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Multi-Cycle Control
(MIPS!)

Copyright © 2014 Elsevier Inc. All rights reserved.
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Unit — MemtoReg
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— lorD
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Credit: H&H Ch. 7

Also called ALU Control
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Multicycle Processor Main FSM

State Datapath pOp

Fetch Instr —Mem[PC]; PC «— PC+4
Decode ALUQut «— PCTarget
MemAdr  ALUOut « rs1 + imm
MemRead Data «— Mem[ALUOui]
MemWEB rd +— Data

Reset

0: Fetch
AdrSic =0

MemWrite Mem[ALUOUt] « rd e

ExecuteR ALUQOut « rs1 op rs2 ALUSIEB =10

Executel  ALUOut « rs1 op imm ALUOp = 00
ResultSre = 10

ALUWB rd «— ALUOQut PCUpdate

BEQ ALUResult = rs1-rs2; if Zero, PC — ALUOut

JAL PC «— ALUOut; ALUQut «— PC+4 op = 0000011 (1w) op =
OR 1101111

(4a1) 1100011

op = 0100011 (sw)

(beq)
52: MemAdr S58: Executel 59: JAL 510: BEQ
ALUSreA =10 ALUSres = 10 ALUSrcA = 01 ALUSrcA = 10
ALUSB =M ALUSRE =01 ALUSrB =10 ALUSB =00
ALUOR = 00 ALUCH =10 ALUGH = 00 ALUCH =01
ResuliSrc = 00 ResultSre = 00
PCUpdate Branch

op = op =
0000011 0100011
{1w) (sw)

55: MemWrite 57: ALUWB
ResultSre = 00 ResuliSre = 00
AdrSre =1 BegWrite

MemWrle

54: MemWB
ResuliSre = 01
BeaWrite




MemRead

MIPS FSM

ALUSrcA =0
lorD=0 ALUSIcA =0
. Start ————» IRWrite ALUSrcB = 11
N7 0D'¥ONa ALUSKcB = 01 ALUOp =00
10 np'aNINn ALUOp = 00
n’'axn PCWrite

Memory address

computaton

ALUSrcA =1

ALUSrcA =1 i
ALUSrcA =1 ALUSrcB =00 i
NHop=00 ALUOp =10 PCWriteCond

PCSource = 01

g completion

RegDst = 1
Reg\Write
MemtoReg =0

MemWrite
lorD =1

MemRead
lorD =1

RegDst=0
RegWrite
MemtoReg = 1

Y

FIGURE D.3.1 The finite-state diagram for multicycle control.
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Control logic

Inputs
A

Outputs <

PCWrite

PCWriteCond

lorD

MemRead

MemWrite

IRWrite

MemtoReg

PCSource

ALUOp

ALUSrcB

ALUSrcA

RegWrite

RegDst
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Instruction register
opcode field

State register

g —

> 16 lines
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TTI;72 0'axn 10
D'V 4 NIYXNN]

FIGURE D.3.2 The control unit for MIPS will consist of some control logic and a register to hold the state. The
state register is written at the active clock edge and is stable during the clock cycle
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Multi-Cycle Microprogram Control

Implementing the Next-State
Function with a Sequencer

Appendix D Part 2 PPTs
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PCWrite
PCWriteCond
lorD
MemRead
PLA or ROM MemWrite

IRWrite

Control unit >

Outputs < | MemtoReg
PCSource
ALUOp
ALUSrcB
ALUSrcA
RegWrite
RegDst
AddrCtl

Input

-

State

7 State
Adder T next state

Address select logic |-

}

sequencer <

Op([5-0]

Instruction register
opcode field

FIGURE D.4.1 The control unit using an explicit counter to compute the next state. In this control unit, the next state is
computed using a counter (at least in some states). By comparison, Figure D.3.2 encodes the next state in the control logic for
every state. In this control unit, the signals labeled AddrCtl/ control how the next state is determined.
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SPOUPNIN Acirctivaue | Acton

0 Set state to 0
1 Dispatch with ROM 1
2 Dispatch with ROM 2
'1 3 Use the incremented state

\ l State
Adder
C i } AddrCtl

——t 0

—_— —
o —e O

i WD)

Dispatch ROM 2 Dispatch ROM 1

t

* ‘r Address select logic

a
o

Instruction register
opcode field

FIGURE D.4.2 This is the address select logic for the control unit of Figure D.4.1.
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Control unit PCWrite
PCWriteCond

lorD
Microcode memory MemRead Datapath
MemWrite

IRWrite
BWrite
Outputs < |MemtoReg
PCSource
ALUOp
ALUSrcB
ALUSrcA
RegWrite
RegDst
AddrCtl

Input

| | _
Microprogram counter
v prog -
Adder T

———»| Address select logic |-

A

—
-

Op[5-0]

Instruction register
opcode field

FIGURE D.4.6 The control unit as a microcode. The use of the word “micro” serves to distinguish between the
program counter in the datapath and the microprogram counter, and between the microcode memory and
the instruction memory.
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Translating a Microprogram to
Hardware (Control Signals)

N'77 1N YV '910 D'2¥N N11DNI DNNON7'N 7Y 112210 WUNNT7 TWOXRY 117X
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N'710 NN X

T I e .

ALUOp = 00 Cause the ALU to add.
-n 7V nnXn
ALU decoder AL control Subt ALUOp =01 Cause the ALU to subtract; this implements the compare for branches.
nNTI7N Nayna Func code ALUOp = 10 Use the instruction's function code to determine ALU control.
PC ALUSTCA=0 Use the PC as the first ALU input.
SRC1
A ALUSIcA =1 Register A is the first ALU input.
B ALUSreB = 00 Register B is the second ALU input.
4 ALUSrcB = 01 Use 4 as the second ALL input.
SRC2 - T
Extend ALUSrcB = 10 Use output of the sign extension unit as the second ALU input.
Extshft ALUSREB = 11 Use the output of the shift-by-two unit as the second ALU input.
Read Read two registers using the rs and rt fields of the IR as the register numbers
and putting the data into registers A and B.
Write ALU RegWrite, Write a register using the rd field of the IR as the register number and the
Register RegDst =1, contents of ALUOut as the data.
control MemtoReg = 0
Write MDR RegWrite, Write a register using the rt field of the IR as the register number and the
= NINIIN 22 RegDst =0, contents of the MDR as the data.
MemtoReg = 1
in |7:l 11|7 18 Read PC MemRead, Read memory using the PC as address; write result into IR (and the MDR).
+ lorD = 0, IRWrite
17¥p 4 Memory Read ALU Efgﬁfi?ad, Read memory using ALUOut as address; write result into MDR.
seqgyencer Write ALU MemWrite, Write memory using the ALUOut as address, contents of B as the data.
lorD=1
ALL PCSource = 00, Write the output of the ALU into the PC.
PCWrite
PC write control ALUOQut-cond PCSource = 01, If the Zero output of the ALU is active, write the PC with the contents of the
PCWriteCond register ALUOut.
Jump address PCSource = 10, | Write the PC with the jump address from the instruction.
\ PCWrite
\ Seq AddrCtl = 11 Choose the next microinstruction sequentially.
) Fetch AddrCtl = QD Go to the first microinstruction to begin a new instruction.
Sequencing
Dispatch 1 AddrCtl = 01 Dispatch using the ROM 1.
Dispatch 2 AddrCtl = 10 Dispatch using the ROM 2.

FIGURE D.5.1 Each microcode field translates to a set of control signals to be set. These 22 different values of the fields
specify all the required combinations of the 18 control lines. Control lines that are not set, which correspond to actions, are 0
by default. Multiplexor control lines are set to 0O if the output matters. If a multiplexor control line is not explicitly set, its output is

adon’t care and is not used. _ _ _ 13
Copyright © 2014 Elsevier Inc. All rights reserved.



0| opcosename [ vaiuo Jll 0 | Opcodeneme [ vame_ B
100011 Tw oo11 |3

000000 R-format . 0110 B
000010 Jmp 1001 9 101011 SW 0101 5
GDD:]-DD Deq | 10{]0 8 Ad rcmp - 2 JXDD I7]X19 l Instructiol
100011 Tw 0010 |2 > VemRead
- ALUSrcA =0
101011 S 0010 2 lorD = 0 ALUSrcA =0
B e ‘Ao o00.
Decode -1 2XpDD 71¥9 ALUOp - 00
|7 I I |7 Memory address Branch S
I 1 I7n D ].X n n -] N w D comptitation completion ;;-ntﬁ-\r-|:n-1

ALUSrcA =1
ALUSrcB = 00
ALUOp =01
PCWriteCond
PCSource = 01

NIYXNXNI] 2¥N7 1 nooinn
AW 1721 IN N2

INT - 0 ax¥n ,n7NnNn7
NN 977Wn

ALUSreA =1
ALUSrcB = 10
ALUOp = 00

ALUSIcA =1
ALUSrcB = 00
ALUOp =10

PCWrite
PCSource = 10

(Op='

Memary

access

R-type completion

RegDst =1
RegWrite
MemtoReg =0

MemRead
lorD =1

MemWrite
lorD =1

RegDst = 0
RegWrite
MemtoReg = 1

FIGURE D.4.3 The dispatch ROMs each have 265 64 entries that are 4 bits wide, since that is the number of
bits in the state encoding. This figure only shows the entries in the ROM that are of interest for this subset. The
first column in each table indicates the value of Op, which is the address used to access the dispatch ROM. The
second column shows the symbolic name of the opcode. The third column indicates the value at that address in
the ROM.

Copyright © 2014 Elsevier Inc. All rights reserved. 14



The sequencing field can have 4 values: Fetch, Dispatchl,
Dispach2 and Sequential.

dispatch table 1 Microcode dispatch table 2
Opcode field | Opcode name Opcode field | Opcode name m
000000 |  Rformat | Rformati | | 100011 | W | w2
000010 Jmp JUMP1 101011 SW Sw2
Q00100 beq BEQ1 \
100011 1w Mem1 |27 ,0'MYyS NIY'DIn n7xN NNIvn 2
101011 SW Meml omi 2 0'wam

FIGURE D.5.2 The two microcode dispatch ROMs showing the contents in symbolic form and using the labels
in the microprogram.

Summary

Independent of whether the control is represented as a finite-state diagram or as a

microprogram, translation to a hardware control implementation is similar. Each state or

microinstruction asserts a set of control outputs and specifies how to choose the next state.

The next-state function may be implemented by either encoding it in a finite-state machine or

using an explicit sequencer. The explicit sequencer is more efficient if the number of states is

large and there are many sequences of consecutive states without branching.

Copyright © 2014 Elsevier Inc. All rights reserved. 15



@The control signals decoder

We just implement the table of slide 54:
Let’s look at ALUSrcA: it is “0” in states 0 and 1 and it is “1” in states 2, 6 and 8. In all other states we don’t care.

let’s look at PCWrite: it is “1” in states 0 and 9. In all other states it must be “0”.

And so, v

fetch

decode

AdrCmp

load

WB

store
ALU

WBR
branch

jump

o 1] fill the table helas and bhuild the decoder
state Control signals
S31 S21 S1i. .Sl ALUSrcA PCWrite |PCWriteCorjd
0] 0] O] O 0 1 0
0101 01 0 0 0
010 110 1 0 0
010 1f 1 X 0 0
0] 11 01 O X 0 0
Ol 1| Of 1 X 0 0
O] 1 1{ 1 X 0 0
1lolofofl 1 0 1
1101 011 X 1 0
All other X 0 0

PN

:]TONXN NO)
29X16 = 256bits



@ State Machine “next state calc.”

logic
opcode current state next state

IR3]|IR3( 1R291R241R271R24 g3 s2l S1] soll s3l s2l s1l sol

X I X ] X X X X] 0f O 0] O of O O] 1

Roeell 0 Of 0] 0] 0] O] Of O O] 1 O 1] 11 O
weswil 1 [ X | X X| X| X|] O Of O 1 of O 1] O
WIIX | X Ol X1 XTI X1tolr o110 01 oL 111
YN x| x| 1l x! x1 x1 0] Of 1] 0 of 11 01 1

Iw,

xs
oade
WB@

R-type=000000, lw=100011, sw=101011, beq=000100, bne=000101, lui=001111,

j=0000010, jal=000011, addi=001000

21°X4 = 4096bits :]TONXIN NO]



nITnY 16+2 7y (N1MY) 07" WY :nam oy winma "71mn“ ROM -n 121N ,nny
.0'011 180 >"ND,(DVN)

(U2 64) ND1D2 O"AXND 6 7V LA 4 7V (K¥1N=) AN1N2 X"D ,dispatchers -n 2 ,q0Na
X4 =64X4=256;2"6 combinations X 4bit value 2°
dispatchers: 2 X 256 =512 2
Total: 180 + 512 = 692 bit

IYWONX .(NITUNIN ROM n noM 4.3Kb nn1v7) 012 692 2"n02a1,0'12512 = 2 7190 (64x4)
.sparse Dn dispatchers-n 2171 1MNXN N1 D¥NNT 179X

10X18=180bit

A 10 1001010000001000
1 0000000000011000 01
N2 2 0000000000010100 10
18=16+2 3 0011000000000000 11
4 0000001000000010 00
5 0010100000000000 00
6 0000000001000100 | 11
7 0000000000000011 00
See table D.3.3 8 0100000010100100 00
9 1000000100000000 00

FIGURE D.4.5 The contents of the control memory for an implementation using an explicit counter. The first column shows
the state, while the second shows the datapath control bits, and the last column shows the address-control bits in each

control wor 7-2 are | to those in Figure D.3.7.
6 e :(SQUENCER ~79) nijynn 71mn -7y

T1: 24X 16 =256 = NN72nN NINIXR, T2: 29X 4 =4096, total: 4.3Kb -naxAn

From



Control unit PCWrite

PCWriteCond

lorD

MemWrite
180b|t IRWrite

BWrite

Outputs < |MemtoReg
PCSource
ALUOp
ALUSrcB
ALUSrcA
RegWrite
RegDst
AddrCt|

' —])
Icroprogram counter
bV 4 N oy
Adder —T/

———— | Address select logic |-

A

Op[5-0]

Instruction register
opcode field

FIGURE D.4.6 The control unit as a microcode. The use of the word “micro” serves to
distinguish between the program counter in the datapath and the microprogram counter,
and between the microcode memory and the instruction memory.

Copyright © 2014 Elsevier Inc. All rights reserved.
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End of Appendix D slides (MIPS)
Appendix C (RISC-V Edition)



Thoughts on Control &
Microprogramming



The Control Store: Some Questions

What control signals can be stored in the control store?

Those independent on data Dainia 0"M7N DI'XRY N'7NX
VS.

What control signals have to be generated in hardwired
logic?

< i.e., what signal cannot be available without processing in
the datapath?

Those dependent on data D ain1a DM7NY N'7N

Remember the datapath

<4 One PCSrc signal depends on processing that happens in

the datapath (bcond logic)
25



Variable-Latency Memory

The ready signal (R) enables memory read/write to
execute correctly

<4 Example: transition from one state to another state is

controlled by the R bit asserted by memory when memory
data is available

Could we have done this in a single-cycle
microarchitecture?

12YNn7 17 o'l Nan 97w - LC3b -n nnalIT NINNY
.35 127vw7 33 17wn

:Y2lj70 DIj7'M

file:///home/telzur/science/Teaching/CPU/Materials/LC3b/state _machi
ne.pdf
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../../../../../../../Materials/LC3b/state_machine.pdf
../../../../../../../Materials/LC3b/state_machine.pdf

o, 17

R 35

IR <- MDR

BEN<—IR[11] & N + IR[10] & Z + IR[9] & P
[R[15:12]]

To 18 15
G{ARC—LSHF(ZEXT[IR[T:U]], |D

R7<-FC
PC<—BaseR

R7<-PC
To'l8 \ PC<-PC+LSHF(off11.1)

13

To 18 B R < _SHF(SR.A.D.amtd)
set CC
;

/ 14 2 6
To 18 DR<-PC+LSHF(off9.1)
set CC (MFLRQ—BH}H-(:) @RRC—B+LSHF(Uﬂ'ﬁ.D @AR(—B-I—LSHF(UFM.@ (MFLR{—B-H}HEJ

To' 18

To 18

29 Y 23 Y
NOTES C:GﬂDR(—M[Mr\R“S:H’D @DR‘:—M[MA%
B+off6 : Base + SEXT[offsed] — -
PCsoffY : PC + SEXT[offsetd] R R + * R R

(P2 may be SR2 or SEXT[imm3] At

27
** [15:8] or [7.0] depending on DR(_SEXTIFggE'DATAD ( DR_<1—(T;'ICDR )
MAR[0] se se

! )

To 18 To 18




Aside: Memory Mapped I/O

Address control logic determines whether the specified
address of LDx and STx are to memory or I/O devices

Correspondingly enables memory or I/0 devices and
sets up muxes

This is another instance where the final control signals
(e.g., MEM.EN or INMUX/2) cannot be stored in the
control store

<4 These signals are dependent on address

28



| [\-‘I.@—LD.MAR

<+—DATASIZE [o.f

E.W

wE [
<—MAR[0] oce 4 | __
I ‘[ < oal | MIOEN  ieor
SIZE 4‘, ' [KBDR |
.‘ WEL WED | KBDR
ADDR. CTL. |
LOGIC \ KBSR
I | |

Y

MEMORY

MDE LD MDRE MEM EN

MIO.EN

16 A6

Loaie =<—DATA SIZE P/]:
ﬂ—h;.ﬁﬁ[ﬁ] 1L 1.
I ' See section C6

Figure C.3: The LC-3b data path

NN
DDR=Display data register

DSR=Display status register

KBDR=Keyboard data register

KBSR=Keyboard status register



The Microsequencer: Advanced Questions
What happens if the machine is interrupted?
What if an instruction generates an exception?

How can you implement a complex instruction using this
control structure?

< Think REP MOVS

(Guy: REP MOVS means: repeat moving data string into another
data string in memory. REP is an instruction prefix )

30



% O

é Fe View [ebug

.REP MOVS NITIX T1V...

race FIJl 8] WS

AN TV

4

EJJJJJEJEHJJ_UJJJQJEEJJJE

-l O Type here to search

&

00401003 PUSH ECX ~ Registers (3DNow!) &

00401004 | PUSH EBX EAX 00413DCO Sample_5_2_e-Sti

00401005 | PUSH ESI ECX 00000000

00401006 | PUSH EDI EDX BFF74FF8

00401007 | MmOV DWORD PTR SS:[EBP-4] .0 EBX 00309000

0040100E | NOP ESP 0019FF18

0040100F | XOR ESI,ESI EBP 0019FF28

00401011 | XOR EDI,EDI '53%490411C?F ASCII "S_IS_MOVS

ggigigii CLD R 00414293 sample_5_2_e-sSti
LEA ESI, _IS_M

0040101A| LEA EDI, ASCII "THI" EIP 00401023 sample_5_2_e-sti
MOVS MOV byte o#~TOVSB C 0 ES 002B 32bit O(FFFFFFF}
MOVS MO rd or MOVSW P1l S 0023 32bit O(FFFFFFFI
MOVS VS dword or MOVSD A O SS 002B 32bit O(FFFFFFFI

00401024 | NOP Z 1 DS 0028 32bit O(FFFFFFFI

00401025 | XOR ESI,ESI S 0 FS 0053 32bit 30C000(FF¥

004010271 XOR _EDT . EDT T 0 GS 002B 32bit O(FFFFFFFI

t00411C?FJ=53495Fii,r*“",""r DO

[00414293]=0 |0 0 LastErr 00000000 ERROR_ v

Address W [AscCII ~[REELTEE]  006D90D0 © m | A

00411C7F |53 5F 49 53 5F 4D 4F 56 53 5F 49 4E 53 54 52 55|8_IS_MOVS_IN |0019FF1C | OO6D6DES | emm

00411C8F 43 54 49 4F 4E 00 00 00 00 54 48 49 53 S5F 49 53 CTION THI |0019FF20 ( 00309000| O

00411C9F|5F 53 54 4F 53 5F 49 4t 53 54 52 55 43 54 49 4F|_sTOS_INSTRU |0019FF24 | 00000000|

00411CAF|4E 00 00 00 00 41 42 43 44 45 46 47 48 49 4A 4B N ABCDEFG [0019FF28(| 0019FF70 EY

00411CBF 4C 4D 4E 00 00 00 00 00 00 CO 00 00 00 00 00 0O LMN A 0019FF2C|L-0040136B | ki @ |RETURN from S

00411ccF| 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 0019FF30| 00000001 |1

00411cDF 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 0019FF34| O06D6DES | emm

00411CEF 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 0019FF38| 006D90DO|D m

00411CFF 00 00 00 00 00 04 30 41 00 00 1E 41 00 02 00 00 10A A |0019FF3C| 7DF58F4B|K 0}

00411D0F 00 08 D1 40 00 00 00 00 00 00 00 00 00 00 00 00 of@ .| 0019FF40| 004013F3|o1 @ _gfmp1e_5_2 e-=

Breskport o Saupl_5_2_e Siog ot 1023 - T Pared




Some good examples for Microprogramming

Implement REP MOVS in a microarchitecture using
microprogramming

Guidelines: What changes, if any, do you make to the
4 state machine?

- datapath?

< control store?

< microsequencer?

Another good example: Implement unaligned word
memory access using microprogramming

32



Table 1: REP MOVS Instruction Variants

Instruction Operand Size Description

MOVSB 8-bit (Byte) Moves one byte from DS:(SI/ESI/RSI) to
ES:(DI/EDI/RDI). Index registers updated by 1.

MOVSW 16-bit (Word) Moves one word from DS:(SI/ESI/RSI) to
ES:(DI/EDI/RDI). Index registers updated by 2.

MOVSD 32-bit (Doubleword) |Moves one doubleword from DS:(SI/ESI/RSI) to
ES:(DI/EDI/RDI). Index registers updated by 4.

MoVSQ ~ |64-bit (Quadword)  |Moves one quadword from DS:(SI/ESI/RSI) to

ES:(DI/EDI/RDI). Index registers updated by 8
(64-bit mode only).

Table 2: Performance Evolution of REP MOVS (Selected Microarchitectures)

Microarchitecture

Key Performance Characteristics/Optimizations related to REP
MOVS

Pentium (P5) Became relatively slow compared to other instructions.

Pentium Pro (Pé) Introduced "fast strings" feature, significantly improving
performance, especially for larger transfers.

lvy Bridge Introduced ERMSB (Enhanced REP MOVSB), further optimizing byte
string operations for large, aligned blocks, making it competitive with
other methods in certain scenarios.

Zen 3 (AMD) Advertises "Fast Short Rep Mov" but has shown poor performance

with REP MOVSB on unaligned data, leading to potential issues with
memcpy implementations that rely on this flag.

Modern Processors

Continue to be optimized, often involving larger internal data
transfers (e.g., 16 or 64 bytes), sophisticated cache management
(prefetching, non-temporal stores), and dynamic adjustments based
on alignment and size. Startup costs can still be a factor for very
small transfers.




AMDT

Software Optimization Guide
for AMD Family 16h Processors

Table 1. Typical Instruction Mappings

Instruction Macro-ops Micro-ops Comments
MOV reg, [mem] 1 1: load Fastpath single
MOV [mem] , reg 1 l: store Fastpath single
MOV [mem] , imm 1 2: move-imm, store Fastpath single
\_> REP MOVS [mem], [mem] Many Many Microcode
ADD reg,red 1 1. add Fastpath single
ADD regq, [mem] 1 2: load, add Fastpath single
ADD [mem],reg 1 2: load/store, add Fastpath single
MOVAPD [mem] , Xmm 1 2: store, FP-store-data Fastpath single
VMOVAPD [mem] , ymm 2 4:2 - {store, FP-store-data} 256b AVX Fastpath double
ADDPD Xmm , Xmm 1 1: addpd Fastpath single
ADDPD xmm, [mem] 1 2: load, addpd Fastpath single
VADDED ymm, yImm 2 2:2 - {addpd} 256b AVX Fastpath double
VADDPD ymm, [mem] 2 4:2 . {load, addpd} 256b AVX Fastpath double

https://developer.amd.com/wordpress/media/2012/10/SOG_16h_ 52128 PUB_Revl 1.pdf




The Power of Abstraction

The concept of a control store of microinstructions
enables the hardware designer with a new abstraction:
microprogramming

The designer can translate any desired operation to a
sequence of microinstructions

All the designer needs to provide is

< The sequence of microinstructions needed to implement
the desired operation

< The ability for the control logic to correctly sequence
through the microinstructions

<4 Any additional datapath control signals needed (no need if
the operation can be “translated” into existing control

signhals
J ) 35



Advantages of Microprogrammed Control

Allows a very simple design to do powerful computation by
controlling the datapath (using a sequencer)

J High-level ISA translated into microcode (sequence of microinstructions)

<4 Microcode enables a minimal datapath to emulate an ISA

< Microinstructions can be thought of as a user-invisible ISA (micro ISA)

Enables easy extensibility of the ISA
< Can support a new instruction by changing the microcode
4 Can support complex instructions as a sequence of simple microinstructions

If I can sequence an arbitrary instruction then I can
sequence an arbitrary “program” as a microprogram
sequence

2 will need some new state (e.g. loop counters) in the microcode for
sequencing more elaborate programs 36



Update of Machine Behavior

The ability to update/patch microcode in the field (after a
processor is shipped) enables

< Ability to add new instructions without changing the processor!
< Ability to “fix” buggy hardware implementations

Examples

- IBM 370 Model 145: microcode stored in main memory, can be
updated after a reboot

- IBM System z: Similar to 370/145.

Heller and Farrell, “Millicode in an IBM zSeries processor,” IBM
JR&D, May/Jul 2004.

<4 B1700 microcode can be updated while the processor is
running

User-microprogrammable machine! 37



Microprogramming in IBM 360

Model M30 M40 M50 M65
Datapath width 8 bits 16 bits 32 bits 64 bits
Microcode size 4k x 50 4k x 52 2.75k x 85 2.75k x 87
Clock cycle time (ROM) 750 ns 625 ns 500 ns 200 ns
Main memory cycle time 1500 ns 2500 ns 2000 ns 750 ns
Price (1964 $) $192,000 $216,000 $460,000 $1,080,000
Price (2018 $) $1,560,000 | $1,760,000 | $3,720,000 | $8,720,000

..........

- tanford

Credit: Stanford Seminar - New Golden Age for Coﬁnputer
Architecture - John Hennessy

https://www.youtube.com/watch?v=bfPV4x-HrUI&t=3343s
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Microprograms: i

Read System/370 Instruction from PS 10 LS

IBM 370 Model 145

Contral : ‘

Storage
Decode operation 1ype

' '

Feich operands from PS to LS

A e —

Execute System/370

T

Instruction via proper routine

Boundary

Object Programs {System/370):

Program
Storage

v

http://bitsavers.informatik.uni-stuttgart.de/pdf/ibom/370/GF20-0385-0 _An_Introduction_to_Microprogramming_Dec71.pdf

Figure 1. General microprogram flow

Control Register

i

Caontral Signals to Control Storage
ALU, Program Storage, Local Storage, elc,

Local Storage

A LU




-
Iﬂﬂlllﬂr.:c:m PUTERS LUTD. TI"v1 n*:lwnnlll-:-ll

15 PROUD TO ANNOUMNCE
THE RELEAZE IN GRALL

CF PRl BSiEhCeiail FOUSTR G R T
arm DOeUTLE TRl O
FEFmEn OF el rom el

THE B~ COMPUTER
1§ ray o W Seroeg
il S rrenige. e W
i v P omd [
il a =eslsl bl

s ogewsitsn o =
I-]lﬂ-_ Lo ]

TR TR Y YTy nMa
gl - 1700 J@N0N Y PN

nNawnd Y¥¥aIn mEn 3
o0 YR OEFASREN

8 = 700 IwA0N

RIFITEY TR ECW PTHES N
Erst o leeoegie Y rTRTET
I =TS TETTET AE R
IeFm e ey fdoe-m
A TF i

Ay e

remage Bm e EmrwL .

= Tgg IWTIER
HE 8- wos comeurer IS T o —
B IS S L EL e aeng

FITE RN HET TR
o EEean B ¥ aaere
= FEED mEDTERTLD] TR = -

AiFit Fane T

qhw- AU ey
B Rt e I T S
i rew Farshbas sl Ssiarmed
P R e ]
e hmesalan by e
Tl Cortewd Pesgras"
Bevwwghi igei=-l 498 = e =

THE B - vrgd COMPUTER
i v by g gy LR G,
I-_H_."lhl--.hl.-“qm
=eiaga hp gt LSRR L

THE B - vrid COMPUTER

b by cenpaldn il e g
M =gy cEmg=bry

TR AR
Frarrnt lesiagia W

1 =100 Jwnon

NTEEL BPPE MEIEY Dmoio
ase, Posless, b, 1P
LiiMii fam ey

= WA G S R

- iro0 Awmno
BF Smim mee)opsng BYRG
) IFYEA Ml S STiT pgean

THE B - vrod COMPUTER
e pes il B crugen g pearborcty ol dnwhapomy
b G eleeeley I 8 mleag pdee [ete
P ey regere sl

P el em e Bg. 2R

Burroughs Yw '109D0N 2WNNN

21700

YIN2 ginuna *utan 1iTh [IJgNIn 2unnan

I =-rea Iwnon
=TT AL MUSTA AN TP Eeg
T WikE AFL Rayen [inrERa A

LATEF meten w9 e e

U

N'"DON
NMIN N
1975

N1l ,NTh AwNnnN2
n'n N1 ,o2pnnn
u-ISA N NX NI
NNRWY N N1 gl
MIX2 TIpNpmMn NX
Ny NN

XY NOWVNnY
.DI"D 11D NID'PY |'N
NIV NNWOX DA IT
15w X DA W' DAN
NNLAX ID'0 NN
Vm



¥
¥

T T v s J 2 3 Tt : p AT B STRTRIAAY,
J—— SR e dnn i drwty AL e A R SR SN AR Y

S J it ot 3 ST T A SRR YT T A

e T HEt

{ m
i
i

|wy auibua-ap0o20.42IwW
0S59201d-9808-MOUY/TT/220Z/W02 01ybLmmm//:sdny :11pald




Update Manager Update Manager - X
“M IQ:I'QCOde update f( : |ﬁ;te|, X86 64
Clear Select All Refresh Install Updates Clear Select Refresh Install Updates U
Type ‘ Upgrade | Mame ame ‘ 0Old Version
bluez bluez
E g Bluetooth tools and daemons 5:53-0ubuntu3.5 © e Bluetooth tools and daemons 5.53-ubuntu3.5
php7.4 php7.4
) o 7.4.3-4ubuntu2.10
O x) Server-side, HTML-embedded scripting language (metapackage) ubunty © <) Server-side, HTML-embedded scripting language (metapackage) T =)
Linuxkernel 5.13.0.51.58~20.04.31 Linux kernel 5.13.0.51.58~20.04.31
¥ <) The Linux kernel 5.13.0.48.54~20.04.30 ¥ x] The Linux kernel 5.13.0.48.54~20.04.30
t g 2.08 t g * 208

Commandline package manager

intel-microcode

202 2
Processor microcode firmware For Intel CPUs il

' Description H Packages ” Changelog '

-CVE-2020-2451 3; IMTEL-TA-00465
— Alex Murray <alex.murray@canonical.com= Wed, 26 May 2021 13:44:00 +0930 ‘
intel-microcode (3.20210216.0ubuntu0.20.04.1) focal-security; urgency=medium

* SECURITY UPDATE: Mew upstream microcode datafile 2021-02-16 (LP: #1927911)
+ Updated Microcodes:
sig 0%00050654, pf_mask 0xb7,2020-12-31, rev 0x2006a0a, size 36864
sig 0x00050656, pf_mask 0xbf, 2020-12-31, rev 0x4003006, size 53248
sig 0x00050657, pf_mask 0xbf, 2020-12-31, rev 0%x5003006, size 53248
sig 0x000706a1, pf_mask 0x01, 2020-06-09, rev 0x0034, size 74752

- CVE-2020-8695 RAPL, INTEL-TA-00389 |

-CVE-2020-8696 Vector Register Leakage-Active, INTEL-TA-00381
-CVE-2020-8698 Fast forward store predictor, INTEL-TA-00381
- Alex Murray <alex.murray@canonical.com= Mon, 10 May 2021 16:42:34 +0930

intel-microcode (3.20201110.0ubuntu0.20.04.2) focal-security; urgency=medium
* SECURITY REGRESSION: Some CPUs in the Tiger Lake Family sig=0x806¢1

fail to boot (LP: #1203883)
-remove 06-8c-01/0x000806¢1 microcode

- Alex Murray <alex.murray@canonical.com> Thu, 12 Hov 2020 09:54:34 +1030

5 updates selected (12 MB)

Commandline package manager

intel-microcode

. . 202 . 2
Processor microcode firmware For Intel CPUs R

' Description H Packages H Changelog '

This package contains updated systemn processor microcode for Intel i686 and Intel X86-64 processors, Intel
releases microcode updates to correct processor behavior as documented in the respective processor
specification updates.

For AMD processors, please refer to the amda4-microcode package.

5 updates selected (12 MB)




Microcode patch, an exampl@@%

CVE-2020-8696

Improper removal of sensitive information before storage
or transfer in some Intel(R) Processors may allow an
authenticated user to potentially enable information
disclosure via local access.

References:

https.//lists.debian.org/debian-Its-announce/2021/02/msg00007
.html

https://nvd.nist.gov/vuln/detail/CVE-2020-8698
https://cve.mitre.org/cgi-bin/cvename.cgi?zname=CVE-2020-8698



https://lists.debian.org/debian-lts-announce/2021/02/msg00007.html
https://lists.debian.org/debian-lts-announce/2021/02/msg00007.html
https://nvd.nist.gov/vuln/detail/CVE-2020-8698
https://cve.mitre.org/cgi-bin/cvename.cgi?name=CVE-2020-8698

Review: The Power of Abstraction

The concept of a control store of microinstructions enables
the hardware designer with a new abstraction:
microprogramming

N'X{77002NN AWIN NX NP TIV '7'70wWN microprogramming 2¥ UOHD1IPN

The designer can translate any desired operation to a
sequence of microinstructions

All the designer needs to provide is

< The sequence of microinstructions needed to implement the
desired operation

J The ability for the control logic to correctly sequence through
the microinstructions ( micro-sequencer )

4 Any additional datapath elements and control signals needed
(no need if the operation can be “translated” into existing

control mnn::lc\
'7w TI'D'I nX 1\3117'7 N1N NNV AP 70 . NIXRIMN-17'D 7W 1NTO7 XN 70 1'PN7 N1
09-NUNTA 11U X 'K D'N™}7 017220 7W D1AIN7 NIN™ AX11INN OX NIXRN-17'0n | 45




Microcoded Multi-Cycle MIPS
Design

NN - XN
.0'MYyL YN N'Miya It NNion

MNDN Tayn XInY 7j7"0 '07MM Tayn |'N .1
TIi7-N7'MNMa vy 1wy X7 MIPS '1ayn .2

Copyright © 2014 Elsevier Inc. All rights reserved.



More Micro-Programming terminology




Horizontal Microcode

“ A single control store provides the control signals

Microcode -
storage
Outputs <
MIPS design \
From n-bit @ PCinput |
P&H, Appendix D : I
l \ﬁJ' Microprogram counter Seqtuelncing
| //\ Adder / ] -
M |Cr0prog ram Ad(iress Sfalect logic
counter

Inputs from instruction
register opcode field

Control Store: 2" k bit (not including

[Based on original figure from P&H CO&D, COPYRIGHT 1 )
2004 Elsevier. ALL RIGHTS RESERVED.] Se q u e n C I n g

k-bit control signal output



Vertical Microcode

“ Two-level control store: the first specifies abstract

0 peratl ons 1-bit signal means do this RT
ierocode /(or combination of RTs)
Abstrapt _ e
operations. \
Register Outputs <
Transfer Level
Operations
n-bit @ PC input

I a m-bit input

Sequencing

Microprogram counter
AV prog control
Adder [

Address select logic |
1

k-bit control signal output

[Based on original figure from P&H CO&D, COPYRIGHT ) ]
2004 Elsevier. ALL RIGHTS RESERVED.] Inputs from instruction

register opcode field

If done right (i.e., m<<n, and m<<k), two ROMs together
(2" m+2™ k bit) should be smaller than horizontal microcode ROM (2" k bit)



Nanocode and Millicode

Nanocode: a level below traditional microcode

<4 microprogrammed control for sub-systems (e.qg., a
complicated floating-point module) that acts as a slave in a
microcontrolled datapath

Millicode: a level above traditional microcode

- ISA-level subroutines that can be called by the microcontroller
to handle complicated operations and system functions

< E.g., Heller and Farrell, “Millicode in an IBM zSeries processor,
IBM JR&D, May/Jul 2004.

JYN 1NN INT XN fpwin DA I :1'X2'0IN

n

In both cases, we avoid complicating the main u-controller

You can think of these as “microcode” at different levels of
abstraction 50



Millicode in an IBM zSeries processor

Millicode In an
IBM zSeries
Processor

Because of the complex architecture of the zSeries®
processors, an internal code, called millicode, is used to
implement many of the functions provided by these systems.
While the hardware can execute many of the logically less
complex and high-performance instructions, millicode is
required to implement the more complex instructions, as well
as to provide additional support functions related primarily
to the central processor. This paper is a review of millicode
on previous zSeries CMOS systems and also describes
enhancements made to the z990 system for processing of the
millicode. It specifically discusses the flexibility millicode
provides to the z990 system.

S

2N@)
-
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eller
arrell



Nanocode Concept Illustrated

a “@coded” processor
imptementatfion
RO -

] processor

opd— datapath
PC —~_
ablnilalaialk 10N
We refer to this 2 “@coded” FPU
as “nanocode” imptgmentation
when a @ coded ROM— | arithmetic
subsystem is embedded 'TPC_ datapath
in a @ coded system




Microcode

credit: https://everything2.com/title/microcode

Microcode is often used to refer to assembly language or even raw
machine language, but it isn't either of these things. It is actually
lower-level code, hard-coded on the silicon itself, that determines
how the processor responds to a given opcode and operand.

What is done is that a miniature ROM is on the chip. Every clock
cycle, based on an internal counter, a given set of bits is read from
the ROM. This set of bits covers all of the outputs needed to
manipulate the internal logic as well as a few of the external signals.
This set of bits is what asserts load and store lines, chip select lines,
activates adders, and so forth. The idea behind RISC was to make
each instruction just one line of these digital outputs.



Nanocode

credit: https://everything2.com/title/nanocode
As the name suggests, nanocode is at a lower-level than microcode.

Machine code is the raw instructions fed into a processor, this is first
decoded by the microcode. This is a translation from the hierarchical
organization of instructions that makes sense to humans, to the actual
steps that need to be taken in various parts of the processor.
Microcode is written in a lookup table to be referenced as each
Instruction is executed.

Nanocode is more finely grained than microcode. It is responsible
for converting the logic of the microcode to the low-level electrical
signals that will cause the desired result. Nanocode is hardwired to
do such things as enabling logic gates to fire their output onto
Interconnects, enabling the proper gates to input same, and setting
the proper flags on the ALU. Very low level stuff that each individual
block of a processor needs to carry out its little part of the instruction.
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[57] ABSTRACT

A data processor having an execution unit and which
includes a control means having a first and a second
control store. The control means has an input for re-
ceiving a control store address. In response to the re-
ceived control store address, the first control store pro-
vides sequencing information at a first output for select-
ing the next control store address. Also, in response to
the received control store address, the second control
store supplies control information at a second output for
controlling the execution unit. The data processor also
includes means for receiving a macroinstruction and
selection means responsive to the macroinstruction and
to the sequencing information for generating the con-
trol store address. In a preferred embodiment, the con-
trol store address is received by both the input of the
first control store and the input of the second control
store. Each control word in the first control store has a
unique control store address. However, a control word,
in the second control store may be selected by many
different control store addresses.



Summary of findings

Microcode 12 |'"'W7 Y7nIn
Wikipedia-a
https://en.wikipedia.org/wiki/Microcode


https://en.wikipedia.org/wiki/Microcode

Multi-Cycle vs. Single-Cycle uArch

Advantages
Disadvantages

You should be very familiar with this right now

58



Microprogrammed vs. Hardwired
Control

“ Advantages

“ Disadvantages
127 ON'NN NQN 97Wn

59



Comparison
Attributes Hardwired Control Microprogramming
Control

Speed Fast Slow
Cost of More expensive Cheaper
Implementation

Flexibility Difficult to modify Flexible
Ability to handle Difficult Easier
complex instruction

Decoding Complex Easy
Application RISC CISC

Instruction Set Size Small iiie

Credit: https://ictbyte.com/microprocessor/difference-between-hardwired-and-micro-programmed-control-unit/




Microcode today

Architecture | Microcode | Reason |
------------ | meee e | meeeieeee e |
x86 | Yes (visible, updateable)| Complex variable-length instructions |
MIPS | Mostly no | Simple fixed-length, RISC philosophy |
RISC-V | “, Optional (cmplx cores)| Designed for simplicity |
ARM | Internal pops | Performance optimization |

On my computer:

telzur@TUF:~$ cat /proc/cpuinfo | grep microcode
microcode : 0x6134
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Computer Architecture
Pipelining I

Dr. Guy Tel-Zur

Based on slides by Prof. Onur Mutlu
Carnegie Mellon University
Spring 2015
With Dr. Guy Tel-Zur & Danny’s modifications




101 9579 H&H Chapter 7-7 112y




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, ...

" Qut-of-Order Execution

® Issues in 00O Execution: Load-Store Handling, ... -



Recap of Last & this Lecture

Multi-cycle and Microprogrammed Microarchitectures

Q

Q

g

Q

Benefits vs. Design Principles
When to Generate Control Signals
“RISC-V” State Machine, Datapath, Control Structure

Microprogrammed Control: ulnstruction, uSequencer, Control
Store

Microprogramming benefits

- Power of abstraction (for the HW designer)
< Advantages of uProgrammed Control

< Update of Machine Behavior

66



Why Pipelining?



Can We Do Better?

What limitations do you see with the multi-cycle design?

Limited concurrency

4 Some hardware resources are idle during different phases
of instruction processing cycle

- “Fetch” logic is idle when an instruction is being “decoded”
or “executed”

< Most of the datapath is idle when a memory access is
happening

68



Can We Use the Idle Hardware to Improve
Concurrency?

Goal: More concurrency ¥ Higher instruction
throughput (i.e., more “work” completed in one cycle)

Idea: When an instruction is using some resources in its
processing phase, process other instructions on idle
resources not needed by that instruction

<4 E.g., when an instruction is being decoded, fetch the next
instruction

< E.g., when an instruction is being executed, decode
another instruction

< E.g., when an instruction is accessing data memory (ld/st),
execute the next instruction

< E.g., when an instruction is writing its result into the
register file, access data memory for the next instruction



Pipelining




Pipelining: Basic Idea
More systematically:

< Pipeline the execution of multiple instructions
Analogy: “Assembly line processing” of instructions -ix ip :naix nnar

Idea:

< Divide the instruction processing cycle into distinct “stages” of
processing

< Ensure there are enough hardware resources to process one
instruction in each stage

< Process a different instruction in each stage

Instructions consecutive in program order are processed in
consecutive stages

Benefit: Increases instruction processing throughput =IPC
(=1/CPI)

Downside: Start thinking about this... nnrva??? 71



Example: Execution of Four Independent ADDs

Multi-cycle: 4 cycles per instruction

FIIDJE|wW
F|DJE

Time

Pipelined: 4 cycles per 4 instructions (steady state)
FIDJE W
Is life always this beautiful?
L [ RAA

FDJE|wW

Time

72




Base

The Laundry Analogy

; S PM Kd =] o 10 R 1= 1 =2 AM
Time
I

Task
order

- S ESE

= o ==l N

- STEsE
- =7 =SED

e PM kd s o 10 a1 1= a =AM

Time

Task
order

~ o=l

- (o =S E

= 0 o7 E=SEE

> =1 E=00

“ “place one dirty load of clothes in the washer”
“ "when the washer is finished, place the wet load in the dryer”
“ “when the dryer is finished, take out the dry load and fold”

“ “when folding is finished, ask te (?7) t t the cloth
aV\Yvailt) oramng s Ims—gtep?sstoyggrar%%rggrae ge(ql}egtg)a'"fly Qgpce%deer?t

- no dependence between different loads
- different steps do not share resources

73

d on original figure from [P&H CO&D, COPYRIGHT 2004 Elsevier. ALL RIGHTS RESERVED.]



Pipelining Multiple Loads of Laundry

. s PM k4 = ) o ES = 2 AM
Time
- T T
Task
order -
~ S ==
= oSS
< o] =S
= o] =Sl
s s o o 11 = =2 AM
Time T
Task
order
- ’
e - ---
o 11 2 2 AM
Ll

- 4 loads of laundry in parallel
“no additional resources
- throughput increased by 4

- latency per load is the same

74

Based on original figure from [P&H CO&D, COPYRIGHT 2004 Elsevier. ALL RIGHTS RESERVED.]



Pipelining Multiple Loads of Laundry: In Practice

Bas

Time—

order

-
U

I
=l

—a
g 0o @ >

Ls

the slowest step decides throughput
75

ed on original figure from [P&H CO&D, COPYRIGHT 2004 Elsevier. ALL RIGHTS RESERVED.]



Pipelining Multiple Loads of Laundry: In Practice

S PM (=] o 10 ANM

=== === [EE

°"[e' =:;|:|HH|—|—I—JH—|—|—I—IH—

throughput restored (2 loads per hour) using 2 dryers
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Based on original figure from [P&H CO&D, COPYRIGHT 2004 Elsevier. ALL RIGHTS RESERVED.]



An Ideal Pipeline  ?'ONT'X |''DD'"D) WIT1 NN

Goal: Increase throughput with little increase in cost
(hardware cost, in case of instruction processing)

Repetition of identical operations

-4 The same operation is repeated on a large number of different
inputs (e.qg., all laundry loads go through the same steps)

Repetition of independent operations
- No dependencies between repeated operations
Uniformly partitionable suboperations nr ni>'an> nT'Nx npion

< Processing can be evenly divided into uniform-latency
suboperations (that do not share resources)

Fitting examples: automobile assembly line, doing laundry
< What about the instruction processing “cycle”?
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Ideal Pipelining

T psec

combinational logic (F,D,E,M,W)

throughput
BW=~(1/T)

—| |—| T/2 ps (F,D,E)

—| T/2 ps (M,W)

— —_— BW=~(2/T)

T/3
ps (F,D)

T/3
ps (E,M)

T/3
ps (MW)

— |— BW=~(3/T)
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More Realistic Pipeline: Throughput

L ] . T=combinational logic
Nonpipelined version with delay T delay

BW = 1/(T+S) where S = latch delay S=latch delay

— [ Tps

k-stage pipelined version Latch delay reduces throughput
(switching overhead b/w stages)
BW, s = 1/ (T/k +S)
BW__=1/(1gatedelay+5S)

AWDNWY DITA DN W7 qriv K TWND D10A0

T/k T/k

| |— 3> |—> © © o o o 0 o —» —>| |—

PS ps
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More Realistic Pipeline: Cost

“ Nonpipelined version with combinational cost G

Cost = G+L where L = latch cost

:11IN0N
Noy-
— |1 G gates > > N'ANIN-
“ k-stage pipelined version Latches increase hardware cost
Cost, ... =G+ L7k
—_— —»G/k —> —»ooooooo—»G/k —> —_—

?212p™M NIAT DY DOXTNN 150NN NN
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Pipelining Instruction
Processing




Remember: The Instruction Processing Cycle

1. Instruction fetch (IF)
2. Instruction decode and
register operand fetch (ID/RF)
3. Execute/Evaluate memory address (EX/AG)
4. Memory operand fetch (MEM)
5. Store/writeback result (WB)

AG=Address Generation
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Remember the Single-Cycle Uarch

Instruction [25-0] @h\

Jump address [31-0]

\ \
26 @28

PC+4 [31-28]

Add

4 ]

Based on original figure from [P&H CO&D, COPYRIGHT 2004

Elsevier. ALL RIGHTS RESERVED.]

Read
address

Instr[uction

Instruction
memory

Instruction [31-26]
——————————————

Instruction [25—21]

Jump

Read

Instruction [20—16]

register 1 Read

Read data 1

LG

M
u
Instruction [15—11] lx
—_

Instruction [15-0]

register 2
Registers Read

Write data 2
register

Write

data

P xcz O

ALU
Add result

ALU ALu
result

16 mﬂ
\ Sign |\

\@\

Instruction [5—0]

-

bcond”|

Address

Write
data

Read
data

Data
memory

Oxczhr

= [ BW=~(1/T)
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Dividing Into Stages

200ps 100ps 200ps 200ps 100ps
IF: Instruction fetch ID: Instruction decode/ EX: Execute/ MEM: Memory access | WB: Write back
register file read address calculation

ignore

//gf;r now

Add

Read
—| PC Address register 1 Read ,\
Read data 1
Zero

register 2
ALU AU
result Address
Data

Instruction Registers Read
Write data 2 0
Instruction register ,\S
memory > Write X memo
data 1 ry
Write

/\ data (
16 . 32
\ Sign |\

Read
data

RF
write

Is this the correct partitioning?

Why not 4 or 6 stages? Why not different boundaries?
84

Based on original figure from [P&H CO&D, COPYRIGHT 2004 Elsevier. ALL RIGHTS RESERVED.]



Pipelined |'27 multicycle 2 nNnwn

Instruction Pipeline Throughput

Program

execution . 2 4 6 8 10 12 14 16 18 x100ps
order Time I I T | T l I I ! >
(in instructions)
Instruction Data
lw $1, 100($0) tetch | R€9|  ALU access | R€9
< >l Instruction Data
lw $2, 200($0) 800ps fetch |R€9[ ALY access | %9
< >l Instruction
J IW $3, 300($0) 800ps fetch
NniMw-1p'1000 800ps
Program
execution . 2 4 6 8 10 12 14 x100ps
Time >
order ' ! ! ! ! ' |
(in instructions)
Instruction Data
lw $1, 100($0) fetch Reg ALU access | °9
Instruction Data
lw $2, 200($0) 200ps fetch Reg| ALU access |°9
<*+—¥|nstruction Data
| lw $3, 300($0) 200ps fetch Reg| ALU access | %9

“— P Pt P P¢——»
200ps 200ps 200ps 200ps 200ps

5-stage speedup is 4, not 5 as predicted by the ideal model. Why?

nXNNn .BW=1/200 :innnn o'wana ,BW=1/800 :[I"7yn D'wINA :n1Iwn
NIYLA AWNYT X7) 4 91NN WTNN 2¥NY7 [P 2¥Nn 2 onn XN S3



Enabling Pipelined Processing: Pipeline Registers

No resource is used by more than 1 stage!

IF/ID ID/EX EX/IMEM MEM/WB
< < B ]
Add + ) UE
4 4 T %
4 _— Add result |
] Shift
@‘ Next PC
s Read 1 o
Address | 15 register Read B
8 é Read data 1 < 43 —
%] " ~
Instruction L = fengtekZ , ]| ALL Zero 8 — ms
memory 3 Lo Registers Read 0 ALU Read
o Write data 2 result < Address o 1
-_ register M data z "
| Write i X ] Data u
| data o 1 memory _— (;(
| Write
= data —
16 [\ 32 - 2 a5
\ Sign |\ £ ] =}
\ @ \ c | <O(
Pipeline registers L. || L [ ]
— — —_— O e —_
ps ps

Based on original figure from [P&H CO&D, COPYRIGHT 2004 Elsevier. ALL RIGHTS RESERVED.]



Pipelined Operation Example

All instruction classes must follow the same path
and timing through the pipeline stages.

Any performance impact?

IF/ID ID/EX EX/IMEM MEM/WB

Add ’\‘
Add
4 Add result
Shift
left 2

s Read
PC Address 5 register 1 Read l\
g o 2 et Zero »> >
i = register
Instruction L L= Registers ALU
memory : Read 0 ALU Read
Write data 2 result Address eadl | L7
register M data
u Data '\Jl
Writ X memory
1 data 1 X
Write
ata

Q71
9710.8{%
Figure

Based on original figure from [P&H CO&D, COPYRIGHT 2004 Elsevier. ALL RIGHTS RESERVED.]



Pipelined Operation Example

sub $11, $2, $3

| w $10, 20($1)

Memory

I Write back

IFD 1D/EX EX/MEM MEM/WEB
[ — —
Add
Add
a4 — Add oSait
Shift
left 2
c =
. Address register 1 Rend
— data 1 ==
£ register 2 —
emes =~ | “Registers read = ALU ALU i
) Nt data 2 result Address el — 3
reg ™M data .
u Data ]
Write x
| cata L memory =
Write
data
1e 32
sign
@
Clock 5 T L — —I
I ! !
| Sub $11, $2, $3
)
W I Write back
>
—.
N IF/1ID ID/EX EX/MEM MEM/WB
T —
- s = —
struc Z register 2 -
Instructon = — Registers  Read ALU  aLuU
i T ata 2 ° result Address REA | . 1
register ™M data ~”
Write i~ Data M
[ |_data .y memory =
Write
data
16 32
sign
@
Clock 6 — —— T |

Based on original figure from [P&H CO&D, COPYRIGHT 2004 Elsevier. ALL RIGHTS RESERVED. ]



Illustrating Pipeline Operation: Operation

View D
t t, t, t, t, ts =
nst, |IF 1D EX MEM||WB
nst, F 100 1[Ex_I[MEMI[wWB
nst, |F 1D EX MEMI|[WB
nst, IF__|D__|{ex |[MEMI||wB <
nst, |F ID EX MEI\lé
IF__|lID__||EX <
steady state IF D %
(full pipeline) IF_ <
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Illustrating Pipeline Operation: Resource View
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Control Points in a Pipeline

Based on original figure from [P&H CO&D,
COPYRIGHT 2004 Elsevier. ALL RIGHTS

RESERVED.]

PCSrc
0
M
u
X
e
IF/ID ID/EX EX/MEM MEM/WB
Add ,\'
Add
4 = A esult
Branch
Shift
RegWrite left 2
s Read MemWrite
PC {-#=>| Address b5 register 1 Read
=
= Read data 1 ALUSrC >
; £ register 2 €ro >
In,?:;fg:’ A = _ Registers  Read ALU ALY
4 Write data 2 result »| Address Readl ]
register data
Data
Write
| data - memory
Write
data
Instruction T
15-0 16 . 32 6
[ ] N Sign \ ALU \
N |extend N\ | control MemRead
Instruction
[20-16]
0
. M ALUOp
Instruction u
[15-11] X
1
RegDst

MemtoReg

Oxcg"‘

Identical set of control points as the single-cycle datapath!!
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Control Signals in a Pipeline

For a given instruction
< same control signals as single-cycle, but
<4 control signals required at different cycles, depending on stage

= Option 1: decode once using the same logic as single-cycle and
buffer signals until consumed

Option 1: Decode once WB
and propagate . >
Instruction Control f M ; WB L
exf— M —- ws|
Option 2: Decode on demand
IF/ID ID/EX EX/MEM MEM/WB

= Option 2: carry relevant “instruction word/field” down the pipeline
and decode locally within each or in a previous stage

This option may reduce the cost of the latches — reduce the number of cWVhichcase is better®d2



RegWrite N0 NINA T7N0N1 N'NO1NN NNalTa

Pipelined Control Signals

PCSrc

Control

R \ IF/ID
> Add . \‘
Add
4 / © >Add result e
‘ Shift Branch
3 left 2 @
5 ALUSIC S
c Read 5 o
PC Address 2 register 1 = 4
‘g Read S
g Read data 1 %
| i £ register 2 Zero > | g
nstruction :
memory > _ Registers  Read rO >ALU ALU Read
Write data 2 result > »| Address py N —]
register M ata
u Data M
; u
_| Write X memory v
data 1 0
__ | Write
data
Instruction
1 32 6
[15-0] \ Sign N ALU MemRead
\ “lextend N Tlcontrol
Instruction
[20-16]
ALUOp

[15-11]

0

M
Instruction u

X

y

Based on original figure from [P&H CO&D,
COPYRIGHT 2004 Elsevier. ALL RIGHTS
RESERVED.]




Remember: An Ideal Pipeline - jiTnn

Goal: Increase throughput with little increase in cost
(hardware cost, in case of instruction processing)nind N>TaNn
NIYY NODODIN N2 DAIY'NN

Repetition of identical operationsD'viap D' TYX DV NI'MITN

<4 The same operation is repeated on a large number of different
inputs (e.g., all laundry loads go through the same steps)

Repetition of independent operations niniw Ni2Iys vixa N

2 No dependencies between repeated operations|'a NN 'N
NI2IVON

Uniformly partitionable suboperations ni'nx nirnwn

< Processing an be evenly divided into uniform-latency
suboperations (that do not share resources)

Fitting examples: automobile assembly line, doing laundry

M M M 11 n 94
O What about the instruction processing “cvcle”?



Instruction Pipeline: Not An Ideal Pipeline

Identical operations ... NOT!  NIX!XNN

4 different instructions ¥ not all need the same stages

Forcing different instructions to go through the same pipe stages

% external fragmentation (some pipe stages idle for some
instructions)

Uniform suboperations ... NOT!

# different pipeline stages ¥ not the same latency
Need to force each stage to be controlled by the same clock
¥ internal fragmentation (some pipe stages are too fast but all take
the same clock cycle time)
Independent operations ... NOT!

“ instructions are not independent of each other

Need to detect and resolve inter-instruction dependencies to
ensure the pipeline provides correct results

¥ pipeline stalls (pipeline is not always moving) 95



Pipelining continues
In next lecture slides...

98



	ארכיטקטורת יח’ עיבוד מרכזית 361-1-4201 הרצאה מס’ 7 Microprogr
	Slide 2
	Slide 3
	דיאגרמת המצבים במעבד RISC-V
	Slide 5
	Slide 6
	Slide 7
	Slide 8
	Slide 9
	Slide 10
	Slide 11
	Translating a Microprogram to Hardware (Control Signals)
	Slide 13
	Slide 14
	Slide 15
	Slide 16
	Slide 17
	Slide 18
	Slide 19
	Slide 20
	Slide 21
	Slide 22
	Slide 23
	Slide 24
	Slide 25
	Slide 26
	Slide 27
	Slide 28
	Slide 29
	Slide 30
	הערת אגב: ...עוד אודות REP MOVS...
	Slide 32
	Slide 33
	Slide 34
	Slide 35
	Slide 36
	Slide 37
	Slide 38
	IBM 370/145
	Slide 40
	Slide 41
	Intel 8086
	Slide 43
	Microcode patch, an example:
	Slide 45
	Slide 46
	Slide 47
	Slide 48
	Slide 49
	Slide 50
	Millicode in an IBM zSeries processor
	Slide 52
	Microcode credit: https://everything2.com/title/microcode
	Nanocode credit: https://everything2.com/title/nanocode
	Motorola 68000 processor
	U.S. Patent 4,325,121
	Slide 57
	Slide 58
	Slide 59
	Slide 60
	Microcode today
	עד כאן אודות מעבד ה- Multi-Cycle והעיסוק במיקרו-קוד
	Slide 63
	עבור ל-H&H Chapter 7 שקף 101
	Slide 65
	Slide 66
	Slide 67
	Slide 68
	Slide 69
	Slide 70
	Slide 71
	Slide 72
	Slide 73
	Slide 74
	Slide 75
	Slide 76
	Slide 77
	Slide 78
	Slide 79
	Slide 80
	Slide 81
	Slide 82
	Slide 83
	Slide 84
	Slide 85
	Slide 86
	Slide 87
	Slide 88
	Slide 89
	Slide 90
	Slide 91
	Slide 92
	Slide 93
	Slide 94
	Slide 95
	Slide 98

