CSC 252: Computer Organization
Spring 2019: Lecture 13

Instructor: Yuhao Zhu

Department of Computer Science
University of Rochester

Action ltems:
 Assignment 3 is due March 1, midnight ***



Announcement

e Lab 3 is due on March 1, midnight
* If you had finished Lab3 without cookie issues you don’t have to
do it again.

* If you had cookie issues, most likely you worked in a pair, then
generate a new cookie, and you have until March 11 midnight to
submit Lab 3.



Announcement

e Mid-term exam: March 7; in class

e Past exam & Problem set: http://www.cs.rochester.edu/courses/
252/spring2019/handouts.html

* Anything on paper is allowed (book, notes, past exams, etc.)

MON TUE WED THU FRI

25 @ 27 28 Mar 1
Today A3 due*

Lecture Midterm


http://www.cs.rochester.edu/courses/252/spring2019/handouts.html
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Executing an ADD instruction
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Executing an ADD instruction
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Executing an ADD instruction

 Logic 1: if (sO == 6) select = s1;
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Executing an ADD instruction
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Executing an ADD instruction

 Logic 1: if (sO == 6) select = s1;
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Executing an ADD instruction
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Executing an ADD instruction
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Executing an ADD instruction

« When the rising edge of the clock arrives, the RF/PC/Flags will be written.
« So the following has to be ready: newData, nPC, which means Logic1, Logic2,

Logic3, and Logic4 has to finish.
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Executing a JLE instruction

 Let’s say the binary encoding for j1e .L0 is 71 0123000000000000
« What are the logics now?
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Executing a JLE instruction
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Executing a JLE instruction

» Logic 1: if (sO == 6) select = s1;
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Executing a JLE instruction

e Logic 1: if (sO == 6) select = s1;
» Logic 2: if (sO == 6) Enable = 1; else Enable = 0;
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Executing a JLE instruction
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Executing a JLE instruction

jle Dest

711

Dest

« Logic 3?7 if (sO == 6) NPC = oPC + 2;
else if (sO ==7) {
if (s1 == 1) {//JLE
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jleDest |7 |1 Dest

Executing a JLE instruction

. Logic 3727 if (sO == 6) NPC = oPC + 2;
else if (SO == 7) {
if s1==1){//]LE
if (Z ] (S Q) nPC = Dest; // jump
else nPC = oPC + 10; // don’t jump, but add 10 (why??)
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Executing a JLE instruction

e Logic 4?7 Does JLE write flags?
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Executing a JLE instruction

e Logic 4?7 Does JLE write flags?
» Need another piece of logic.
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Executing a JLE instruction

e Logic 4?7 Does JLE write flags?
» Need another piece of logic.
* Logic 5: if (sO == 7) EnableF = 0; else if (sO == 6) EnableF = 1;
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Executing a MOV instruction

 How do we modify the hardware to execute a move instruction?

rmmovqg rA, D (rB)

Memory

410 |rA|rB

D

move rA to the memory address rB + D

rmmovqg %rsi,0Ox4lc(%rsp) |40 64 1c 04 00 00 00 00 00 0O
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rmmovqg rA, D (rB)

move rA to the memory address rB + D
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move rA to the memory address rB + D

rmmovqg rA, D (rB) 410(]rA|rB D
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T T 52 ° Read Reg. File e » U Logic 4
|
4 D2 > v 1
oo s 2; L Logic 2 ) ClockT > Flags
c Enable ——1enavieF | [2 1[5 [0
— 1 Logic5 ——,




move rA to the memory address rB + D

rmmovqg rA, D (rB) 410(]rA|rB D
Memory
‘ newData o~
Logic 1
Clock T # (s4...519] M
C I Select
“ frs0)s XA
Logic 3 s110 Re?S Teg — Register L T
T T 52 ° Read Reg. File e » U Logic 4
|
4 D2 > v 1
oo s 2; L Logic 2 ) ClockT > Flags
c Enable ——1enavieF | [2 1[5 [0
— 1 Logic5 ——,




rmmovqg rA, D (rB)

move rA to the memory address rB + D

4

O 1rA|rB

D

* Need new logic (Logic 6) to select the input to the ALU for Enable.

Memory

K

Clock

C
oPC_ nrC. /S0
o
Logic 3

bt

Flags [s2...89] s4
s5

= | |0 O

(@]

Logic 6
newData T
Logic 1
# SAEih M Select
RA |U \
Read Reg. Redist - A
—> egistier

o File B o ¢
Read Reg. ' Logic 4

D 2 > v l
Logic 2 t Cloc:kT »  Flags

Enable Logic 5 EnableF Z[|S||O

14




move rA to the memory address rB + D

rmmovqg rA, D (rB) 410(]rA|rB D

* Need new logic (Logic 6) to select the input to the ALU for Enable.

Logic 6
Memory
<+— Address
newData T
Logic 1
Clock T v [54..519] —p M
C Select
“ frs0)s XA
; s1|0 Read Reg. Reaqist
Logic 3 D 1 —> egister L T
T T 52 ° Read Reg. Flle = > U Logic 4
|
k D 2 > v 1
s s :g 1 Logic 2 i Cloc:kT = Flags
c Enable g |EnableF | [z |Is |0
— 1 Logic5 ——,




rmmovqg rA, D (rB)

move rA to the memory address rB + D

41 0|rA|rB

D

* Need new logic (Logic 6) to select the input to the ALU for Enable.

Memory

<« Data to write

K

Clock

C
oPC_ nrC. /S0
o
Logic 3

bt

Flags [s2...89] s4
s5

= | |0 O

(@]

Logic 6
<+— Address
newData T
Logic 1
# [s4...519]| —pp M Select
RA U \
Read Reg. Redist - A
— Register L
ID 1 - I
Read Reg. File i y U Logic 4
ogic
D2 > v l
Logic 2 t Cloc:kT »  Flags
Enable Logic 5 EnableF Z[|S||O

14




rmmovqg rA, D (rB)

move rA to the memory address rB + D

41 0|rA|rB

D

* Need new logic (Logic 6) to select the input to the ALU for Enable.

Memory

<« Data to write

K

Clock

C
oPC_ nrC. /S0
o
Logic 3

bt

Flags [s2...89] s4
s5

= | |0 O

(@]

Enable

EnableF

Logic5 ——,

< Enable Logic 6
<+— Address
newData T
Logic 1
# [s4...519]| —pp M Select
RA U \
Read Reg. Redist - A
R - I o[+
Read Reg. gl Logic 4
D2 > v l
Logic 2 t Cloc:kT »  Flags

Z||S||O

14




rmmovqg rA, D (rB)

move rA to the memory address rB + D

41 0|rA|rB

D

* Need new logic (Logic 6) to select the input to the ALU for Enable.
« How about other logics?

Memory

<« Data to write

K

Clock

C
oPC_ nrC. /S0
o
Logic 3

bt

Flags [s2...89] s4
s5

= | |0 O

(@]

< Enable Logic 6
<+— Address
newData T
Logic 1
# [s4...519]| —pp M Select
XA
Read Reg. i
Dy o Relg::jillseter .. If) 1
Read Reg. __| "/ Logic 4
ID 2 *
f f
Logic 2 Clock »  Flags
Enable Logic 5 EnableF Zlls||lO

14




How About Memory to Register MOV?

move data at memory address rB + D to rA

mrmovg D (rB), rA 410 |rA|(rB D
<« Data to write
< Enable Logic 6
Memory
<— Address
newData o
Clook T Logic 1
0C
C ¢ [s4...519] —}RA M Select
“ frs0)s XA
; s1|0 Read Reg. :
Logic 3 52 - Dy o > Relgillseter -5 b —I—
Read Reg. > Logic 4
T T 4 D 2 > v 1
o e Sg L Logic 2 t Cloc:kT > Flags
S9lc g Enable . EnableF zllsllo
— 1 Logic5 ——,




How About Memory to Register MOV?

move data at memory address rB + D to rA

mrmovg D (rB), rA 4 10 |rA|rB D
<« Data to write
< Enable Logic 6
Memory [~ Data read back
<— Address
. Y\ O —
oG S
C new atag [s4...519)[—{ 1 =
oPC‘ TnP(ySO 4 RA g A\
: s1/0 Read Reg. -
Logic 3 52 ” Dy o > Relgillseter . b
Read Reg. >t Legio
bt oo res '
Flags [s2...s9] :g 1 Logic 2 f C|OCkT > Flags
: =nable — | Logic 5 [="2PN, | [ Z]S]|O




Microarchitecture (with MOV)
Clock l l l l

Register Flags
PC —
| Memory File 21Is o
Cur. I T A | * l
PC Inst. New Enable? Cur. Flag
Rd/Wr Reg. Cgrrent | Values
Reg. ID eg.
NPeC\)N eg. IDs Vallus Valuges Now Flag
‘ Enable? l Values
I

Combinational Logic

Read current_states;
next_states = f(current_states);
When clock rises, current_states = next_states;




Microarchitecture (with MOV)
Clock l l l l

Register Flags
PC —» Memor :
, v File z||slo
Cur. I T T A | * l
PC Inst. New Enable? Cur. Flag
New Rd/Wr Reg. Current Values
N Data Reg. IDs | | valus Reg. I
PeC\)N X Values New Flag
‘ Enable? l Values
[

Combinational Logic

Read current_states;
next_states = f(current_states);
When clock rises, current_states = next_states;




Microarchitecture (with MOV)
Clock l l l l

Register Flags
PC —» Memor :
, v File z||slo
Cur. I T T T A | * l
PC Inst. New Enable? Cur. Flag
New Rd/Wr Reg. Current Values
N Data | | Addr. Reg. IDs | | valus Reg. I
PeC\)N X Values New Flag
‘ Enable? l Values
[

Combinational Logic

Read current_states;
next_states = f(current_states);
When clock rises, current_states = next_states;




Microarchitecture (with MOV)
Clock l l l l

Register Flags
PC —» Memory 9 2151l
| File
Cur. I T T T A | * l
PC Inst. New Enable? Cur. Flag
I New Addr Rd/Wr Reg. Current | Values
Data : Reg. IDs Reg.
NPeC\)N Data 9 Vallus Valuss New Flag
l ‘ Enable? l Va'lues

Combinational Logic

Read current_states;
next_states = f(current_states);
When clock rises, current_states = next_states;




Microarchitecture (with MOV)
Clock l l l l

Register Flags
PC —» Memory 9 2151l
| File
Cur. I T T T A | * l
PC Inst. New Enable? Cur. Flag
I New Addr Rd/Wr Reg. Current | Values
Data : Reg. IDs Reg.
NPeC\)N Data 9 Vallus Valuss New Flag
l ‘ Enable? l Va'lues

Combinational Logic

Read current_states;
next_states = f(current_states);
When clock rises, current_states = next_states;

next_states has to be ready before the close rises




Microarchitecture Overview

Think of it as a state machine

Every cycle, one instruction gets
executed. At the end of the
cycle, architecture states get
modified.

States (All updated as clock
rises)

= PC register

= Cond. Code register

= Data memory

= Register file

-

Combinational
logic

47

CC
100

A0 E

Data
memory

AN

o 0
=3
» a

NVZAST

Register
file

%rbx = 0x100

B
-]

PC
0x014

18



Clock

Cycle 1:
Cycle 2:
Cycle 3:
Cycle 4:

Cycle 5:

-

Combinational

logic

47

CC
100

“— Cycle1 —7n— Cycle2 — Cycle3 —¢— Cycle4 —
B I IR R [
N
@ @ © @
0x000: irmovg $0x100,%rbx # %$rbx <-- 0x100
0x00a: irmovg $0x200,%rdx # %$rdx <-- 0x200
0x014: addg $rdx, $rbx # Srbx <-- 0x300 CC <-- 000

0x01f: rmmovqg %rbx,0 (%$rdx) # M[0x200] <-- 0x300

PC
0x014

<|F;ad e e state set according to second
Data P+ : : :
irmovqg Instruction

£l> memory | V] 4

e combinational logic starting to

| react to state changes

borts port
<:3 Register g
;> il KA

19



Clock

Cycle 1:
Cycle 2:
Cycle 3:
Cycle 4:

Cycle 5:

-

o

Combinational

logic

47

CC
100

000

“— Cycle1 —»¢— Cycle2 —*— Cycle3

S [ I I N

«—— Cycle4 —

\ N

) ® @

0x000: irmovg $0x100,%rbx # %$rbx <-- 0x100

0x00a: irmovg $0x200,%rdx # %$rdx <-- 0x200

0x014: addg %rdx, $rbx # Srbx <-- 0x300 CC <-- 000

0x01f: rmmovqg %rbx,0 (%$rdx) # M[0x200] <-- 0x300

<F§d - e state set according to second
Data p* : : :
irmovqg Instruction
£l> memory | 4
® combinational logic generates
| results for addq instruction
ports pors
: Srbx
<}3 Register pru
;> file K| <~
— 0x300

)

0x016

o

0x014

<




-

Combinational

logic

47

CC
000

PC
0x016

“— Cycle1 —n— Cycle2 —*— Cycle3 — Cycle 4 —
Clock ' ' ' ' [
B e W ey S ey Y |
@ @ |9 @
Cycle 1:| 0x000: irmovg $0x100,%rbx # %$rbx <-- 0x100
Cycle 2: | 0x00a: irmovg $0x200,%rdx # %$rdx <-- 0x200
Cycle 38: | 0x014: addg %rdx, $rbx # Srbx <-- 0x300 CC <-- 000
Cycle 4:
Cycle 5:| 0x01f: rmmovqg %$rbx, 0 (%$rdx) # M[0x200] <-- 0x300
Read Write '
<‘13 e state set according to addg
25 | instruction
£l> memory
® combinational logic starting
| to react to state Changes
ports pors
<:3 Register | 4
? %rbxfl=|eOX3OO

21



Clock

0

“— Cycle1 —n¢— Cycle2 —*— Cycle3 —7— Cycle4

B s I e BN ey

\
@ O

Cycle 1: | 0x000:

irmovg $0x100, $rbx

# $rbx <-- 0x100

Cycle2:| 0x00a:

Cycle 3:
Cycle 4:

Cycle 5:

irmovg $0x200, $rdx

# %rdx <-- 0x200

0x014:

0x01f:

addg %rdx, $rbx

rmmovqg %$rbx, 0 ($rdx)

# Srbx <-- 0x300 CC <-- 000

# M[0x200] <-- 0x300

Data
memory

Register

file
%rbx = 0x300

e state set according to addg
instruction

® combinational logic generates
results for je instruction

22



Another Way to Look At the Microarchitecture

Principles:

* Execute each instruction one at a time, one after another
* EXpress every instruction as series of simple steps

* Dedicated hardware structure for completing each step

* Follow same general flow for each instruction type

Fetch: Read instruction from instruction memory
Decode: Read program registers

Execute: Compute value or address

Memory: Read or write data

Write Back: Write program registers

PC: Update program counter

23



PC

Write back

Memory

Execute

Decode

icode ifun
rA ,rB
valC

newPC

valE ,valM

Data
memory

Addr, Data

aluA, aluB

valA,valB

srcA, srcB P
dstA, dstB Register

file g

Fetch

Instruction PC
memory

increment

Fetch

= Read instruction from instruction memory
Decode

= Read program regqisters
Execute

= Compute value or address
Memory

= Read or write data

Write Back

= \Write program registers
PC

= Update program counter

24



Stage Computation: Arith/Log. Ops

OPq rA, rB

6

fn

rA

rB

OPqgrA, rB

25



Stage Computation: Arith/Log. Ops

OPq rA, rB

6

fn

rA(rB

OPqrA, rB

Fetch

icode:ifun < M,[PC]
rA:rB < M,[PC+1]

valP < PC+2

Read instruction byte
Read register byte

Compute next PC

25



Stage Computation: Arith/Log. Ops

OPq rA, rB

fn

rA(rB

OPqrA, rB

icode:ifun < M,[PC]
rA:rB < M,[PC+1]

Fetch
valP < PC+2
Decode valA < R[rA]
valB < R[rBl

Read instruction byte
Read register byte

Compute next PC
Read operand A
Read operand B
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Stage Computation: Arith/Log. Ops

OPq rA, rB

fn

rA(rB

OPqgrA, rB

Fetch

icode:ifun < M,[PC]
rA:rB < M,[PC+1]

valP < PC+2

Decode

valA < R[rA]
valB < R[rB]

Execute

valE < valB OP valA
Set CC

Read instruction byte
Read register byte

Compute next PC

Read operand A

Read operand B

Perform ALU operation

Set condition code register

25



Stage Computation: Arith/Log. Ops

Read instruction byte
Read register byte

Compute next PC

Perform ALU operation
Set condition code register

OPq I‘A, rB fnlrAlrB
OPqgrA, rB
icode:ifun < M,[PC]
Fetch rA:rB < M,[PC+1]
valP < PC+2
Decode valA < R[rA] Read operand A
valB < R[rB] Read operand B
valE < valB OP valA
Execute
Set CC
Memory

25



Stage Computation: Arith/Log. Ops

Read instruction byte
Read register byte

Compute next PC

Perform ALU operation

Set condition code register

Write back result

OPq I‘A, rB fnlrAlrB
OPqgrA, rB
icode:ifun < M,[PC]
Fetch rA:rB < M,[PC+1]
valP < PC+2
Decode valA < R[rA] Read operand A
valB < R[rB] Read operand B
valE < valB OP valA
Execute
Set CC
Memory
Write R[rB] < valE
back

25



Stage Computation: Arith/Log. Ops

Read instruction byte
Read register byte

Compute next PC

Perform ALU operation

Set condition code register

Write back result

OPq rA, rB fn|rA|rB
OPqgrA, rB
icode:ifun < M,[PC]
Fetch rA:rB < M,[PC+1]
valP < PC+2
Decode valA < R[rA] Read operand A
valB < R[rB] Read operand B
valE < valB OP valA
Execute
Set CC
Memory
Write R[rB] < valE
back
PC update |PC < valP Update PC

25



Stage Computation: rmmovg

rmmovq rA, D(rB) |4 | O |[rA|rB

D

rmmovq rA, D(rB)

26



Stage Computation: rmmovg

rmmovq rA, D(rB) |4 | O |[rA|rB

D

rmmovq rA, D(rB)

Fetch

icode:ifun < M,[PC]
rA:rB < M,[PC+1]
valC < My[PC+2]
valP < PC+10

Read instruction byte
Read register byte
Read displacement D
Compute next PC

26



Stage Computation: rmmovg

rmmovq rA, D(rB) |4 | O |[rA|rB

D

rmmovq rA, D(rB)

icode:ifun < M,[PC]
rA:rB < M,[PC+1]

Fetch
valC < My[PC+2]
valP < PC+10
Decode valA < R[rA]
valB <— R[rB]

Read instruction byte
Read register byte
Read displacement D
Compute next PC
Read operand A
Read operand B
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Stage Computation: rmmovg

rmmovq rA, D(rB) |4 | O |[rA|rB

D

rmmovq rA, D(rB)

Fetch

icode:ifun < M,[PC]
rA:rB < M,[PC+1]
valC < My[PC+2]
valP < PC+10

Decode

valA < R[rA]
valB < R[rB]

Execute

valE < valB + valC

Read instruction byte
Read register byte

Read displacement D
Compute next PC

Read operand A

Read operand B

Compute effective address

26



Stage Computation: rmmovg

rmmovq rA, D(rB) |4 | O |[rA|rB

D

rmmovq rA, D(rB)

icode:ifun < M,[PC]
Fetch rA:rB < M,[PC+1]

valC < My[PC+2]

valP < PC+10
Decode valA < R[rA]

valB <— R[rB]

valE < valB + valC
Execute
Memory M;[valE] < valA

Read instruction byte
Read register byte

Read displacement D
Compute next PC

Read operand A

Read operand B

Compute effective address

Write value to memory

26



Stage Computation: rmmovg

rmmovq rA, D(rB) |4 | O |[rA|rB

D

rmmovq rA, D(rB)

icode:ifun < M,[PC]
Fetch rA:rB < M,[PC+1]
valC < My[PC+2]
valP < PC+10
Decode valA < R[rA]
valB < R[rB]
valE < valB + valC
Execute
Memory M;[valE] < valA
Write
back

Read instruction byte
Read register byte

Read displacement D
Compute next PC

Read operand A

Read operand B

Compute effective address

Write value to memory

26



Stage Computation: rmmovg

rmmovq rA, D(rB) |4 | O |[rA|rB

D

rmmovq rA, D(rB)

icode:ifun < M,[PC]
Fetch rA:rB < M,[PC+1]
valC < My[PC+2]
valP < PC+10
Decode valA < R[rA]
valB <— R[rB]
valE < valB + valC
Execute
Memory M;[valE] < valA
Write
back
PC update |PC < valP

Read instruction byte
Read register byte

Read displacement D
Compute next PC

Read operand A

Read operand B

Compute effective address

Write value to memory

Update PC

26



Stage Computation: Jumps

jXX Dest

e Compute both addresses
* Choose based on setting of condition codes and branch condition

27



Stage Computation: Jumps

jXX Dest

Fetch

icode:ifun < M,[PC]

valC < My[PC+1]
valP < PC+9

e Compute both addresses
* Choose based on setting of condition codes and branch condition

Read instruction byte

Read destination address
Fall through address

27



Stage Computation: Jumps

jXX Dest

Fetch

icode:ifun < M,[PC]

valC < My[PC+1]
valP < PC+9

Decode

e Compute both addresses
* Choose based on setting of condition codes and branch condition

Read instruction byte

Read destination address
Fall through address

27



Stage Computation: Jumps

jXX Dest
icode:ifun < M,[PC]
Fetch
valC < My[PC+1]
valP < PC+9
Decode
Execute )
Cnd < Cond(CC,ifun)

e Compute both addresses
* Choose based on setting of condition codes and branch condition

Read instruction byte

Read destination address
Fall through address

Take branch?

27



Stage Computation: Jumps

jXX Dest
icode:ifun < M,[PC]
Fetch
valC < My[PC+1]
valP < PC+9
Decode
Execute )
Cnd < Cond(CC,ifun)
Memory

e Compute both addresses
* Choose based on setting of condition codes and branch condition

Read instruction byte

Read destination address
Fall through address

Take branch?

27



Stage Computation: Jumps

jXX Dest
icode:ifun < M,[PC]
Fetch
valC < My[PC+1]
valP < PC+9
Decode
Execute )
Cnd < Cond(CC,ifun)
Memory
Write
back

e Compute both addresses

Read instruction byte

Read destination address
Fall through address

Take branch?

* Choose based on setting of condition codes and branch condition

27



Stage Computation: Jumps

jXX Dest
icode:ifun < M,[PC]
Fetch
valC < My[PC+1]
valP < PC+9
Decode
Execute i
Cnd < Cond(CC,ifun)
Memory
Write
back
PC update [PC <- Cnd ? valC : valP

e Compute both addresses

Read instruction byte

Read destination address
Fall through address

Take branch?

Update PC

* Choose based on setting of condition codes and branch condition

27



Processor Microarchitecture

* Pipelined microarchitecture implementation
 Basic Principles

28



Real-World Pipelines: Car Washes

29



Real-World Pipelines: Car Washes

Sequential
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Real-World Pipelines: Car Washes

Sequential

Pipelined

29



Real-World Pipelines: Car Washes

Sequential

|dea
 Divide process into independent stages
« Move objects through stages in sequence
« At any given times, multiple objects being processed

29



Computational Example

300 ps 20 ps
Combinational F;
logic
g
|
Clock

System

Delay = 320 ps
Throughput = 3.12
Giga Instructions
Per second (GIPS)

« Computation requires total of 300 picoseconds
« Additional 20 picoseconds to save result in register
« Must have clock cycle time of at least 320 ps

30



3-Stage Pipelined Version

100 ps 20 ps 100 ps 20 ps 100 ps 20 ps

Comb. R Comb. R Comb. R Delay = 360 ps
logic e logic e logic e _
A 9 B 9 o 9 Throughput = 8.33 GIPS

Clock

System
 Divide combinational logic into 3 blocks of 100 ps each

« Can begin new operation as soon as previous one passes through
stage A.
» Begin new operation every 120 ps

« Qverall latency increases
« 360 ps from start to finish

31



Pipeline Diagrams

Unpipelined
OP1
OP2
OP3 Time

« Cannot start new operation until previous one completes

3-Stage Pipelined
opif A | B | C
OP2 A

OP3 A
Time

vy)
@)

w

C

« Up to 3 operations in process simultaneously



