B registers and the memory, are not written
in this cycle.

- The ALU is not used in this cycle (nothing is written in its output register, thus ALUoutWr=0) and therefore the signals that
control the ALU input MUX (ALUsrcAy ALUsrcB) are “don’t care”. For the same reason, ALUop is also a “don’t care”.
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4) A given program, which is running on a multicycle processor, needs an average of 4.25 cycles per
instruction. The program is formed by 10,000 instructions, with the following distribution: 30% are 1w,
15% are sw, 20% are arithmetic-logic and the rest are jJal and beq. Determine how many jal
instructions and how many be( instructions are in such program.

Instr. type Inst. % Cycles/inst.
Load 30% 5
Store 15% 4
Arithmetic-logic 20% 4
jal fjal 4
beq fbeq 3

CPI=4.25=03x5+0.15x4+0.2 x4 +fjal x4 + fbeqg x 3

4.25-1.5-0.6 -0.8 = 4fjal + 3 fbeq = 1.35 = 4fjal + 3 fbeq

Also, instructions jal and beq represent, together, 35% of all instructions of
the program, thus fjal + fbeq = 0.35

1.35 =4 (0.35-fbeq) + 3 fbeq = fbeq = 0.05 = 5% are beq and 30% are jal

3,000 instructions are jal and 500 instructions are beq



5) A certain multicycle processor is running a program with 140 instructions. 70 of these instructions take 4
cycles to execute, 35 take 5 cycles, 20 take 3 cycles and the other 15 take 7 cycles. Calculate the CPI of
this program. If the processor works with a 2 GHz frequency, calculate the execution time of the program.

S Instr. Type Num. Inst. Cycles/inst
E A 70 4
S B 35 5
. C 20 3
D 15 7

Total num. inst. (N) = 140
CPl = (70*4+35*5+20*3+15*7) / 140 = 4.4285 cycles

Execution_time = N*CPIl/frequency = 140*4.4285/2*10° = 310 ns
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6) Consider two multicycle processors with the following features

e PowerPC, which works with a 1.8 GHz frequency and 700 MIPS.
e Pentium 4, which works with a 1.6 GHz frequency and 850 MIPS.

Calculate the CPI of each processor.

15/01/24 version

Processor Frequency MIPS
PowerPC 1.8GHz 700
Pentium4 1.6GHz 850

MIPS = (N/T)*10° = [N/(N*CPI*tc)] *10 = [(1/(CPI*tc)] *10° = (f/CPI) *10°
> CPI = (f/MIPS) *10°6

CPI = 1.8*%10° [cycles/s] / 700*10° [instr/s] = 2.57 [cycles/instr]

PowerPC —

CPI =1.6*10° [cycles/s] / 850*10° [instr/s] = 1.88 [cycles/instr]

Pentium4 —
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7) Consider the two processors of the previous exercise. When running a certain program, the processors
obtain a CPI of 5.5 (PowerPC) and 7 (Pentium 4). The machine code generated by the compiler has 9
million instructions (PowerPC) and 7.2 million instructions (Pentium). Which computer will run the
program faster?

Timep,opc = 9*10° [instr] * 5.5 [cycles/instr] / 1.8*10° [cycles/s] = 0.0275s = 27.5ms

Timepeniuma = 7-2%10° [instr] * 7 [cycles/instr] / 1.6*10° [cycles/s] = 0.0315s = 31.5ms



8) A given program runs on two multicycle processors (A and B), which work with 1 GHz and 1.5 GHz
frequencies, respectively. The distribution of the program instructions running on A is as follows:

50% 25% 10% 15%

a) Calculate the CPI of the program running on processor A.
b) The number of instructions running on B is 60% of the executed in A, and its execution time
is half the time in A. Calculate the CPI of the program running on processor B.

15/01/24 version

a) CPI(A) =4x0.5 +5x0.25 + 4x0.10 + 3x0.15 = 4.1

b) NI(B) = 0.6xNI(A); T(B) = 0.5xT(A);

Time in A: T(A) = NI(A) x CPI(A) / f(A)
Time in B: 0.5xT(A) = 0.6xNI(A) x CPI(B) / f(B)
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Dividing Time in B / Time in A:

0.5 = [0.6xCPI(B) / f(B)] / [CPI(A)/f(A)] = 0.6 x CPI(B) x f(A) / CPI(A) x f(B)
CPI(B) = 0.5 x CPI(A) x f(B) / 0.6 x f(A) = 0.5x4.1x1.5x10° / 0.6x1x10° = 3.075 / 0.6 = 5.125
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9) Assume that the following program is running on a multicycle RISC-V, with the initial value of the
memory and registers shown in the picture. Represent the execution diagrams for the registers and the
memory, as well as for the control and status signals, so that their values are shown for each clock cycle.

0x1000
0x1004
0x1008
0x100C

L7:
Iw
Sw
or
beq

X6,
X6,
x4,
x4,

-4(X9) x|
8(x9)
x5, X6

X4, L7

-12

00000000
00001000
00001004
00001008
0000100c
00002000

frffffc

X9

00001000
TTc4a303
0064a423 00000000
0062e233
Ted420ae3 00000006
0000000a 00002004
Memory Registers

PC

x0

x5

x31



00000000 00001000 ] PC
L7: 00001000 Tfc4a303
0x1000 v x6, -4(x9w| _,, 00001004 | 0064a423 00000000 | x0
21004 sw. %6, 8(x9) 0000100¢ 20238232 00000006 : 5
5 0x1008 | or x4, x5, X6 0000100¢ i s | X
3 0x100C beq x4, x4, L7 - 00002000 [ 0000000a 00002004 | x9
v L ] L I ] [ ]
S 7 FFFFFFfC x31

Memory Registers

The machine code representation of the program instructions is the following:

immy,.o rsl funct3 rd op

5 Oxffc4a303
$ 111111111100 01001 | 010 | oo110 [ 0000011 | RTINS
£ 3 imm,;.c rs2 rsl funct3 imm,., op
S & 0x0064a423
8¢ 0000000 | 00110 | 01001 | 010 | 01000 [ 0100011 | %7 e Geres
§ g funct7 rs2 rsl funct3 rd op
83 0000000 | 00110 | 00101 | 110 | 00100 | o110011 | OX0052€233

imMyy 105 rs2 rsl funct3 imm,., 44 op
1111111 | 00100 | 00100 Jooo | 10101 | 1100011 | QXFeF20AES
31 2524 2019 1514 1211 7 6 0



00000000 00001000 PC
L7: 00001000 Ttc4a303
0x1000 v x6, -4(x9x| _,, 00001004 | 00642423 00000000 ] X0
0x1004 sw x6, 8(x9) 00001000 20238232 00000006 i 5
0x1008 | or x4, x5, x6 0000100c | 1essrae | X
5 0x100C beq x4, x4, L7 - 00002000 [ 00000002 00002004 ] x9
< 7 FEFFFFfC x31

Memory Registers

Execution diagram: registers and memory (i)

Ilw x6, -4(x9) sw x6, 8(x9)
state SO

PC 00001000
oldPC  |?777222?
IR 29277777
S MDR  |?727222?
$ A 29277777
g3 B 222227772
ig § AlUout [?7777722
S x4 22222277
© 3 x5 00000006
3= X6 27272727
Ss X9 00002004
MEM[0x2000] | 0000000a
MEM[0x200c] | ???22?2?2?

# cycle 1 : 2 = 3 4 6 7 g i g




00000000 00001000 PC

L7: 00001000 TTtc4a303

0x1000 Ilw X6, _4(X9)‘\ 12 00001004 0064a423 . 00000000 x0

0x1004 sw x6, 8(x9) 00001008 | _0062€233 | : :

0x1008 or x4, x5, x6 > 0000100c . Te420ae3 | | 00000006 .x5
5 0x100C | beq x4, x4, L7 00002000 [ 0000000a | [ 00002004 ] x9
g — 7 fFFFfffc . 1 . x31
% Memory Registers

Execution diagram: registers and memory (i)

lw x6, -4(x9) Sw/ X6/ \8YxI9)

state SO S1

PC 00001000 00001004

oldpCc  |???22222|00001000

IR 22222227 | Ffc4a303
5 MDR 22222277 =
k; A 22222227 =
58 B 22222277 =
= 8 ALUout |????227?? =
£8 x4 22277777 =
o x5 00000006 =
2L § X6 27777777 =

’g g X9 00002004

MEM[0x2000] | 0000000a

MEM[0x200c] | 7?77?7777

T g B Y o Y o Y o B B

#eycle ¢ 1 ¢ 2 ¢ 3 ¢ 4 ¢ 5 i 6 i 7 i 8 i 9




00000000 00001000 PC

L7: 00001000 [ FTcAa303
0x1000 Ilw X6, _4(X9)‘\ 12 00001004 0064a423 . 00000000 | x0
0x1004 sw X6, 8(x9) 00001008 0062e233 : :
0x1008 or x4, x5, X6 > 0000100c . Ted420ae3 | | 00000006 | X5
5 0x100C | beq x4, x4, L7 00002000 [ 0000000a | [ 00002004 ] x9
é — 7 FFEFFFFC | 1 | x31
% Memory Registers

Execution diagram: registers and memory (i)

lw x6, -4(x9) sw x6, 8(x9)
state SO s1 S2
PC 00001000 |00001004 =
oldPC 2272?72?27 |00001000 =
IR 2227?22?27 | ffc4a303 =
S MDR  |?7277227272|2722727222| = garbage! = RF[IRy. ] =
§ A 222722272 |?2?2??22??|00002004 x28 = 727
g § B ????7?7?7?? | ???????? | garbage? garbage? = OldPC +
= 8 ALUout [|?72?2?2?2|?2?2?2???| garbage? SExt(imm) = 0x1000 +
£8 x4 22292272 |292729222| = (=4) = 0x00000ffc
‘:'j %; X5 00000006 | 00000006 =
58 X6 2227727277 |2222272? =
S g X9 00002004 | 00002004 =
MEM[0x2000] | 0000000a | 0000000a =
MEM[0x200c] | 27?2?22 22?22?22 =

T3 g g Y e Y oy I Y B B Y B

#eyde ¢ 1 i 2 i 3 i 4 i s i g i 7 i 8 i 9




Memory Registers

00000000 00001000 PC
L7: 00001000 TTtc4a303
0Ox1000 Ilw X6, _4()(9)‘\ 12 00001004 0064a423 00000000 x0
0x1004 1 sw x6, 8(x9) ooooto0e. [ Fea305e3 S
0x1008 or x4, X5, X6 0000100¢ efc-ac | %
5 0x100C beq x4, x4, L7 - 00002000 | 0000000a 00002004 | x9
< 7 FEFFFFfC x31

Execution diagram: registers and memory (i)

lw x6, -4(x9) sw x6, 8(x9)
state SO S1 S2 S3
PC 00001000 00001004 00001004 =
OldPC _ |??7777222|00001000|00001000| =
IR 272222222 | ffc4a303|Ffcaaz03| =
) MDR | 27722722 2272227222| 227222722 = garbage’ = RF[IRz_ 2l =
K A 22222222| 22222222 00002004| = x28 = 727
“é; § B ????7?7?7?? | ???????? | garbage? = garbage? = OldPC +
= 8 ALUout |???2?2??|?2?2?2???| garbage?|00002000 SExt(imm) = 0x1000 +
£8 x4 22227922 22222222| 22272222 = (=4) = 0x00000fTC
© Y x5 00000006 | 00000006 [ 00000006 =
33 x6 229227922 222927222[ 27227227792 =
< X
g3 x9 00002004 | 00002004 00002004 =
MEM[0x2000] | 0000000a |0000000a |0000000a| =
MEM[0x200c] | 27272722 | 27222222 | 22227272 | =
cli 1 1 1 1 1 1 1 14
# cycle 1 : 2 : 3 : 4 : 6 : 7 : 8 : 9



00000000 00001000 PC
L7: 00001000 | fTfc4a303
0Ox1000 Ilw X6, _4()(9)‘\ 00001004 0064a423 00000000 x0
—12 :
0x1004 sWw X6 8(X9) 00001008 90626233 :
’ 0000100 Ted420ae3 00000006 X5
0x1008 or x4, X5, x6 <1 |
5 0x100C | beq x4, x4, L7 1 00002000 [ 0000000a 00002004 | x9
(2]
S - 7 : s :
< FEFFFFfC x31
S Memory Registers
Execution diagram: registers and memory (i)
lw x6, -4(x9) sw x6, 8(x9)
state S0 s1 s2 s3 s4
PC 00001000 00001004 | 00001004 |00001004| =
oldPC | ?27272222|00001000|00001000|00001000| =
IR ??????7?? | ffc4a303 | Fffc4a303 | FFfc4a303 =
S MDR |??2222222|22222222| 22222222 22222222 |0000000a garbage” = RF[IRz. 2] =
g A 22222222 | 22222222 00002004 | 00002004 = X28 = 77
“é; § B ???7?7????|????????| garbage! | garbage = garbage? = OldPC +
= 8 AlLUout [??7?772?772?|????2?2?] garbage?|00002000 = SExt(imm) = 0x1000 +
£ § x4 29999772 |22222222| 22222222 22299972 = (=4) = Oxooo00ffe
© Y x5 00000006 | 00000006 | 00000006 | 00000006 =
38 X6 22222222 |22222222 | 22222722 | 222272272 =
S
g3 X9 00002004 | 00002004 | 00002004 | 00002004 =
MEM[0x2000] | 0000000a | 0000000a | 0000000a |0000000a| =
MEM[0x200c] | 22222222 | 222222272 | 22222222 | 22222272 | =
clk 1 1 1 1 ! 1 f 14
# cycle 1 : 2 : 3 ¢ 4 { 5 ¢ 6 { 7 + 8 i 9



00000000 00001000 PC
L7: 00001000 Tfc4a303
0Ox1000 Ilw X6, _4(X9)‘\ 00001004 0064a423 00000000 X0
0x1004 sw X6 8(X9) —12 00001008 QO62e233 :
’ 0000100c fe420ae3 00000006 x5
0x1008 or x4, x5, X6 1
5 0x100C | beq x4, x4, L7 1 00002000 [ 0000000a 00002004 | x9
g .- 7 . : :
. fFFffffc x31
S Memory Registers
Execution diagram: registers and memory (i)
lw x6, -4(x9) sw x6, 8(x9)
state SO s1 S2 s3 sS4 SO
PC 00001000 | 00001004 | 00001004 |00001004 | 00001004 =
oldPCc | ?7227222|00001000| 00001000 | 00001000 | 00001000 =
IR ??????7?? | ffc4a303 | FFfc4a303 | FFc4a303 | Ffc4a303 =
k) MDR  |?22222222|22222222| 22222222 |22222222|0000000a| = gaggage:; RFLIRz4. 2] =
K A 22222722 |22222222| 00002004 | 00002004 | 00002004 = Xee = e
‘é‘ § B ???7?°?7?7??|????????| garbage! | garbage | garbage = garbage? = OldPC +
= 8 ALUout [??2?2?2?7|?2?2?????|garbage?|00002000 | 00002000 = SExt(imm) = 0x1000 +
£8 x4 22222922 22922222| 22222222 |22222922 29222772 = (=4) = 0x00000ffc
© Y x5 00000006 | 00000006 | 00000006 | 00000006 | 00000006 =
33 X6 22222722 |22222222| 22222222 | 22222222 | 22222222 | 00000002
< X
g3 X9 00002004 | 00002004 | 00002004 | 00002004 | 00002004 =
MEM([0x2000] | 0000000a | 00000002 | 0000000a | 0000000a | 0000000a =
MEM[0x200c] | 772722272 |22222222 | 22222222 | 22227272 | 222222727 =
cli 1 1 1 1 1 } 1 14
# cycle 1 : 2 i 3 i 4 5 ! 6 7 : 8 i 9



00000000 00001000 PC
L7: 00001000 Tfc4a303
0x1000 Iw X6, ‘4(X9)R 00001004 0064a423 00000000 X0
0x1004 | sw x6, 8(x9) |\ 4 00001008 [ 00626233 ;
’ 0000100c fe420ae3 00000006 X5
0x1008 or x4, x5, x6 i
5 0x100C | beq x4, x4, L7 1 00002000 [ 0000000a 00002004 | x9
. fFFffffc x31
S Memory Registers
Execution diagram: registers and memory (i)
lw x6, -4(x9) sw x6, 8(x9)
state SO S1 S2 S3 S4 SO S1
PC 00001000 | 00001004 | 00001004 | 00001004 | 00001004 | 00001004 | 00001008
oldPC 2272?72?77 |00001000 | 00001000 | 00001000 | 00001000 | 00001000 | 00001004
IR ?2?????7?? | ffc4a303 | Ffc4a303 | FFc4a303 | FFfc4a303 | FFfc4a303|0064a423
< Z garbage! = RF[IR 1 =
5} MDR 227272277 |2222222?| 22222222 | 2?2?2222 |0000000a | 0000000a = 28 o oo 24..20
X = 77
§ A 2272?72?77 |2?22??2??| 00002004 00002004 | 00002004 | 00002004 =
‘é‘ § B ???7?°?7???|????????| garbage! | garbage | garbage | garbage = garbage? = OldPC +
= 8 ALUout |??2?2?2?2|?2?2?2???|garbage?|00002000 | 00002000 | 00002000 = SExt(imm) = 0x1000 +
e E paririeiririoiel Rolelpipioleiplol Roipleip iploleipll Reipiplele] = (_4) = 0x00000ffc
£ 5 x4  |?22222222| 22222222 222222722| 2277 ?2272|22222222| 22222222 =
o ¥ X5 00000006 | 00000006 | 00000006 | 00000006 | 00000006 | 00000006 =
33 X6 2272727277 2222227? | 22222222 | 22222222 | 22222222 |0000000a =
S =
~ g X9 00002004 | 00002004 | 00002004 | 00002004 | 00002004 | 00002004 =
MEM[0x2000] | 0000000a | 0000000a | 0000000a | 0000000a | 0000000a | 0000000a
MEM[0x200c] | 272222272 | 22222222 22222222 | 22222222 | 22222222 | 2272222727 =
el 1 1 1 1 1 ! 1 14
#cycle : 1 : 2 : 3 : 4 : 5 I 6 : 7 : 8 i 9



00000000 00001000 PC
L7: 00001000 Tfc4a303
0Ox1000 Ilw X6, _4(X9)‘\ 00001004 0064a423 00000000 X0
0x1004 | sw x6, 8(x9) |\ 4 00001008 [ 00626233 ;
’ 0000100c fe420ae3 00000006 x5
0x1008 or x4, x5, x6 i
5 0x100C | beq x4, x4, L7 1 00002000 [ 0000000a 00002004 | x9
. fFFFfffc x31
S Memory Registers
Execution diagram: registers and memory (i)
lw x6, -4(x9) sw x6, 8(x9)
state ) s1 S2 s3 s4 SO s1 S2
PC 00001000 | 00001004 | 00001004 | 00001004 | 00001004 | 00001004 | 00001008 =
oldpc  |??2222??|00001000|00001000 00001000 |00001000 | 00001000 | 00001004 =
IR ?2?????7?? | ffc4a303 | Ffc4a303 | FFc4a303 | FFfc4a303 | FFfc4a303|0064a423 =
3 MDR 22222772 222727227227| 272222227 22222222 00000002 | 0000000a | 0000000a = gaggagef); RFLIR;4. 20] =
X = 77
K A 22772222 | 22277222 00002004 | 00002004 | 00002004 | 00002004 | 00002004 | 00002004
‘é’ § B ???7?°?7?7??|????????| garbage® | garbage | garbage | garbage | garbage |0000000a garbage? = OldPC +
= 8 ALUout [|??2?2?2??|2?2?2?2?| garbage? | 00002000 | 00002000 | 00002000 | 00002000 | garbage? SExt(imm) = 0x1000 +
£8 x4 27772222 2227272222| 22227772 22222777 | 22222222 | 22222222 | 272222222 = (=4) = 0x00000ffc
3%,; X5 00000006 | 00000006 | 00000006 | 00000006 | 00000006 | 00000006 | 00000006 = garbage?® = OIdPC +
S 8 X6 27722222 |2227272222| 22222772 22222277 22222227 |0000000a | 00000002 = SExt(imm) = 0x1004 + 8
< X —
g3 X9 00002004 | 00002004 | 00002004 | 00002004 | 00002004 | 00002004 | 00002004 = = 0x0000100c
MEM[0x2000] | 0000000a | 0000000a | 00000002 | 0000000a | 00000002 | 0000000a | 0000000a =
MEM[0x200c] | 22222222 | 22222222 22222222 | 22222222 | 22222222 | 22222222 | 22222222 =
cli 1 1 1 1 1 i 1 f 14
# cycle i : 2 : 3 i 4 : 5 i 6 = 7 : 8 1 9



00000000 00001000 PC
L7: 00001000 Tfc4a303
0x1000 Iw X6, ‘4(X9)R 1 00001004 00642423 00000000 x0
21004 W X6, 8(x9) 88881888 20238232 00000006 : 5
c e420ae X
0x1008 or x4, x5, X6 1
5 0x100C [ beq x4, x4, L7 - 00002000 [ 0000000a 00002004 | x9
N fFFffffc x31
S Memory Registers
Execution diagram: registers and memory (i)
lw x6, -4(x9) sw x6, 8(x9)
state o) s1 S2 S3 sS4 S0 S1 S2 S5
PC 00001000 | 00001004 | 00001004 | 00001004 | 00001004 | 00001004 | 00001008 | 00001008 =
oldPC | ???2????|00001000 00001000 | 00001000 | 00001000 | 00001000 | 00001004 | 00001004 =
IR 2?22?7777 | ffc4a303 | ffc4a303 | Ffc4a303 | FFc4a303 | FFc4a303|0064a423|0064a423 =
S MDR 222272272 2222222?| 227222272 | 22222222 |0000000a | 0000000a | 0000000a | 0000000a = gaggage:; RELIRz4. 20] =
“ X = 77
- A 22222227 222?2222| 00002004 | 00002004 | 00002004 | 00002004 | 00002004 | 00002004 =
‘é’ § B ???7?°?7?7??|????????| garbage® | garbage | garbage | garbage | garbage |0000000a = garbage? = OldPC +
= 8 AlLUout |?2277727222|?27222227?] garbage? | 00002000 | 00002000 | 00002000 | 00002000 | garbage? |0000200¢ |SExt(imm) = 0x1000 +
g §_ x4 22222277 | 22222222 22222272 22222222 22222722 | 227222222 22227222 | 272222277 = (=4) = 0x00000fTC
o ¥ X5 00000006 | 00000006 | 00000006 | 00000006 | 00000006 | 00000006 | 00000006 | 00000006 = garbage® = OIdPC +
§ § X6 22222277 | 22222222 22222272 22272222 2?22?2722 | 0000000a | 0000000a | 0000000a = SExt(imm) = 0x1004 + 8
g3 X9 00002004 | 00002004 | 00002004 | 00002004 | 00002004 | 00002004 | 00002004 | 00002004 = = 0x0000100c
MEM[0x2000] | 0000000a | 0000000a | 0000000a | 0000000a | 0000000a | 0000000a | 0000000a | 0000000a
MEM[0x200c] | 22222222 22222222 22222222 22222222 | 22222222 | 22222222 | 22222222 | 22222222 =
cli 1 1 1 1 1 i 1 f 14
# cycle i : 2 : 3 { 4 : 5 : 66 = 7 : 8 : 9



00000000 00001000 PC
L7: 00001000 Tfcda303
0Ox1000 Ilw X6, _4()(9)\ 12 00001004 0064a423 00000000 X0
0x1004 SW. X6, 8(x9) 83881888 20238232 00000006 i 5
c e420ae X
0x1008 or x4, x5, X6 1
5 0x100C [ beq x4, x4, L7 - 00002000 [ 0000000a 00002004 | x9
3 S RARRRALS x31
S Memory Registers
Execution diagram: registers and memory (i)
lw x6, -4(x9) sw x6, 8(x9)
state S0 s1 s2 s3 sS4 ) s1 s2 S5
PC 00001000 | 00001004 | 00001004 | 00001004 | 00001004 | 00001004 | 00001008 | 00001008 | 00001008
oldpc  |?2777227|00001000] 00001000 | 00001000 | 00001000 |00001000 | 00001004 | 00001004 | 00001004
IR ?2????7?7?? | ffc4a303 | ffc4a303 | Ffc4a303 | FFfc4a303 | FFc4a303|0064a423|0064a423|0064a423
1 = —
S MDR | ?7727222|22222222| 22222222 | 22222222 00000002 | 0000000a | 0000000a | 0000000a [ 00000002 giggage o RFLIRas 20] =
[ = 77
Y A 222222272 |22222222| 00002004 | 00002004 | 00002004 | 00002004 | 00002004 | 00002004 | 00002004
‘é’ § B ????7??°?|???????? ) garbage! | garbage | garbage | garbage | garbage |0000000a|0000000a|garbage? = OldPC +
= 8 AlLUout |?2277727222|?27222227?] garbage? | 00002000 | 00002000 | 00002000 | 00002000 | garbage? |0000200¢ |SExt(imm) = 0x1000 +
£8 x4 22222222 | 22222222 | 22229222 | 22922222 | 22222222 | 22222922 | 22222222 | 22222222 | 22222277 | (T4 = OX00000TTC
© X5 00000006 | 00000006 | 00000006 [ 00000006 | 00000006 | 00000006 | 00000006 | 00000006 | 00000006 | garbage® = OldPC +
=3 X6 22222222 |22222222 | 22222222 | 22222222 22222222 | 00000002 | 0000000a | 0000000a | 0000000a | SExt(imm) = 0x1004 + 8
< X —
g3 X9 00002004 | 00002004 | 00002004 | 00002004 | 00002004 | 00002004 | 00002004 | 00002004 | 00002004 = 0x0000100c
MEM[0x2000] | 0000000a | 0000000a | 0000000a | 0000000a | 0000000a | 0000000a | 0000000a | 0000000a | 0000000a
MEM[0x200c] | 222222722 | 22222222 | 22222222 | 22222222 | 22222222 | 22222222 | 222222722 | 22222222 | 222222727
clk } 3 } } } } ] § }
# cycle i : 2 : 3 { 4 : 5 : 66 = 7 : 8 : 9



00000000 00001000 PC

L7: 00001000 TTtc4a303

0x1000 Ilw X6, _4(X9)‘\ 12 00001004 0064a423 . 00000000 .XO

0x1004 sw x6, 8(x9) 00001008 0062233 _|: :

0x1008 or x4, x5, x6 > 0000100c . Te420ae3 | | 00000006 .x5
5 0x100C | beq x4, x4, L7 00002000 [ 0000000a | [ 00002004 ] x9
§ — 7 fFFFfffc . 1 . x31
% Memory Registers

Execution diagram: registers and memory (ii)

or x4, x5, x6 beq x4, x4, -12

state SO
PC =
OldPC =
IR =
MDR =
A =

B =
ALUout =
x4 =
x5 =
X6

X9
MEM[0x2000]
MEM[0x200c] | 0000000a

T o e T o Y Y a0 S Y B

#cycle : 10 i 11 : 12 : 13 : 14 i 15 i 16

S
A
(%)
Q
<
=
)
a
8
=~
Q
)
—
§
O
s
S
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Memory Registers

00000000 00001000 PC
L7: 00001000 Ttc4a303
0x1000 v x6, -4(x9x| _,, 00001004 | 00642423 00000000 ] X0
0x1004 sw x6, 8(x9) 00001000 20238232 00000006 i 5
0x1008 | or x4, x5, x6 0000100¢ ercJae | X
5 0x100C beq x4, x4, L7 - 00002000 [ 00000002 00002004 ] x9
< 7 FEFFFFfC x31

Execution diagram: registers and memory (ii)

or x4, x5, x6 beq x4, x4, -12

state S0 s1

PC 00001008 |0000100c

oldpc  |00001004|00001008

IR 0064a423|0062e233
S MDR _ |oooooooa| =
$ A 00002004 =
g8 B 0000000a| =
% § AlUout |o0000200c| =
S x4 222?2727?7? =
o %; X5 00000006 =
S X6 0000000a =
S 8 X9 00002004 =
MEM[0x2000] | 0000000a =
MEM[0x200c] | 0000000a =

TN o T o Y I e N B 0 I

#cycle : 10 i 11 : 12 : 13 : 14 i 15 i 16
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00000000 00001000 | PC
L7: 00001000 Tfc4a303
0x1000 v X6, -4(x9)x 00001004 | 00642423 00000000 ] x0
0x1004 | sw x6, 8(x9) —12 00001008 [ 00626233 :
0x1008 or x4, X5. X6 > 0000100c Te420ae3 00000006 | x5
0x100C | beq x4, x4, L7 1 00002000 [ 0000000a 00002004 | x9
7 FFFFFFfC x31
Memory Registers
Execution diagram: registers and memory (ii)
or x4, x5, x6 beq x4, x4, -12
state SO s1 S6
PC 00001008 0000100c =
OldPC 00001004 00001008 =
IR 0064a423]0062e233 =
MDR 0000000a | 0000000a =
A 00002004 | 00002004 j 00000006
B 0000000a | 0000000a | 0000000a garbaget = depends on the
ALUout |0000200c|0000200c | garbage* sExt DEC implementation
x4 Cldldtdataed Wt adddeds =
x5 00000006 | 00000006 =
X6 0000000a | 0000000a =
X9 00002004 | 00002004 =
MEM[0x2000] | 0000000a |0000000a =
MEM[0x200c] | O000000a ] 0000000a =
1§ T TN e TN IO
# cycle 10 : 11 : 12 13 15 : :



Execution diagram: registers and memory (ii)

00000000 00001000 PC
L7: 00001000 TTtc4a303
0Ox1000 Ilw X6, _4()(9)‘\ 12 00001004 0064a423 00000000 x0
0x1004 1 sw x6, 8(x9) ooooto0e. [ Fea305e3 S
0x1008 or x4, X5, X6 0000100¢ efc-ac | %
5 0x100C beq x4, x4, L7 - 00002000 | 0000000a 00002004 | x9
< 7 FEFFFFfC x31
S Memory Registers

or x4, x5, x6 beq x4, x4, -12
state SO S1 S6 S7
PC 00001008 0000100c | 0000100c =
OldPC 00001004 00001008 00001008 =
IR 0064a423)0062e233|0062e233 =
_§~. MDR 0000000a | 0000000a | 0000000a =
§ A 00002004 | 00002004 | 00000006 =
b5 -
T garbage: = depends on the
S S sext DEC implementation
Qs x4 VA aararird Wirkratdriraratd \ardtariraratels =
© < x5 00000006 | 00000006 | 00000006 =
§ E X6 0000000a | 0000000a | 0000000a =
§ § X9 00002004 | 00002004 | 00002004 =
MEM[0x2000] | 0000000a | 0000000a | 0000000a =
MEM[0x200c] | 0000000a | 0000000a | 0000000a =
el 1 } 1 } ! ! 1 }
# cycle 10 : 11 : 12 : 13 : 15 : :
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00000000 00001000 PC
L7: 00001000 TTtc4a303
0x1000 Iw  x6, -4(x9)x| 00001004 [ 0064a423 00000000 | x0
—12 00001008 | 0062233 :
0x1004 sw X6, 8(x9) - y
0000100 fed420ae3 00000006 x5
0x1008 or x4, x5, x6 ¢ |
0x100C beq x4, x4, L7 - 00002000 [ 0000000a 00002004 | x9
l FFFFFFfc x31
Memory Registers
Execution diagram: registers and memory (ii)
or x4, x5, x6 beq x4, x4, -12
state S0 s1 S6 S7 )
PC 00001008 | 0000100¢ | 0000100c | 0000100c =
oldpc 00001004 00001008 00001008 00001008 =
IR 0064a423|0062¢233]0062e233] 0062233 =
MDR 0000000a | 0000000a | 0000000a | 0000000a =
A 00002004 | 00002004 | 00000006 | 00000006 =
B 0000000a | 0000000a | 0000000a | 0000000a = .
garbage* = depends on the
x4 22222222 | 22222222 22222222 22222222 | 0000000e
X5 00000006 | 00000006 | 00000006 | 00000006 =
X6 0000000a | 0000000a | 0000000a | 0000000a =
X9 00002004 | 00002004 | 00002004 | 00002004 =
MEM[0x2000] | 0000000a | 0000000a [ 0000000a | 0000000a =
MEM[0x200c] | 0000000a | 0000000a | 0000000a | 0000000a =
cli i } ! } $ 1 }
# cycle 10 : 11 : 12 : 13 : 14 : : :
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00000000 00001000 PC
L7: 00001000 Ttc4a303
0x1000 Iw X6, -4(x9)x| 00001004 0064a423 00000000 x0
—12 0062e233 -
0x1004 Sw. x6, 8(x9) 88881888 T 428 3 00000006 ' 5
C e ae X
0x1008 or x4, x5, X6 1
0x100C beq x4, x4, L7 - 00002000 [ 0000000a 00002004 | x9
l FFEFFFfC x31
Memory Registers
Execution diagram: registers and memory (ii)
or x4, x5, x6 beq x4, x4, -12
state SO S1 S6 S7 SO S1
PC 00001008 0000100cj0000100c0000100c|0000100cC 00001010
OldPC 00001004 00001008} 00001008 100001008 00001008})0000100cC
IR 0064a423]|0062e233]10062e233]10062e233|0062e233|fed420ae3
MDR 0000000a | 0000000a | 0000000a0000000a0000000a =
A 00002004 | 00002004 | OOO00006 1 OOO00006 |1 00000006 =
B 0000000a j 0000000aj0000000a 1 0000000a0000000a = 4 _
garbage* = depends on the
x4 PPN ?2?7?2°?7?7?2°?7°?| ?27?27?7?°?°?7? | ??2°?7?7?7?7??|0000000e =
x5 00000006 | 00000006 | OOO00006 1 OOO00006 1 00000006 =
X6 0000000a | 0000000aj0000000a | 0000000a0000000a =
X9 00002004 | 00002004 | 00002004 100002004 100002004 =
MEM[0x2000] | O000000a | 0000000a | 0000000a | 0000000a | 0000000a =
MEM[0x200c] | O000000a ] 0000000a | 0000000a | 0000000a | 0000000a =
cli ! } ! } } $ ! }
# cycle 10 : 11 : 12 : 13 : 14 : 15 : : :



Memory Registers

00000000 00001000 PC
L7: 00001000 TTtc4a303
0Ox1000 Ilw X6, _4(X9)R 12 00001004 0064a423 00000000 x0
0x1004 1 sw x6, 8(x9) ooooto0e. [ Fea305e3 S
0x1008 or x4, X5, x6 0000100¢ cecae | %
5 0x100C beq x4, x4, L7 - 00002000 | 0000000a 00002004 | x9
< 7 FEFFFFfC x31

Execution diagram: registers and memory (ii)

or x4, x5, x6 beq x4, x4, -12
state SO S1 S6 S7 SO S1 S10
PC 00001008 0000100c | 0000100c | 0000100c | 0000100c |00001010 =
OldPC 00001004 00001008 |00001008|00001008)00001008|0000100cC =
IR 0064a423]0062e233|0062e233]0062e233]0062e233 | fe420ae3 =
_§ MDR 0000000a | 0000000a | 0000000a | 0000000a | 0000000a | 0O000000a =
§ A 00002004 | 00002004 | 00000006 00000006 | 00000006 | 00000006 | OO00000e
fé‘ § B 0000000a | 0000000a | 0000000a j0000000a | 0000000a | 0000000a | 0000000e 4 _
ERe garbage* = depends on the
% § ALUout 0000200c | 0000200c | garbage* J0000000e | 0000000e | 0000000e | 00001000 SExt DEC implementation
Qs x4 P???????| ??27°?727?2?| 27?27?7227 | 2?27?2772 0000000e | 0000000e =
© < x5 00000006 | 00000006 | 00000006 | 00000006 | 00000006 | 00000006 =
§ E X6 0000000a | 0000000a | 0000000a | 0000000a | 0000000a | 0O000000a =
§ § X9 00002004 | 00002004 | 00002004 | 00002004 | 00002004 | 00002004 =
MEM[0x2000] | 0000000a | 0000000a | 0000000a | 0000000a | 0000000a | 0000000a
MEM[0x200c] | 0000000a | 0000000a | 0000000a | 0000000a | 0000000a | 0000000a =
el 1 } 1 } ! !
# cycle 10 : 11 : 12 : 13 : 14 : 15 : 16



00000000 00001000 PC
L7: 00001000 Tfcda303
0x1000 Iw  x6, -4(x9) x| 1 00001004 0064a423 00000000 x0
21004 W X6, 8(x9) 88881888 20238232 00000006 : 5
(o e ae X
0x1008 or x4, x5, X6 1
5 0x100C | beq x4, x4, L7 00002000 [ 0000000a 00002004 | x9
3 S RARRRALS x31
S Memory Registers
Execution diagram: registers and memory (ii)
or x4, x5, x6 beq x4, x4, -12
state SO Si1 S6 S7 SO S1 S10 SO
PC 00001008 j0000100c j0000100c | 0000100c|0000100c|00001010J00001010)00001000
OldPC 00001004 j00001008§00001008)00001008)000010080000100c|0000100cC =
IR 0064a423|0062e233|0062e233]|0062e233]0062e233 | fe420ae3 | fed420ae3 =
_§ MDR 0000000a j 0000000a j 0000000a | 0000000a | 0000000a | OO000000a | 0000000a =
(7))
% A 00002004 j 00002004 | 00000006 | 00000006 | 00000006 | OO000006 | OOO0000e =
@ 3 B 0000000a | 0000000a j 0000000a | 0000000a | 0000000a | 0000000a | 0O00000e = _
€ 2 s
ERe garbage* = depends on the
s 9 ALUout |0000200c |0000200c | garbage* | 0000000e | 0000000e | 0000000€ | 00001000 = SExt DEC implementation
f’:’ § x4 PPV?????| ??7??°?°?°27?|| ?27?27?7?7?7°27? | ?7?27?7?7?7?7??]0000000e | O000000e | OO00000e =
© % x5 00000006 | 00000006 | 00000006 | 00000006 | 00000006 | OO000006 | OO000006 =
§ § X6 0000000a j 0000000a j 0000000a | 0000000a | 0000000a | OO00000a | 0000000a =
§ § X9 00002004 | 00002004 | 00002004 | 00002004 | 00002004 100002004 | 00002004 =
MEM[0x2000] | O000000a | 0000000a | 0000000a | 0000000a | 0000000a | 0000000a | O000000a =
MEM[0x200c] | O000000a ] 0000000a | 0000000a | 0O000000a | 0000000a | 0000000a | 0000000a =
cli 1 } 1 } i ! 1 }
# cycle 10 : 11 : 12 : 13 : 14 : 15 : 16 : :
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00000000 00001000 PC
L7: 00001000 TTtc4a303
0x1000 Iw  x6, -4(x9)x| 00001004 [ 0064a423 00000000 | xO
0x1004 | sw x6, 8(x9) |\ 4 00001008 [ 00626233 ;
s J
0000100c fe420ae3 00000006 x5
0x1008 or x4, x5, X6 1
0x100C beq x4, x4, L7 - 00002000 [ 0000000a 00002004 | x9
l FFFFFFfc x31
Memory Registers
Execution diagram: registers and memory (ii)
or x4, x5, x6 beq x4, x4, -12
state SO S1 S6 S7 SO S1 S10 SO
PC 00001008 0000100c | 0000100c | 0000100c | 0000100c j00001010J00001010100001000
OldPC 00001004 00001008 }00001008]00001008}00001008}§0000100cJ0000100c0000100cC
IR 0064a423]0062e2330062e233]0062e233]0062e233 | fe420ae3 | fed420ae3 | fed420ae3
MDR 0000000a | 0000000a | 0000000a | O000000a | 0OO00000a | 0000000a | 0000000a|0000000a
A 00002004 | 00002004 | 00000006 | OOO0O0006 | OOOO0006 | OOO00006 | OOOOO00e |OOO0O000e
B 0000000a | 0000000a | 0000000a | 0000000a | 0000000a | 0000000a | 0000000e OO0O0O000e _
garbage* = depends on the
ALUout  |0000200c|0000200c | garbage* | 0000000e | 0000000 | 0000000e | 00001000 {00001000|  sext DEC implementation
x4 P07V ?7??2?7?7?7??| ??7?27?2?7?7°?7? | ?2??7?27?2??7? | 0000000e | 0000000e | 0O000000e | O0O00000e
x5 00000006 | 00000006 | OO000006 | OOOOO006 | OOOO0006 | OOOO0006 | OOOO0O006 |OOOO0006
X6 0000000a | 0000000a | 0000000a | 0000000a | 0OO00000a | 0000000a | 0000000a|0000000a
X9 00002004 | 00002004 | 00002004 | 00002004 | 00002004 | 00002004 1 00002004 | 00002004
MEM[0x2000] | O000000a | 0000000a | 0000000a | 0000000a | 0000000a | 0000000a | 0000000a | 0000000a
MEM[0x200c] | O000000a ] 0000000a | 0000000a | 0000000a | 0000000a | 0000000a | O000000a | 0O000000a
cli 1 } 1 } } } 1 }
# cycle 0 : 11 : 12 : 13 : 14 : 15 : 16 : :



Execution diagram: status and control signals (i)

Iw x6, -4(x9) sw  x6, 8(x9)

state SO S1 S2 S3 S4 SO S1 S2 S5

IR 00000000 | ffc4a303 | ffc4a303 | ffc4a303 | FFc4a303 | Ffc4a303|0064a423|0064a423|0064a423

op 0000000 | 0000011 | 0000011 | 0000011 | 0000011 | 0000011 | 0100011 | 0100011 | 0100011
funct7. 0 - - - - - - - -
funct3 010 010 010 010 010 010 010 010 010

zero 0 — — — — — — - -
Branch
PCupdate
AddrSrc
MemWr | X Y o s : - < MULTICYCLE CONTROLLER

= a
£s8
old Per PCwr  AddrSrc  MemWr 1Rwr & s BRI Bur_Awr ALUSrCA ALUGt zern

15/01/24 version

IRwr : ¢
MDRwr Bl i,
BRwr _E_ N ol
Awr e NN [
Bwr n e L i
ALUsrcA
ALUsrcB o

MDR

ALUop vz MULTICYCLE
ALUoutWr DATA PATH

ResSrc

InmSrc

ALUctr
PCwr

e e e e

# cycle
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Execution diagram: status and control signals (i)

1w x6, -4(x9) sw x6, 8(x9)
state SO s1 S2 S3 sS4 SO s1 S2 S5
IR 00000000 | FFc4a303 | fFfc4a303 | FFc4a303 | FFc4a303 | FFcaa303|0064a423|0064a423|0064a423
op 0000000 | 0000011 | 0000011 | 0000011 | 0000011 | 0000011 | 0100011 | 0100011 | 0100011
funct7. 0 - - - - - - - -
funct3 010 010 010 010 010 010 010 010 010
zero 0 — - — — — - - —
Branch 0 0 0 0 0 0 0 0 0
PCupdate 1 0 0 0 0 1 0 0 0
AddrSrc 0 — - 1 — 0 — — 1
MemWr 0 0 0 0 0 0 0 0 1 |- e \ ¢ : MULTICYCLE CONTROLLER § o=
oldPCwr 1 0 0 0 0 1 0 0 0 ror sowse wem §ow 083 ww  eeiw wesenswse S, m
IRwr 1 0 0 0 0 1 0 0 0 -
MDRwr 0 0 0 1 0 0 0 0 0 HErmi
BRwr 0 0 0 0 1 0 0 0 0 B ,
Awr 0 1 0 0 0 0 1 0 0 - Pl g B
Bwr 0 1 0 0 0 0 1 0 0 o = g LT
ALUsrcA 00 01 10 — — 00 01 10 — -
ALUsrcB 10 01 01 = = 10 01 01 - [ .. |
ALUop 00 00 00 — — 00 00 00 — g 5 —
ALUoutWr 0 1 1 0 0 0 1 1 0 DATA PATH
ResSrc 10 — — 00 01 10 — — 00
InmSrc = 00 00 00 00 00 01 01 01
ALUctr 000 000 000 — — 000 000 000 —
PCwr 1 0 0 0 0 1 0 0 0
clk . ? * ’ .}
# cycle 1 2 3 4 5 ! 6 7 : 8 9




Execution diagram: status and control signals (ii)

or x4, x5, x6 beqg x4, x4, -12
state SO S1 S6 S7 SO S1 S10 SO
IR 0064a423]0062e233]0062e233]10062e233|0062e233 | fe420ae3 | fe420ae3| fed420ae3
op 0100011 | 0110011 §j 0110011 | 0110011 | 0110011 | 1100011 | 1100011 | 1100011
funct7. — 0 0 0 0 — — —

funct3 010 110 110 110 110 000 000 000
1

zero = = = = - 1 1
Branch
PCupdate
AddrSrc
MmemWr { 0  r - N . ImmSre
oldPCwr ) R —

IRwr
MDRwr

BRwr

Awr

Bwr ropr—{ e |
ALUsrcA N
ALUsrcB
ALUop
ALUoutWr e —
ResSrc
InmSrc

15/01/24 version

MULTICYCLE CONTROLLER  § sl

g
1Rwr §g§ BRWr Buwr_Awr ALUsrcA ALUctr oo 3, Ressrc
F: I H ]

CIdPCwr

2

3

T
Bouece

H
]

iE
3
I

£
Register =

File

1
g

|

3
Qo
5
=]
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DR

g I

2 MULTICYCLE
DATA PATH

ALUctr
PCwr

clk
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Execution diagram: status and control signals (ii)

or x4, x5, x6 beqg x4, x4, -12
state SO s1 S6 S7 SO s1 S10 SO
IR 0064a423]0062e233]0062e233]10062e233|0062e233 | fe420ae3 | fe420ae3| fed420ae3
op 0100011 | 0110011 | 0110011 | 0110011 | 0110011 | 1100011 | 1100011 | 1100011
- funct7. — 0 0 0 0 — — —
s funct3 010 110 110 110 110 000 000 000
3 zero — - — - — 1 1 1
N Branch 0 0 0 0 0 0 1 0
S PCupdate 1 0 0 0 1 0 0 1
E AddrSrc 0 — — — 0 — - 0
MemWr 0 & ¢ £ Y 0 Y 0 e o i s ; MULTICYCLE CONTROLLER § *w=l-
oldPCwr 1 0 0 0 1 0 0 1 e swes muws Sme ABl  ane  mems  wmesvessd o s
IRwr 1 0 0 0 1 0 0 1 : = P
MDRwr 0 0 0 0 0 0 0 0 I’gl -
BRwr 0 0 0 1 0 0 0 0 e
Awr 0 1 0 0 0 1 0 0 _E_:E_+ Y o :
Bwr 0 1 0 0 0 1 0 0 " § B " o -
ALUsrcA 00 01 10 — 00 01 10 00 —{wo SRR WA+ }
ALUsrcB 10 01 00 = 10 01 00 10 . T . /
fg: ALUop 00 00 10 — 00 00 01 00 e | 2
< ALUoutWr 0 1 1 0 0 1 0 0 T '
55 ResSrc 10 — — 00 10 — 00 10 5 5 TEveLE
KO InmSrc 01 — — — = 10 10 10 DATA PATH
S8 ALUctr 000 000 011 - 000 000 001 000
C.L 3 PCwr 1 0 0 0 1 0 1 1
ko t : [] [] [] [] L] [] [] L]
< = L N Y gy Y oy I ey S Iy
g3 #cycle : 10 (11 : 12 i 13 i 14 i 15 i 16 i 17 i




10) Assume that the following program is running on a multicycle RISC-V, with the initial value of the
memory and registers shown in the picture. Represent the execution diagrams for the registers and the
memory, as well as for the control and status signals, so that their values are shown for each clock cycle.

o
g C/C++h
S )
° for( 1=4; 11=6; i=i+l )
{
a - a + i; ......;....;.,
I Xo :
¥ a->x6:
............. 7
00000000
- 00001000 00400293 00001000 | PC
S 0x1000 00001004 [__00600393
S 0x1004 00001008 | 00728863 00000000 | xO
g s 0000100c [ 00530333 :
38 0x1008 00001010 | 00128293 00005550 | x5
£ 85 Ox 100G +16 00001014 | TISTTOGT 00006660 | x6
o ¥ 00001018 0064a223 00007770 X7
&5 0x1010 :
§§ 0x1014 00002004 00000000 00002000 | x9
0x1018 frfffffc x31
Memory Registers



The machine code representation of the program instructions is the following:

§ immy,.q rsl funct3 rd op
5 000000000100 00000 | 000 [ 00101 | 0010011 | ©X09400293
- immy,.q rsl funct3 rd op
000000000110 00000 | 000 | oo111 | oo10011 | OX00C00S93
immg,m;s rs2 rsl funct3 imm4:1’11 op
0000000 | 00111 | 00101 [ o000 | 10000 | 1100011 | ©*00728863
eq x5,x7,16
funct?7 rs2 rsl funct3 rd op
- 0000000 00101 | oo11o0 | ooo | 00110 0110011 | 0x00530333
S add x6,x6,x5
§ immy,. rsl funct3 rd op
£ 3 000000000001 00101 | 000 [ 00101 | o010011 | 0X00128293
§ §_ IMM5010.141.10:1 rd op
© 3 11111111010111111111 00000 | 1101111 | OXTISTTO6T
38 jal x0,-12
§ § imm,,.c rs2 rsl funct3 immy,, op
== 0000000 | 00110 | 01001 Joio | ooi00 | o1ooo11 | OXP9esasas

31 2524 2019 1514 1211 7 6 0




.. 00000000
e addi x5, x0, 4 00001000 | 00400293 00001000 | PC
0x1004 i
addi x7, x0, 6 00001004 [ 00600393
for: 00001008 [ 00728863 00000000 _] X0
Ox1008 | beq x5, x7, efor 0000100c [ 00530333 :
0x100c add x6, x6, x5 00001010 |__00128293 00005550 | x5
5 0x1010 addi x5, x5, 1 00001014 51061 00006660 x6
g 0x1014 jal x0, for 00001018 0064a223 00007770 X7
3 efor: i
= 00002004 00000000 00002000 X9
% 0x1018 sw X6, 4(x9) ; :
. 7 FFFFFFfC x31
Execution diagram: registers and memory (i)
addr x5, x0, 4 addi x7, x0, 6
state S0 s1 S8 S7 ) s1 S8 s7
PC 00001000|00001004| = = = |oooo1o008| = =
oldPC  |?72772772|00001000| = = = |oooo1004| = =
5 IR 22222222|00400293| = = = |ooe00393| = _ gafgagei) - RFLIRz4. 0]
ki MDR  |27772222| = = _ - _ - _ B
45 A 22222222 =  |oooooooo| = = = |oooooooo| = garbage? = OIdPC +
S g B 277772777 = garbage?! = = = garbage? = SExt(imm) = 0x1000 + 4
s 8 - - - = 0x00001004
&5 ALUout 2?2?7277 = garbage? | 00000004 = = garbage* 00000006
o 3 x5 00005550 = = = |oooooooa| = - - garbage® = RF[IR,q ]
;g §~ X6 00006660 = = = = = = = = x6 = 0x00006660
S =
33 x7 00007770| = = = = = = =
S S - = = = = = = garbage* = OldPC +
X9 00002000} = = - = = - - SExt(imm) = Ox1004 + 6
MEM[0x2004] | 00000000 = = = = = = = = 0x0000100a
ck f ' I e O e Y e O
# cycle 1 2 3 4 5 6 7 8
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0x1000
0x1004

0x1008
0x100c
0x1010
0x1014

0x1018

L. 00000000
addi x5, x0, 4 00001000 | 00400293 00001000 PC
addi x7, x0, 6 00001004 | 00600393
for: 00001008 | 00728863 00000000 | X0
beq x5, x7, efor 0000100c | 00530333 | :
add x6, x6, x5 00001010 00128293 00005550 x5
addi x5, x5, 1 00001014 | TT5TT06T 00006660 | x6
jal x0, for 00001018 0064a223 00007770 | X7
efor: 00002004 [ 00000000 50002000 | x9
SW X6, 4(x9) : :
- - 7 frrfrfffc x31
Execution diagram: registers and memory (i)
addi x5, x0, 4 addi x7, x0, 6
state SO S1 S8 S7 SO S1 S8 S7
PC 00001000J00001004 00001004 00001004 00001004 §0000100800001008 00001008
OldPC ?7?2°?7?7?7?7?7?100001000) 00001000 00001000 00001000 §00001004 00001004 00001004
IR ?7?2°?7?7?7?7?2?100400293 100400293 00400293 00400293 00600393 100600393 00600393
MDR P dadddd Nadddadidd Naddddddd Naddddddd Nadaddidddd Nidddadddd Naddddddd Nadddddds
A P?°?7°?7?7?7?°?|???27???7??]00000000 | O0O000000 | 00000000 00000000 | 0OOOOO00 00000000
B ???27??7?7??|????????| garbage® | garbage | garbage | garbage | garbage?| garbage
ALUout ???7??7?7??|????????| garbage? |00000004 | 00000004 | 00000004 | garbage* | 00000006
x5 00005550 | 00005550 00005550 | 00005550 | 00000004 00000004 | 00000004 | OO000004
X6 00006660 | 00006660 00006660 | 00006660 | 00006660 | 00006660 | 00006660 | 00006660
x7 0000777000007 770]100007770)00007770§00007770§00007770§00007770J00007770
x9 00002000 00002000} 00002000 00002000 00002000 §J000020000000200000002000
MEM[0x2004] | 00000000 } 00000000 | 00000000 | 00000000 00000000 | 00000000 | 00000000 00000000
clk 1 1 1 } 1 }
# cycle i : 2 :: 3 : 4 : 5 :: 6 : 7 1 8 =

garbage! = RF[IR,, 5]
= x4 = ???

garbage? = OldPC +
SExt(imm) = 0x1000 + 4
= 0x00001004

garbage® = RF[IR,, 5]
= x6 = 0x00006660

garbage* = OldPC +
SExt(imm) = 0x1004 + 6
= 0x0000100a



. 00000000
o0 addi x5, x0, 4 00001000 00400293 00001000 | PC
0x1004 i
addi x7, x0, 6 00001004 | 00600393
for: 00001008 | 00728863 00000000 ] x0
O0x1008 | beq x5, x7, efor 0000100c | 00530333 | :
0x100c add x6, x6, x5 00001010 |__00128293 00005550 | x5
5 0x1010 addi x5, x5, 1 00001014 51061 00006660 x6
g 0x1014 jal x0, for 00001018 0064a223 00007770 X7
S efor: 00002004 [ 00000000 00002000 ] x9
o
5 0x1018 sw  x6, 4(x9) :
A 7 FFFFFFfC x31
Execution diagram: registers and memory (ii)
beg x5, x7, 16 add x6, x6, x5
state SO S1 S10 SO S1 S6 S7
PC 00001008 0000100c = = 00001010 = =
OldPC 00001004 | 00001008 = = 0000100c = = garbage® = depends on the
S IR 00600393 00728863 = = 00530333 = = skExt DEC implementation
é MDR P??7°7?7?7?7 = = = = = =
"éi § A 00000000 = 00000004 = = 00006660 =
g § B garbage = 00000006 = = 00000004 =
£ S ALUout |00000006 = 00001018 = = garbage® | 00006664
© Y x5 00000004 = = = = = -
33 X6 00006660 = - - - - -
§ E x7 00000006 = = = = - -
X9 00002000 = = = = = =
MEM[0x2004] | 00000000 = = = - - -
i I Iy N o Y
# cycle 9 : 10 11 : 12 13 : 14 : 15 :
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L. 00000000
addi x5, x0, 4 00001000 00400293 00001000 PC
addi x7, x0, 6 00001004 | 00600393
for: 00001008 | 00728863 00000000 ] x0
beq x5, x7, efor 0000100c | 00530333 | :
add x6, x6, x5 00001010 00128293 00005550 x5
addi x5, x5, 1 00001014 | TT5TT06T 00006660 | x6
jal x0. for 00001018 | 0064a223 00007770 | X7
efor: 00002004 [ 00000000 00002000 ] x9
sw X6, 4(x9) :
- 7 frffffc x31
Execution diagram: registers and memory (ii)
beg x5, x7, 16 add x6, x6, x5
state SO S1 S10 SO S1 S6 S7
PC 00001008 §0000100c j0000100c0000100c|00001010§00001010})00001010
OldPC 00001004 00001008 00001008 100001008 0000100C j0000100C|0000100C garbage® = depends on the
IR 00600393 00728863)00728863100728863|0053033300530333]100530333 sExt DEC implementation
MDR Vi dd Wi ddddd Wi dddddd Niddddddd Waddddddd Vaddddddd Nadddddds
A 00000000 | 00000000 00000004 OO000004 | 00000004 | 00006660 J00006660
B garbage | garbage 00000006 | 00000006 | 00000006 j 00000004 00000004
ALUout 00000006 | 00000006 | 00001018 §00001018)00001018 | garbage® |00006664
x5 00000004 | 00000004 | 00000004 1 O0000004 | 00000004 | 00000004 1 O0000004
X6 00006660 | 00006660 00006660 | 00006660 | 00006660 | 00006660 | 00006660
x7 00000006 | 00000006 | OO000006 JOOO00006 | OO00O0006 | OOOO0O006 | OO0000006
x9 00002000 | 00002000 00002000 100002000 00002000 §00002000)00002000
MEM[0x2004] | 00000000 } 00000000 | 00000000 | OO000000  OO0O0000 | 00000000 | 00000000
cli 1 1 1 1 14
# cycle 9 : 10 : 11 12 : 13 : 14 : 15
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- 00000000
addi x5, x0, 4 00001000 | 00400293 00001000 PC
addi x7, x0, 6 00001004 | 00600393
for: 00001008 | 00728863 00000000 | X0
beq x5, x7, efor 0000100c | 00530333 | :
add x6, x6, x5 00001010 00128293 00005550 x5
addi x5, x5, 1 00001014 | TT5TF06T 00006660 | x6
jal x0, for 00001018 0064a223 00007770 | x7
efor: 00002004 [ 00000000 00002000 | x9
SW X6, 4(x9) : :
- 7 frffffc x31
Execution diagram: registers and memory (iii)
addi x5, x5, 1 jal x0, -12
state SO S1 S8 S7 SO S1 S9 S7
PC 0000101000001014 = = = 00001018 = 00001008
OldPC 0000100c 00001010 = = = 00001014 = =
IR 00530333100128293 = = = 51106 f = =
MDR 227227727 = = = = = = =
A 00006660 = 00000004 = = = garbage?® =
B 00000004 = garbage® = = = garbage® =
ALUout 00006664 = garbage’ |00000005 = = 00001008 00001018
x5 00000004 = = = 00000005 = = =
X6 00006664 = = = = = = =
X7 00000006 = = = = = = =
X9 00002000 = = = = = = =
MEM[0x2004] | 00000000 = = = = = = =
i [ ?
# cycle 16 : 17 18 19 : 20 : 21 : 22 23

garbage® = RF[IR,, 5]
= x21 = ???

garbage’ = OIdPC + SExt(imm)
= 0x1010 + 1 = 0x00001011

garbage® = RF[IR;y ;5]
= x31 = ?7?

garbage® = RF[IR,, 5]
= 0x1004 + 6 = 0x0000100a



- - 00000000
X000 addr x5, x0, 4 00001000 | 00400293 00001000 | PC
0x1004 i
. addi x7, x0, 6 00001004 [ 00600393
or- 00001008 | 00728863 00000000 ]| x0
Ox1008 | beq x5, x7, efor 0000100c | 00530333 | :
0x100c add x6, x6, x5 00001010 |__00128293 00005550 | x5
s 0x1010 addi x5. x5. 1 00001014 T5TT06T 00006660 X6
a 7 7
g 0x1014 jal x0, for 00001018 0064a223 00007770 | X7
3 efor: :
S ) 00002004 00000000 00002000 X9
5 0x1018 sw  x6, 4(x9) :
- - 7 rffffc x31
Execution diagram: registers and memory (iii)
addi x5, x5, 1 Jjal x0, -12
state S0 s1 S8 S7 S0 s1 S9 S7
PC 00001010 00001014 | 00001010} 00001014 00001010 |00001018|00001018 |00001008 .
oldpc  |0000100c|00001010]0000100c|00001010[0000100c |00001014|00001014 |00001014 ga;gi‘gi ,)‘,),)RF['R24--20]
= IR 00530333 |00128293|00530333|00128293| 00530333 | FF5FFO6F | FF5FFOGF | FFSFFOGT
g MDR 22222272 | 2727272727277 22222222| 22222222 22222222 | 22222222 | 22277772 27777727?|  garbage’ = OldPC + SExt(imm)
5 A 00006660 | 00006660 | 00000004 | 00000004 | 00000004 | 00000004 | garbages | garbage = 0x1010 + 1 = 0x00001011
wv
% § B 00000004 | 00000004 | garbage® | garbage | garbage | garbage | garbage®| garbage garbage? = RF[IRyy o]
g2 AlLUout |00006664|00006664 | garbage’ 00000005 00000005 |00000005|00001008|00001018| = x31 = 299
6 Y x5 00000004 | 00000004 | 00000004 | 00000004 | 00000005 | 00000005 | 00000005 | 00000005
9 —
L9 X6 00006664 | 00006664 | 00006664 | 00006664 | 00006664 | 00006664 | 00006664 |00006664| ~ 92rPage” = RFLIR,,. 2]
3 E = 0x1004 + 6 = 0x0000100a
£3 x7 00000006 | 00000006 | 00000006 | 00000006 | 00000006 | 00000006 | 00000006 | 00000006
X9 00002000 | 00002000 | 00002000 | 00002000 | 00002000 | 00002000 | 00002000 | 00002000
MEM[0x2004] | 00000000 | 00000000 | 00000000 | 00000000 | 00000000 | 00000000 | 00000000 | 00000000
el 1 1 1 i 1 }
# cycle 16 : 17 18 19 : 20 : 21 : 22 : 23 :
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X9

- - 00000000
addi x5, x0, 4 00001000 00400293 00001000
addi x7, x0, 6 00001004 | 00600393
for: 00001008 | 00728863 00000000
beq x5, x7, efor 0000100c | 00530333
add x6, x6, x5 00001010 00128293 00005550
addi x5, x5, 1 00001014 | TT5TF06T 00006660
jal x0. for 00001018 | 0064a223 00007770
efor: 00002004 [ 00000000 00002000
sw X6, 4(x9)
- 7 frffffc
Execution diagram: registers and memory (iv)
beg x5, x7, 16 add x6, x6, x5
state SO S1 S10 SO S1 S6 S7
PC 00001008 0000100c = = 00001010 = =
OldPC 00001014 00001008 = = 0000100c = =
IR FF5FF06TF| 00728863 = = 00530333 = =
MDR P????7?7?7? = = = = = =
A garbage = 00000005 = = 00006664 =
B garbage = 00000006 = = 00000005 =
ALUout 00001018 = 00001018 = = garbage” |00006669
x5 00000005 = = = = = =
X6 00006664 = = = = S =
X7 00000006 = = = = = =
X9 00002000 = = = = = =
MEM[0x2004] | 00000000 = = = = = =
cli i i 1 1 14
# cycle 24 : 25 26 : 27 28 29 : 30 :

PC

x0

x5

X6
X7

x31

garbage® = depends on the
sExt DEC implementation



L. 00000000
Ox1000 addi x5, x0, 4 00001000 00400293 00001000 PC
Ox1004 | addi x7, x0, 6 00001004 | 00600393
for: 00001008 | 00728863 00000000 ] xO0
0x1008 beq x5, x7, efor 0000100c | 00530333 | :
0x100c add x6, x6, x5 00001010 [ 00128293 00005550 | x5
5 0x1010 addi x5, x5, 1 00001014 | TT5TT06T 00006660 | x6
g 0x1014 jal x0, for 00001018 0064a223 00007770 | X7
S efor: i
= 00002004 [ 00000000 00002000 | x9
5 0x1018 sw  x6, 4(x9) :
- 7 frffffc x31
Execution diagram: registers and memory (iv)
beg x5, x7, 16 add x6, x6, x5
state SO S1 S10 SO S1 S6 S7
PC 00001008 0000100c0000100c j0000100c 00001010 §0000101000001010
OldPC 00001014 100001008} 00001008 00001008 0000100c j0000100c0000100cC
§., IR 5106100728863 00728863 00728863 00530333 |00530333|00530333 _
S garbage® = depends on the
g MDR 222227222 22222222| 22222222 | 22222222 | 22222222 | 22222222 | 22222777 SExt DEC implementation
"éi § A garbage | garbage |00000005 | 00000005 | 00000005 |00006664 00006664
g § B garbage | garbage 00000006 | 00000006 | 00000006 j0OO000005 | 00000005
S g ALUout 00001018)00001018|00001018)00001018)00001018 | garbage” J00006669
m') % x5 00000005 | 00000005 00000005 | 00000005 | 00000005 00000005 100000005
% §‘ X6 00006664 | 00006664 | 00006664 | 00006664 | 00006664 | 00006664 | 00006664
g § x7 00000006 | 00000006 | OO000006 | OOO00006 | OO000006 | OOO00006 | OOOO0006
=2 x9 00002000 00002000} 00002000 00002000 00002000 j00002000100002000
MEM[0x2004] | 00000000 } 00000000 | 00000000 | OO000000  OO0O0000 | 00000000 | 00000000
clk 1 1 1 1 14
# cycle 24 : 25 : 26 27 : 28 : 29 : 30 :



- 00000000
X000 addi x5, x0, 4 00001000 00400293 00001000 | PC
0x1004 i
addi x7, x0, 6 00001004 [ 00600393
for: 00001008 | 00728863 00000000 ] x0
O0x1008 | beq x5, x7, efor 0000100c | 00530333 ] :
0x100c add x6, x6, X5 00001010 | 00128293 00005550 | x5
5 0x1010 addi x5, x5, 1 00001014 51061 00006660 x6
g 0x1014 jal x0, for 00001018 0064a223 00007770 X7
3 efor: :
= 00002004 00000000 00002000 X9
5 0x1018 sw  x6, 4(x9) :
- 74 fFFFfffc x31
Execution diagram: registers and memory (v)
addi x5, x5, 1 jal x0, -12
state S0 s1 S8 s7 ) s1 S9 s7
PC 00001010[00001014 = = = 00001018 = 00001008| o rhaged = RF[IR,, ] = x21
oldpc  |0000100c|00001010 = = = 00001014 = = = 297 -

g IR 00530333 00128293 = = = FF5FFO6T = =

8 MDR 29292977 = = = = = = — garbage® = OIdPC + SExt(imm)
-n = 0x1010 + 1 = 0x00001011
5 A 00006664 = 00000005 = = = garbage® =
g § B 00000005 = garbage®B = = = garbaget = garbage® = RF[IR;5 5]
£ g_ ALUout |00006669 = garbage® | 00000006 = = 00001008]00001018| = x31 = 7?7
- @ X5 00000005 = = = 00000006 = = = .

S garbaget = RF[LIR,,; 50l
38 x6 DUO0EERE | = = = = = & = = 0x1004 + 6 = 0x0000100a
§ E X7 00000006 = = = = = = =

X9 00002000 = = = = - = =
MEM[0x2004] | 00000000 = = = - = - -
cli 1 1 1 i }
# cycle 31 : 32 33 3 : 35 : 36 : 37 38
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L. 00000000
addi x5, x0, 4 00001000 00400293 00001000 PC
addi x7, x0, 6 00001004 | 00600393
for: 00001008 | 00728863 00000000 | X0
beq x5, x7, efor 0000100c | 00530333 | :
add x6, x6, x5 00001010 00128293 00005550 x5
addi x5, x5, 1 00001014 | TT5TT06T 00006660 | x6
jal x0, for 00001018 0064a223 00007770 | X7
efor: 00002004 [ 00000000 50002000 | x9
sw X6, 4(x9) :
- - 7 frrfrfffc x31
Execution diagram: registers and memory (v)
addi x5, x5, 1 Jjal x0, -12
state SO S1 S8 S7 SO S1 S9 S7
PC 00001010§00001014)00001014)00001014§00001014j00001018)0000101800001008
OldPC 0000100c000010103100001010})00001010§00001010§00001014)00001014 00001014
IR 00530333§00128293100128293]100128293]100128293 | Ff5ffo6f | Fr5ffOo6f | FF5FfOo6f
MDR P dadddd Nadddadidd Naddddddd Naddddddd Nadaddidddd Nidddadddd Naddddddd Nadddddds
A 00006664 | 00006664 | 00000005 00000005 | 00000005 | 00000005 | garbageP | garbage
B 00000005 | 00000005 | garbage® | garbage | garbage | garbage | garbagef | garbage
ALUout 00006669 | 00006669 | garbage® 00000006 | 00000006 | 00000006 | 00001008 00001018
x5 00000005 | 00000005 00000005 | 00000005 | OOO00006 | 0OO00006 | OOOO0006 | OO0O00006
X6 00006669 100006669 | 00006669 | 00006669 | 00006669 | 00006669 | 00006669 | 00006669
x7 00000006 | 00000006 | OO000006 | OOO00006 | OOO000006 | 0OO00006 | OOOO0006 |OO000006
x9 00002000 00002000} 00002000 00002000 00002000 §J000020000000200000002000
MEM[0x2004] | 00000000 } 00000000 | 00000000 | 00000000 00000000 | 00000000 | 00000000 00000000
clk 1 1 1 } 1 }
# cycle 31 : 32 33 34 : 35 : 36 : 37 : 38 :

garbage® = RF[IR,, ,,] = x21
= ??7?

garbage® = OIdPC + SExt(imm)
= 0x1010 + 1 = 0x00001011

garbage® = RF[IR;5 5]
= X31 = ??77?
garbagef = RF[IR,, 5]

= 0x1004 + 6 = 0x0000100a
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- 00000000
addi x5, x0, 4 00001000 00400293 00001000 PC
addi x7, x0, 6 00001004 | 00600393
for: 00001008 | 00728863 00000000 ] x0
beq x5, x7, efor 0000100c | 00530333 | :
add x6, x6, x5 00001010 00128293 00005550 x5
addi x5, x5, 1 00001014 | TF5TF06T 00006660 | x6
jal x0, for 00001018 0064a223 00007770 | x7
efor: 00002004 [ 00000000 00002000 | x9
SW X6, 4(x9) :
- 7 frffffc x31
Execution diagram: registers and memory (vi)
beg x5, x7, 16 sw x6, 4(x9) e
state SO S1 S10 SO S1 S2 S5 SO
PC 00001008 0000100c = 00001018§0000101c = = =
OldPC 00001014)00001008 = = 00001018 = = =
IR FF5FF06TF| 00728863 = = 0064a223 = = =
MDR P????7?7?7? = = = = = = =
A garbage = 00000006 = = 00002000 = =
B garbage = 00000006 = = 00006669 = =
ALUout 00001018 = 00001018 = = garbagef ]|00002004 =
x5 00000006 = = = = = = =
X6 00006669 = = - = - - -
X7 00000006 = = = = = = =
X9 00002000 = = = = = = =
MEM[0x2004] | 00000000 = = = = = = 00006669
cli f f f § f }
# cycle 39 : 40 41 42 : 43 : 44 : 45 :

garbagef = OIdPC + SExt(imm) =
0x1018 + 4 = 0x0000101c



.. 00000000
X000 addr x5, x0, 4 00001000 00400293 00001000 | PC
0x1004 i
. addi x7, x0, 6 00001004 [ 00600393
or- 00001008 | 00728863 00000000 ]| x0
Ox1008 [ beq x5, x7, efor 0000100c | 00530333 | :
0x100c add x6, x6, x5 00001010 |__00128293 00005550 | x5
s 0x1010 addi x5. x5. 1 00001014 T5TT06T 00006660 X6
a 7 7
g 0x1014 jal x0, for 00001018 0064a223 00007770 | X7
3 efor: :
= - 00002004 | 00000000 00002000 | x9
5 0x1018 sw  x6, 4(x9) :
- - 7 rffffc x31
Execution diagram: registers and memory (vi)
beg x5, x7, 16 sw x6, 4(x9) e
state SO S1 S10 SO S1 S2 S5 SO
PC 00001008 0000100c |0000100c00001018)0000101cj0000101c|0000101c|j0000101cC
OldPC 00001014)00001008)00001008)0000100800001018)0000101800001018})00001018 garbage® = OIdPC + SExt(imm) =
S IR fF5FF06F| 00728863 00728863 00728863 | 00642223 |0064a223 | 00642223 |0064a223|  0x1018 + 4 = 0x0000101c
§ MDR Y ddataad N ddddddd Nadddaddd Naddddddd Ndadaddd Naddddddd Ndddaddd Naddaddds
*'éi S A garbage | garbage | 00000006 | 00000006 | 00000006 | 00002000 | 00002000 00002000
wv
§ § B garbage | garbage 00000006 | 00000006 | 00000006 00006669 | 00006669 | 00006669
S g ALUout 00001018)00001018|00001018)00001018)00001018| garbage” J00002004 |00002004
© % x5 00000006 | OO000006 | 00000006 | OOOO0O006 | OOO00006 | 00000006 | OOO00006 00000006
% §‘ X6 00006669 | 00006669 | 00006669 | 00006669 | 00006669 | 00006669 | 00006669 | 00006669
§§ x7 00000006 | OO000006 | 00000006 | OOOO0O006 | OOO00006 | 0O0O00006 | OOOO0006 00000006
x9 00002000 00002000 00002000 0000200000002000)0000200000002000j)00002000
MEM[0x2004] | 00000000 } 00000000 | 00000000 | 00000000 | OO000000 | OOO00000 | 00000000 00006669
el 1 1 1 1 1 } 1 |
# cycle 39 : 40 : 41 : 42 : 43 : 44 : 45 :



24) (Adapted September 2016) The program fragment shown below is running on a multicycle RISC-V, which has a 1
GHz frequency, producing an execution time of 3,474 ns.

mv s4, zero

la s5, A

mv s6, zero

li s4, 127
L1: shli s3, s4, 2

add s3, s3, s5
Ilw sO, 0(s3)
add s6, s6, sO
add s4, s4, -1
bge s4, zero, L1

15/01/24 version

L2:
... (rest of the program)

a) Calculate the CPI of this program fragment.
b) Calculate the value of the MIPS metric.

f=1GHz=10%cycles/s T =3474 ns=3,474x10°s

The loop has 6 instructions, and it is executed from s4=127 down to O (i.e. 128 times)
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a) T=NIxCPI/f-> CPI=Txf/NI
In this code: NI = 4 + 6x128 = 772 instructions. Thus, CPI = (3,474x10° s x 10° cycles/s) / 772 instr. = 4.5

b) MIPS =f/ (CPIx106) = 10°/ (4.5x106 ) = 222.2



About Creative Commons

" CClicense (Creative Commons)

O This license enables reusers to distribute, remix, adapt, and build
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