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Recap: Microprogramming
° Microprogramming is a convenient method for
implementing structured control state diagrams:
» Random logic replaced by microPC sequencer and ROM

* Each line of ROM called a pinstruction: )
contains sequencer control + values for control points

* limited state transitions:
branch to zero, next sequential,
branch to pinstruction address from displatch ROM

° Horizontal xCode: one control bit in ginstruction
for every control line in datapath

° Vertical yCode: groups of control-lines coded
together in uinstruction (e.g. possible ALU dest)

° Control design reduces to Microprogramming

« Part of the design process is to develop a “language” that
describes control and is easy for humans to understand

CS152 / Kubiatowicz
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Recap: Microprogramming

sequencer | datapath control
control

v

{1 p-Code ROM

Decoders implement
our pg-code language:

microingtruction (u)

_ v * * For instance:
etch,dispatch, rd-ALU
sequential iiill LluQe_n)-ALU
Dispatch To DataPath

Opcode —» oM

° Microprogramming is a fundamental concept
« implement an instruction set by building a very simple processor
and interpreting the instructions

« essential for very complex instructions and when few register
transfers are possible
« overkill when ISA matches datapath 1-1
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Recap: Exceptions

user program System

" return from
exception

/
—

normal control flow:

sequential, jumps, branches, calls, returns
° Exception = unprogrammed control transfer

 system takes action to handle the exception
must record the address of the offending instruction

- record any other information necessary to return afterwards
* returns control to user
* must save & restore user state

° Allows constuction of a “user virtual machine”
3/10/99 ©UCB Spring 1999
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Recap: Precise Exceptions
° Precise O state of the machine is preserved as if
program executed up to the offending instruction
« All previous instructions completed

« Offending instruction and all following instructions act as if they have
not even started

* MIPS takes this position
° Imprecise O system software has to figure out what is
where and put'it all back together

» Precise exceptions particularly important for virtual memory, since we
may need to quickly schedule another user

« Precise exceptions also important for frequent interrupts, where need
low-overhead restart

° Performance goals often lead designers to forsake
precise interrupts

« system software developers, user, markets etc. usually wish they had
not done this

° Modern techniques for out-of-order execution and

branch prediction help implement precise interryp
3/10/99 ©UCB Spring 1999 csl

l/?ubiatowicz
Lec12.5

Recap: Two Types of Exceptions

° Interrupts
e caused by external events:
- Network, Keyboard, Disk I/O, Timer
» asynchronous to program execution
- Most interrupts can be disabled for brief periods of time
- Some (like “Power Failing”) are non-maskable (NMI)

° Traps
e caused by internal events
- exceptional conditions (overflow)
- errors (parity)
- faults (non-resident page)
e synchronous to program execution
« condition must be remedied by the handler

 instruction may be retried or simulated and program continued
or program may be aborted

CS152 / Kubiatowicz
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Example: How Control Handles Traps in our FSD

® Undefined Instruction—detected when no next state is
defined from state 1 for the op value.

* We handle this exception by defining the next state value for all op
values other than Iw, sw, 0 (R-type), jmp, beq, and ori as new state 12.

» Shown symbolically using “other” to indicate that the op field does
not match any of the opcodes that label arcs out of state 1.

¢ Arithmetic overflow—detected on ALU ops such as
signed add

» Used to save PC and enter exception handler

° External Interrupt — flagged by asserted interrupt line
» Again, must save PC and enter exception handler

° Note: Challenge in designing control of a real machine
is to handle ditferent interactions between instructions
and other exception-causing events such that control
logic remains small and fast.

» Complex interactions makes the control unit the most challenging

aspect of hardware desi%n CS152 / Kubiatowicz
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How add traps and interrupts to state diagram?

PC<Fh0*4

“instruction fetch”

PC <= exp_addr

EPC<=PC-4
PC <= exp_addr

Interrupt
cause <= 12 (Ovf other PC <= exp_addr P
D L B
0 2> m undefined
d\< instruction
I\S <=AopZX|S<=A+SX J
0110 000
v v
.
v
G
010 0 Q
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But: What has to change in our y-sequencer?

° Need concept of branch at micro-code level

Do p-branch
w-offset Cond Select

pendlng |nterrupt
overflow

Seq Select
Y S

EPC<=PC-4
PC <= exp_addr
cause <= 12 (Ovf

£42 \

oxnA-

Dispatch i MAddress
ROM Select

3/ 19/99 [M] LOg Ic CS152 / Kubiatowicz
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Example: Can easily use with for non-ideal memory

@ “instruction fetch”
( ~wait wait

A <=R[rs] “decode / operand fetch”

R[rd] <= S

PC <= PC +4

3/10/99 ©UCB Spring 1999

Rwrite-back Memory Execute
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Summary: Microprogramming one inspiration for RISC

°If simple instruction could execute at very high clock
rate...

°If you could even write compilers to produce
microinstructions..

° If most programs use simple instructions and
addressing modes..

°If microcode is kept in RAM instead of ROM so as to
fix bugs ..

° If same memory used for control memory could be
used instead as cache for “macroinstructions”.

° Then why not skip instruction interpretation by a
microprogram and simply compile directly into lowest
language of machine? (mlcroprogrammlng is overkill
when ISA matches datapath 1-1)

] CS152 / Kubiatowicz
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The Big Picture: Where are We Now?

° The Five Classic Components of a Computer

Processor
Input
Control
Memory
Datapath Output

° Next Topics:
* Pipelining by Analogy
* Administrivia; Course road map

3/10/99 ©UCB Spring 1999
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Pipelining is Natural!

° Laundry Example

° Ann, Brian, Cathy, Dave
each have one load of clothes

EBOD

Sequential Laundry

6PM 7 8 9 10

[ Time

30‘ 40 ‘20‘30‘ 40 ‘20‘30‘ 40 ‘20‘30‘ 40 ‘20‘
=7/

11 Midnight

to wash, dry, and fold 5
(e, T
° Washer takes 30 minutes a
S
o k
° Dryer takes 40 minutes o o
r
° d
° “Folder” takes 20 minutes ﬁft e
r
° Sequential laundry takes 6 hours for 4 loads
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Pipelined Laundry: Start work ASAP Pipelining Lessons
o ° Pipelining doesn't help
6PM 7 8 9 10 11 Midnight 6PM 7 8 of single task; it
| . | . helps of entire
( Time e ( Time workload
\ \ \ \ \ \ \ \ \ \ \ \ ° Pipeline rate limited by
40 40 40 20 40 40 40 20 pipeline stage
T T { tasks operating
a a simultaneously using
s s different resources
k k ° Potential speedup =
o o
r r ° Unbalanced lengths of
d d pipe stages reduces
e e speedup
r r ° Time to “ fill " pipeline and
timeto “ "it reduces
speedup

3/10/99 ©UCB Spring 1999
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° Stall for Dependences

] CS152 / Kubiatowicz
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Administrative Issues
°Computers in the news:

*Intel decided to settle out of court

*FTC had much narrower case with Intel
than with Microsoft

*Intel choose quieter solution still
stinging from bad publicity due to
Divide bug.

°Moving on to Chapter 6

°Next week[] sections in Cory Lab

3/10/99 ©UCB Spring 1999 CS152 / Kubiatowicz

The Five Stages of Load

i CycleliCycle2 | Cycle3iCycle4 | Cydes5 i

Load| |fetch |Rengec| Exec | Mem | Wr |

° Ifetch: Instruction Fetch
¢ Fetch the instruction from the Instruction Memory

° Reg/Dec: Registers Fetch and Instruction Decode
° Exec: Calculate the memory address

° Mem: Read the data from the Data Memory

° Wr: Write the data back to the register file

3/10/99 ©UCB Spring 1999 CS152 / Kubiatowicz
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Note: These 5 stages were there all along! Pipelinina
= o . .
% R <= MEM[PC] Improve performance by increasing throughput
L ( > PC <C:)dDO%+ 4 Z:;?i";n i 2 4 5 & tal (HEET SR e AT
% * ;nld;rnmm T T T T T T T T T
Iresknuct [=- -]
Q ALUout A | mai“‘| M| e |"°'1
o <= PC +SX i ot
S 000 ki B sl w | 2 [
e 3, 00K$0Y Bre e
% 3 BEQ —
8 ALUout ALUout ALUout If A =B then Program
= <=AfunB )(<=Aopzx) (<=A+sx) ((<=A+sx) ( PC<=ALUOut i 2+ 6 e » 4 u .,
W 0110 000 1011 ol
> v wes ooy ] e [ 22 [
o M <= —
% MEM[ALUout]) (MEM[ALUout] W $2 0N 2ns | am|  [Re| v | 2 m|
2« 1001 b $3, 200809 T (| w0 | 2 |w|
T
Q9 2ns 2rs 2rs 2ns 2re
, . ! 2
@ I deal speedup isnumber of stagesin the pipeline.
= Do we achieve this?
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Basic Idea

F: Irestnuction ®=tch 1D: hesruction decodey ER: Eveonte ) HEM: Menon access | WE: Wiite bach,
regizter dle read wddress caladation

° What do we need to add to split the datapath into stages?

Graphically Representing Pipelines

Time (in doch cydes) »

Program
il ccd cC 2 CC3 CC 4 CCE e

° Can help with answering questions like:
* how many cycles does it take to execute this code?
« what is the ALU doing during cycle 4?
« use this representation to help understand datapaths
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Conventional Pipelined Execution Representation Single Cycle, Multiple Cycle, vs. Pipeline
44— Cyclel > 4 Cyde2————
Time m N
o Sindle Cycle Implementation:
[ IFetch|Dcd  [Exec |Mem [wB | — Sos YT
|IFetch|Dcd |Exec |Mem |WB |
C clelgc cIe2§C cle3§C cle4§C cle5:C cle6§C cIe?gc cle8§C cle9§C cle 10
|IFetch|Dcd |Exec |Mem |WB | yele i Lyce s Lycde s Lyces: Lyl ycleb; Lycle r; Lycles; Lyclediycle

|IFetch|Dcd IExec |Mem IWB |

|IFetch|Dcd |Exec IMem IWB |

{ Program Flow [1Fetch[Dcd  [Exec [Mem [wB |

] CS152 / Kubiatowicz
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Multiple Cycle Implementation:
Load Store R-type
Ifetchl Reg | Exec | Mem | Wr Ifetchl Reg | Exec | Mem Ifetch|

Pipeline Implementation:

Load| Ifetchl Reg I Exec I Mem I Wr |

Stord Ifetchl Reg | Exec | Mem | Wr |

R-typel Ifetchl Reg I Exec I Mem I Wr |
3/10/99 ©UCB Spring 1999
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Why Pipeline?

° Suppose we execute 100 instructions
° Single Cycle Machine

Time (clock cycles)

v

* 45 ns/cycle x 1 CPI x 100 inst = 4500 ns
o H H / |Im |.
Multicycle Machine n llnst 0
* 10 ns/cycle x 4.6 CPI (due to inst mix) x 100 inst = 4600 ns s
. . . t
° Ideal pipelined machine finst1
* 10 ns/cycle x (1 CPI x 100 inst + 4 cycle drain) = 1040 ns
o |Inst 2
r
d |[Inst 3
e g
r
Yinst 4 ;Dm
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Can pipelining get us into trouble?
°Yes: Pipeline Hazards _
e structural hazards: attempt to use the same resource two Time (clock cycles) R
different ways at the same time 4
- E.g., combined washer/dryer would be a structural hazard
or folder busy doing somethlng elsg (Yvatchlng TV) / | vem
e data hazards: attempt to use item before it is ready n Load
- E.g., one sock of pair in dryer and one in washer; can't fold s
until get sock from washer through dryer t lInstr 1 q Regl Memf
- instruction depends on result of prior instruction still in the r.
pipeline Mem|Reg Mem - Reg
7 g
« control hazards: attempt to make a decision before condition is o |Instr 2 | |- [ H .
evaulated r f N
- E.g.,washing football uniforms and need to get proper d Instr 3 |Mem Reg[ (e Mem
detergent level; need to see after dryer before next load in e i
- branch instructions r YInstr 4 |Mem|. Reg[ ?, jMemlr
° Can always resolve hazards by waiting L}
¢ pipeline control must detect the hazard
« take action (or delay action) to resolve hazards o Detection is easy in this case! (right half highlight means read, left half write) .
3/10/99 ©UCB Spring 1999 CS152/ Kubiatowicz 3/10/99 ©UCB Spring 1999 CS152/ Kubiatowicz
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| s limit perf

° Example: if 1.3 memory accesses per instruction
and only one memory access per cycle then

« average CP1>1.3
» otherwise resource is more than 100% utilized

CS152 / Kubiatowicz
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Control Hazard Solutions

° Stall: wait until decision is clear

/ Time (clock cycles) R
n ; ,
¢ |Add |M‘*"HR69[r e {Fe]

r Mem|ilR ? ol [

. |Bed [MemlIl rég ) d I' s

o |0 G BT )
r

° Impact: 2 lost cycles (i.e. 3 clock cycles per branch
instruction) => slow

° Move decision to end of decode

» save 1 cycle per branch CS152 / Kubiatowicz
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Control Hazard Solutions
° Predict: guess one direction then back up if wrong
 Predict not taken

/ Time (clock cycles) g
n : g
lada HEE By

" MemH| Reg ?, Mem 1 Rey

d Load Memid| Reg ?, Mem

; PR B

r

° Impact: 0 lost cycles per branch instruction if right,
1 it wrong (right - 50% of time)
* Need to “Squash” and restart following instruction if wrong
* Produce CPlon branch of (1*5+2*.5)=15

» Total CPI might then be: 1.5* .2+ 1*.8 =1.1 (20% branch)
152 / Kubiatowicz

31989 10re dynamic schem&“FSHSAIBT 1 branch (- 90%%) tectz a1

Control Hazard Solutions

° Redefine branch behavior (takes place after next
instruction) “delayed branch”

r” Time (clock cycles) R
: |Add |Me"+‘|R69[fMemg Re

; Beq ME‘EZ Mem :

o | Misc MMM%

; |Load |M;-m_[ Reg] @ Reg

° Impact: 0 clock cycles per branch instruction if can
find instruction to put in “slot” (- 50% of time)

° As launch more instruction per clock cycle, less useful

] CS152 / Kubiatowicz
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Data Hazard on rl

Data Hazard on rl:

* Dependencies backwardsin time are hazards

Time (clock cycles)
IF_: IDIRF \EX: _MEM_WB
add r1,r2,r3 , |add r1,r2,r3 Jom [-Resl
n = o
subr4,rl r3 ° |subrd,rir3 I'm Hrel ¥ ) g
r. >
and r6, rl ,r7 and r6,r1,r7 im Hlrelt ¥ pim 5
o ‘ :
or r8,rl,r9 ©lor r8,r1,r9 Rl ™ e
e B
xor r10, r1,r11 r [xorr10,r1,r11 E |'[Reg[ |
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Data Hazard Solution:
* “Forward” result from one stage to another * Dependencies backwardsin time are hazards
Time (clock cycles) Time (clock cycles)
IF IF_: ID/RE NEX: _MEM_WB
, 1add ri,r2,r3 lw r1,0(r2) o R
n :
° |subrd,rir3 subr4,ri,r3 '™ Hr8l P e
and r6,r1,r7
(,7 « Can't solve with forwarding:
g |or r8,r1,r9 « Must delay/stall instruction dependent on loads
e R
rixorrl0,ri,ril
* “or” OK if define read/write properly
3/10/99 ©UCB Spring 1999 C€S152/ Kubiatowicz 3/10/99 ©UCB Spring 1999 CSlSi é S‘;"_’g‘go"wcz
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* Dependencies backwardsin time are hazards

Time (clock cycles)
IF i ID/IRF MEM WB

Iw r1,0(r2) )

1] :

subrarirs (Sl

» Can'’t solve with 'forwarding:
* Must delay/stall instruction dependent on loads

CS152 / Kubiatowicz
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Designing a Pipelined Processor

° Go back and examine your datapath and control
diagram

° associated resources with states

° ensure that flows do not conflict, or figure out how
to resolve

°assert control in appropriate stage

CS152 / Kubiatowicz
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Control and Datapath: Split state diag into 5 pieces

.............................................................................................................

L A Y,
A <- R[rs]; B<—R]rt]
..."".-."1‘-.-.".-.-.".-.l"".-."".-.-."i‘-*".-."""."&"""."""""l ..................
P |s<A+B; S<Aorzx; S<—A+SX; S<—A+SX; If Cond :
PC < PC+SX; :

. o
2 : dEE
= 4 = v A
() b7 ~\ M
=z S $
S1EEL  cn
3/10/99 ©UCB Spring 1999 fa (§15i é CgbgOW'CZ

Pipelined Processor (almost) for slides

° What happens if we start a new instruction every

cycle?
v [
ANRERENER G EAE:
0 =
g 2 > 9 xj—» O £ c d¥ o
jz 3 |_>|j [a ) n =
=N IN N N N = |~ )
—1 A ©
IR 5
v VV-" w
o
O D g — 9 > o2
e ol & E l% S > [T
b~ % — 7 L\ 4
[} B g
= i 8
g -
T O
o=
3/10/99 ©UCB Spring 1999 CS152 / Kubiatowicz

Lec12.40




CS152 / Kubiatowicz

3/10/99 ©UCB Spring 1999 Lec12.41

Pipelining the Load Instruction

CycleléCycIeZ Cycle3§ Cycle4 ECycIeS ECycIee ECycIe7

cook I "L LI [

1st IW| Ifetch |Reg/Dec| Exec | Mem | Wr |

2nd Iw| Ifetch |Rengec| Exec | Mem | Wr |

3rd|w| Ifetch |Reg/Dec| Exec | Meml Wr |

° The five independent functional units in the pipeline
datapath are:

* Instruction Memory for the Ifetch stage

» Register File’s Read ports (bus A and busB) for the Reg/Dec stage
« ALU for the Exec stage

» Data Memory for the Mem stage

» Register File’s Write port (bus W) for the Wr stage

CS152 / Kubiatowicz
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The Four Stages of R-type

CycIelECycIeZ Cycle3§Cycle4

R-type| |fetch |Rengec| Exec | Wr |

° Ifetch: Instruction Fetch
¢ Fetch the instruction from the Instruction Memory

° Reg/Dec: Registers Fetch and Instruction Decode

° Exec:
* ALU operates on the two register operands
« Update PC

°Wr: Write the ALU output back to the register file

CS152 / Kubiatowicz
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Pipelining the R-type and Load Instruction
CycleléCycIeZ CycIe3§CycIe4 ECycleE ECycIeG ECycIe7 ECycIeS ECycIe9

Cook I 1L [ L1 L LI

Ops! v:\/e have aéproblem!é

R—type| Ifetch |Reg/Dec| Exec | Wr |

R-type| Ifetch |Rengec| Exec | Wr |

Load| Ifetch |Reg/Dec| Exec | Mem |/ Wr ‘
| |
R—type| Ifetch |Reg/Dec| Exec |\Wr /|

R-type| Ifetch |Rengec| Exec | Wr

°We have pipeline conflict or structural hazard:
» Two instructions try to write to the register file at the same time!
* Only one write port

CS152 / Kubiatowicz
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Important Observation

¢ Each functional unit can only be used once per
instruction

¢ Each functional unit must be used at the same stage
for all instructions:

« Load uses Register File's Write Port during its 5th stage

1 2 3 4 5
Load | Ifetch |RegDec] Exec | Mem | wr |

« R-type uses Register File’s Write Port during its stage

1 2 3 4
R—type| Ifetch |Reg/Dec| Exec I Wr |

° 2 ways to solve this pipeline hazard.

CS152 / Kubiatowicz
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Solution 1: Insert “Bubble” into the Pipeline

i CycleliCycle2 | Cycle3iCycle4 iCycle5 i Cycle6 i Cycle7 iCydle8 iCycle9 i

Clock
| Ifetch |Reg/Dec| Exec | Wr |

Load | Ifetch |RegDec] Exec | Mem | wr |

R-typs-l Ifetch IReg/DecI Exec |/\| Wr
| Ifetch IReg/Dec Pipeline|l Exec I Wr

R-typel :
R-type| Ifetch | Bubble Reg/DecI Exec | Wr |
| Ifetch |Reg/Dec| Exec |

° Insert a “bubble” into the pipeline to prevent 2 writes
at the same cycle

e The control logic can be complex.
» Lose instruction fetch and issue opportunity.

° No instruction is started in Cycle 6!

CS152 / Kubiatowicz
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Solution 2: Delay R-type’s Write by One Cycle

° Delay R-type’s register write by one cycle:
* Now R-type instructions also use Reg File's write port at Stage 5

* Mem stage is a NOOP stage: nothing is being done.
1 2 3 4 5

R-type| Ifetch |RegDec] | Exec || Mem | wr |

CycleléCycIeZ Cycle3§ Cycle4 §Cycle5 §Cycle6 §Cycle7 §Cycle8 §Cycle9
cok L LT L 1L rrri

R-type| Ifetch |Reg/Dec| Exec | Mem | Wr |

R-type| Ifetch IRengecI Exec I Mem I Wr |

Load| Ifetch IReg/DecI Exec I Meml Wr |

R-typel |fetch |Reg/Dec| Exec | Mem | Wr |

R—type| Ifetch IReg/DecI Exec I Mem I Wr |

CS152 / Kubiatowicz
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Modified Control & Datapath

[ 1R <- Mem[Pc]; PC <- PC+4;

v
A <- R[rs]; B<—R]rt]
v v v ; v v
S<-A+B; S<-AorzX; S<—A+SX; S<-A+SX; if Cond PC

< PC+SX;

v v v
[ M<—wmemis | [ memis]<-& |
v v

[Rraj<~m; | [rRin<-m | [REg<-m | &
O

| e

File

E

Next PC
b PC
ﬂ

ccess

£
- > S152 / Kubiatowi
. ublatowicz
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The Four Stages of Store

i CycleliCycle2 | Cycle3iCycle4

Store| |fetch |Rengec| Exec | Meml Wr I

° Ifetch: Instruction Fetch
¢ Fetch the instruction from the Instruction Memory

° Reg/Dec: Registers Fetch and Instruction Decode
° Exec: Calculate the memory address
° Mem: Write the data into the Data Memory

CS152 / Kubiatowicz
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The Three Stages of Beq

i CycleliCycle2 | Cycle3iCycle4

S I N N N

Beql |fetch |Rengec| Exec | Meml Wr I

° Ifetch: Instruction Fetch
¢ Fetch the instruction from the Instruction Memory

° Reg/Dec:

* Registers Fetch and Instruction Decode

° Exec:
« compares the two register operand,
« select correct branch target address
« latch into PC

CS152 / Kubiatowicz
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Control Diagram

| IR <- Mem[PC]; PC < PC+4; |

v
A <- R[rs]; B<—R]rt]
v v v ; v v
S<-A+B; S<-AorzX; S<—A+SX; S<-A+SX; If Cond PC

< PC+SX;

v v v
[ M<—mems] | [ vemisj<-B |
v v

[Rrai<-s; | [Rig<-s;| [Rraj<-m | 8
o
A |
c &) ;[— 8-2
8 %) 9] : A L Is l I_'\A/l_ x ic
s |2 = —| W A vy A
B o A
z £ X ?
A A Edlae
> §8 E(§152/Kb't i
- [a) ubiatowicz
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Datapath + Data Stationary Control

£
[}
=
B
=

v

v

]
(

<

Next PC

CS152 / Kubiatowicz
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Let's Try it Out

Start: Fetch 10

o]
£ o —
[} o —p
= —»| o —
; S WB
+3 )
2 [a] ) Mem \Ctrl
10 Iw rl, r2(35) - R ] Cirl
14 addl 12,12, 3 o ] )
\AA
a re e, (o0 \AH— o sl | 5
20 sub r3,r4,15 g ol Ll g Isli4, rL @ T
24 beq 6, r7,100 ~—B| H»\- e
o |lme
; E Lol o 10 Iw  r1,r2(35)
S O
30 on 8, r9, 17 these addresses are octal Y \—<|0= 14 addl r2,r2, 3
34 add ri0,r11,rl12 g 20 sub r3,r4,15
=
x 9 24 Dbeq 16,r7,100
z 30 ori r8,r9,17
100 and rl13,r14, 15 O 34 add ri0,ri1,r12
3/10/99 ©UCB Spring 1999 CSlSiécgbi;goWicz 3/10/99 ©UCB Spring 1999 100 arft 15@3}(1%%@
Fetch 14, Decode 10 Fetch 20, Decode 14, Exec 10
o] > _
£ © — > £ ® —
G k) > g |= 3 —
= o) —> S|y o - —
= 2 wB gl s = wB
2 o — Mem Ctrl 2|z o 2l— Mem Ctrl
= Ctrl \ - )8 — Ctrl \
o |IM j IR 2 ||t E’ j
L A A 4 L 4 4 LA A 4 AA 4
w_ P - v = P -
e AT ¢ s =E g2 ge | ¢ s =E g2
N . > 3 lvvr * Tl e | 3 lvv *
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\ /IB 4 \ \ /IB 4 \
L] [T e 3 L T c @
I I
> E 2 8 gé 10 w1, 12(35) > E 2 3 gé 10 w  r1,r2(35)
y —U 14 addl r2,r2,3 y —U 14 addl 12,12, 3
8 20 sub r3,r4,r5 8 20 sub r3,r4,r5
< [ < = [ o
5 N 24 beq r6,r7,100 5 I 24 beq r6,r7,100
=z 30 ori 18,1917 = 30 ori 18,1917
O 34 add rl10,r11,r12 O 34 add rl10,r11,r12
a a
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Fetch 24, Decode 20, Exec 14, Mem 10

Inst. Mem
br3,rd, r

T [su
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= T ws
2 Mem Citrl
Ctrl \
j L A4
0 Tl 2w
™ diY L=
+ @ L
N L \A 4 I“" ™
)
c @
ol
> E g 8 g %E) 10 Iw  r1,r2(35)
y —|x 14 addl 2,12, 3
8 20 sub r3,r4,r5
< 7 <
3 N 24 beq r6,r7,100
=z 30 ori 18,1917
8 34 add rl10,r11,r12
. CS152 LKybiatawicz,
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Fetch 30, Dcd 24, Ex 20, Mem 14, WB 10
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o a1 9 I CIREE
= o |5 o x T
(AR Ty P _ > N L vy t
» W > A
\—|r5| | ()
NispaS ca
ol
> E g 8 g %E) 10 Iw  rl,r2(35)
y —U 14 addl 2,12, 3
8 20 sub r3,r4,r5
= [ o
5 & 24 beq 6, 7,100
= 30 ori 18,1917
8 34 add rl10,r11,r12
. CS152 LKybiatawicz,
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Fetch 34, Dcd 30, Ex 24, . Mem 20, WB 14

Inst. Mem
orir8,r9 17
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i 5}
™
\AA4 (t‘
r6 g IS R T
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S B =
7l e\ 0
E 3l
;E g% gé 10 w  r1,r2(35)
a)
v —/| - 14 addl r2,r2,3
8 20 sub r3,r4,r5
= |7 <fi
% S 24 Dbeq 16,117,100
zZ 30 ori 18,719, 17
add ri10,r11,r12
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Fetch 100, Dcd 34, Ex 30, Mem 24, WB 20

r1=M£r2+35]
r2=r2+3
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5|5
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©
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©
IR o
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>
|
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ED |
»(D| 2 3 g5 10
v \=— < /|O =
A, 14
O
20
ne
] A 24
= 30
g 34
313RgPs, we should have only one(ggé%yggiégslgggcnon 100

Iw rl, r2(35)
addl r2,r2,3
sub r3,r4,r5
beq 6, r7, 100
ori 18,9, 17
add ri0,rl11,rl12
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Fetch 104, Dcd 100, Ex 34, Mem 30, WB 24

| T
[Te}
el — S o |—
] ~ 5] — ©
= I 2 g we = = = T we
2l g Mem | | | oy z E Mem | © Ctrl
- )< Ctrl \ = Ctrl N
2
@ |— j \A4 j \AJ
IR . ~ . D¢ ri=M[r2+35] IR . o ;E o o| ri=M[r2+35]
gL N g —L 'E ET| r2=r2+3 gL |4 8 :L |l | ET| r2=r2+3
o 1L » S (2[¥vy r N r3=r4-r5 @ NI L AA r 2ULA r3=r4-r5
g () P = )
£ 8 £ 8
< <
> E 2 8 5 %E’ 10 w1, 12(35) »|D| 2 3 g %Ea 10 w  r1,r2(35)
Y —x 14 addl r2,r2,3 Y A~ 14 addl r2,r2,3
8 | 20 sub r3,r4,15 8 | o 20 sub r3,r4,15
b5 = 24 beq 16,17, 100 b5 3 24 beq 16, 17,100
z 30 ori 18,1917 z 30 ori 18,1917
8 34 add ri0,rl11,rl12 8 34 add ri0,rl11,rl12
Squash the extra instruction in the branch shadow! o Squash the extra instruction in the branch shadow! o
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Summary: Pipelining
— — O WE ° What makes it easy
IS ™ . .
% % —_— .:;' NO Ovflow « all instructions are the same length
- ] g « just a few instruction formats
2] o) — .
£ * memory operands appear only in loads and stores
PAAL , 1=M[r2+35] ° What makes it hard?
|R » o (@] () ri= r2+
§ % § g L o & ET| r2=r2+3 « structural hazards: suppose we had only one memory
W~ [RY "\r b r3=rars « control hazards: need to worry about branch instructions
|| r8 =r9| 17 . . . . .
B IS § o= ! » data hazards: an instruction depends on a previous instruction
» |D g 8 g % 10 Iw  rl,r2(35)
A4 A~ 14 addl 12,12, 3 ° We'll build a simple pipeline and look at these issues
8 | < 20 sub r3,r4,15
% p 24 beq 16,17, 100 ° We'll talk about modern processors and what really
z 30 or 18,19, 17 makes it hard:
O 34 add r10, ri1, r12 * exception handling
Squash the extra instruction in the branch shadow! o * trying to improve performance with out-of-order execution, etc. o
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Summary

° Pipelining is a fundamental concept
« multiple steps using distinct resources

° Utilize capabilities of the Datapath by pipelined
instruction processing

« start next instruction while working on the current one
« limited by length of longest stage (plus fill/flush)
» detect and resolve hazards

CS152 / Kubiatowicz
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