DL X Instruction For mat

| - type instruction 6 bits 5 bits 5 bits 16 bits

--

10 11 15 16
Encodes. L oads and stores of bytes, words, half words. All immediates (rd = rslop |mmed|ate)
Conditional branch instructions (rslisregister, rd unused)
Jump register, jump and link register (rd =0, rs =destination, immediate = 0)

R - typeinstruction 6 bits 5 bits 5 bits 5 bits 11 bits

10 11 15 16

Reglster-reglster ALU operatlons. rd - rslfuncrs2 Function encodesthe data path operation:
Add, Sub .. Read/write special registersand moves.

J - Typeinstruction 6 bits 26 bits

Offset added to PC

0 5 6 31

Jump and jump and link. Trap and return from exception
EECC551 - Shaaban |-
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A Basic Multi-Cycle
| mplementation of DL X

 Everyinteger DL X instruction can be implemented in at
most five clock cycles:

1 Instruction fetch cycle (IF):

NPC - PC + 4

2 Instruction decodelr egister fetch cycle (ID):

A = RegdlIRg ]

B - RegqIR ;; 5]
Imm = ((|R16)16##IR16..31)

Note: IR (instruction register), NPC (next sequential program counter register)
A, B,Imm aretemporary registers

IEECC551 - Shaaban }

#2 Lec#2 Winter 2001 12-5-2001




A Basic Implementation of DL X (continued)

3 Execution/Effective address cycle (EX):

— Memory reference:
ALUOutput - A + Imm;

— Register-Register ALU instruction:
ALUOutput - A func B;

— Register-lmmediate AL U instruction:
ALUOutput - A op Imm;

— Branch:

ALUOutput NPC + Imm;
Cond = (AopO

IEECC551 - Shaaban }
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A Basic Implementation of DL X (continued)

4 Memory access/branch completion cycle (MEM):

— Memory reference:

LMD - Mem[ALUOutput] or
Mem[ALUOutput] = B;

— Branch:

If (cond) PC - ALUOutput else PC - NPC

Note: LMD (load memory data) register

IEECC551 - Shaaban }
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A Basic Implementation of DL X (continued)

5 Write-back cycle (WB):
— Register-Register ALU instruction:
Regq IR ;5 ,J = ALUOutput;

— Register-Immediate ALU instruction:

Reg9q IR ;; ;] = ALUOutput;

— Load instruction:

Regs[IR ;1] = LMD;

Note: LMD (load memory data) register

IEECC551 - Shaaban }
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euclion decodel : Exesute M Wi
R H PG IFLECNEry Clescole H H EITIEIT}' H e
Ingtruetion feteh : ; : addrass : :

: register fetch : ealeulation BLCESS {  back

MPC

—
¥
"-:-CE-:':

i Branch i
i Zerad Condf:
: fakan :
: w1
: u
Instructan R Reaisters %) :
BT T P ALY i
P M output [ ]
—"IE ' u ! Dty
- irh reamoa
Y i

A Multi-Cycle | H-e{me o
DL X Datapath
| mplementation

FIGURE 3.1 The implementation of the DLX datapath allows every instruction to be executed in four or five clock

cycles.
EECCS551 - Shaaban H
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Pipelining: Definitions
Pipelining isan implementation technigue wher e multiple

oper ationson a number of instructions are overlapped in
execution.

An instruction execution pipeline involves a number of
steps, where each step completesa part of an instruction.

Each step is called a pipe stage or a pipe segment.

The stages or steps are connected oneto the next toform a
pipe -- instructions enter at one end and progress through
the stage and exit at the other end.

Throughput of an instruction pipelineisdetermined by
how often an instruction existsthe pipeline.

Thetimeto move an instruction one step down thelineisis
equal to the machine cycle and is deter mined by the stage
with the longest processing delay.

EECC551 - Shaaban
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Pipdining: Design Goals
Thelength of a machine clock cycleisdetermined by the
timerequired for the dowest pipe stage.

An important pipeline design consideration isto balancethe
length of each pipeline stage.

If all stages are perfectly balanced, then the time per
Instruction on a pipelined machine (assuming ideal
conditionswith no stalls):
Time per instruction on unpipelined machine
Number of pipe stages

Under theseideal conditions:

— Speedup from pipelining equalsthe number of pipeline stages. n,
— Oneinstruction iscompleted every cycle, CPI =1.

IEECC551 - Shaaban }
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Simple DL X Pipelined
| nstruction Processing

Clock Number Timein clock cycles®

I nstruction Number 1 2 3 4 5 6 7 8 9
Instruction | |F ID EX MEM WB

Instruction 1+1 IF ID EX MEM WB

Instruction 1+2 IF ID EX MEM WB

Instruction 1+3 IF ID EX MEM WB
Instruction | +4 IF ID EX MEM WB

<4— Timetofill thepipeine =——jp
DL X Pipeline Stages.

| F = |nstruction Fetch : : _ | ast instruction
_ , First instruction, | ’

1D = Instruction Decode C leted | +4 completed

EX = Execution omplet

MEM = Memory Access

WB = WriteBack

EECC551 - Shaaban
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din inslucSonsg)

Prospam axadubon s

Time {in clock, cyclas) i

cc1 i oc2 | cos | oG4 i GCE § ©CE i ©oo7 i CGa i CC

It _'_I: 2

Ind _'J:

ind —'—E Flag i E E () Fieg

M it Repg | ? A OM [ FAeg i
Ind == Aeg ; - oM [ Rep |

FIGURE 3.3 The pipeline can be thought of as a series of datapaths shifted in time.
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A Pipelined DL X Datapath

» Obtained from multi-cycle DL X datapath by adding buffer registers between pipeline stages

» Assumeregister writesoccur in first half of cycle and register reads occur in second half.

il

=

Inetruction | 1R
memary [

IFID

IDVEX

FIGURE 3.4 The datapath is pipelined by adding a set of registers, one between each pair of pipe stages.
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Stage

Any instruction

IF IF/ID.IR « Mem[FC]:
IF/ID.NPC,PC «— {if BE/MEM.cond {EX/MEM.NPC} else {PC+4)):
I ID/EX.A « Regs [IF/ID.IRs . _10l: ID/EX.B « Regs[IF/ID.IR11. 1s]l:
ID/EX.NPC & IF/ID.NPZ; ID/EX.IR <« IF/ID.IR;
ID/EX.Imm & (IRyg) "##IR1s. 31
ALU instruction Load or store instruction Branch instruction
EX EX/MEM.IR « IL/EX¥.IE: EX/MEM.IR+ ID/EX.IR
EX/MEM. ALUOutpute EX/MEM. ALUCubDput « EX/MEM, ALUSuLput «
ID/EX.A op ID/EX.E; ID/EX.2 + ID/EX.Imim: ID/EX.NPC+ID.EBX. Tmm:
of
EX/MEM.ALUTOuLpuL «
ID/EX.A op ID/EX. Imm;
EX/MEM.cond « 0 EX/MEM.cond «— 0; EX/MEM, comnd
EX/MEM.Bé¢— ID/EBX.2: {(ID/BX.A o 0);
MEM MEM/WE.IER « EX/MEM.IF: MEM/WE.IR « EX/MEM.IR:
MEM/WE.ALUTOuEpuL MEM/WE . LMD
EX/MEM. ALUOutput ; Mem[EX/MEM., ALUCutput] ;
o1
Mem[EX/MEM., ALUOuLtput] «
EX/MEM.B:
WE Regs [MEM/WE.IR15. 20l « Regs [MEM/WEB.IR]1.  15] +

MEM/WE . ALUOutpuL ;

o

Regs [MEM/WE.IR]] . . 15] «
MEM/WE . ALUOuLput ;

MEM/WE . LMD;

FIGURE 3.5 Events on every pipe stage of the DLX pipeline.
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Basic Performance I ssues | n Pipédining

e Pipelining increasesthe CPU instruction throughput:
The number of instructions completed per unit time.
Under ideal condition instruction throughput isone
Instruction per machinecycle, or CPI =1

e Pipelining does not reduce the execution time of an
Individual instruction: Thetime needed to complete all
processing steps of an instruction (also called instruction
completion latency).

e It usually dightly increasesthe execution time of each
Instruction over unpipelined implementations dueto the
Increased control overhead of the pipeline and pipeline
stageregistersdelays.

IEECC551 - Shaaban }
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Pipdining Performance Example

« Example: For an unpipelined machine:

— Clock cycle=10ns, 4 cyclesfor AL U operations and branches
and 5 cycles for memory operationswith instruction frequencies
of 40%, 20% and 40%, respectively.

— |f pipelining adds 1nsto the machine clock cyclethen the
speedup in instruction execution from pipeliningis:

Non-pipelined Averageinstruction execution time = Clock cycle x Average CPI

=10nsx ((40% + 20%) x4+ 40%x 5) =10nsx 4.4 =44ns

In the pipelined five implementation five stages are used with
an average instruction execution timeof: 10ns+ 1 ns=11ns

Speedup from pipelining = Instruction time unpipelined
|nstruction time pipeined
= 44ns/11ns =4times

IEECC551 - Shaaban }
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Pipeline Hazards

« Hazardsaresdituationsin pipelining which prevent the next
instruction in theinstruction stream from executing during

the designated clock cycle.

 Hazardsreducetheideal speedup gained from pipelining
and are classified into three classes:

— Structural hazards. Arisefrom hardwareresource
conflicts when the available har dwar e cannot support all
possible combinations of instructions.

— Data hazards. Arisewhen an instruction dependson
theresultsof a previousinstruction in away that is
exposed by the overlapping of instructionsin the
pipeline

— Control hazards: Arise from the pipeining of conditional
branches and other instructionsthat changethe PC

IEECC551 - Shaaban }
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Performance of Pipelineswith Stalls

 Hazardsin pipelines may make it necessary to stall the
pipeline by one or more cycles and thus degrading
performance from theideal CPI of 1.

CPI pipdined = ldeal CPlI + Pipeine stall clock cycles per instruction

* |f pipeining overhead isignored and we assumethat the stagesare
perfectly balanced then:

Speedup = CPI unpipelined/ (1 + Pipeline stall cycles per instruction)

 When all instructionstake the same number of cyclesand isequal to
the number of pipeline stagesthen:

Speedup = Pipelinedepth /(1 + Pipeline stall cycles per instruction)

IEECC551 - Shaaban }
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Performance of Pipelineswith Stalls

« |f wethink of pipelining asimproving the effective clock cycle
time, then given the the CPI for the unpipelined machine and
the CPI of theideal pipelined machine = 1, then effective
speedup of a pipelinewith stalls over the unpipelind caseis

given by:
Speedup = 1 X  Clock cyclesunpiplined

1 + Pipeline stall cycles Clock cycle pipelined
* When pipe stages are balanced with no overhead, the clock
cyclefor the pipeined machineissmaller by a factor equal to
the pipeined depth:
Clock cycle pipelined = clock cycle unpipelined / pipeline depth
Pipelinedepth = Clock cycle unpipelined / clock cycle pipelined

Speedup = 1 X pip€eine depth

1 + pipeline stall cycles per instruction

IEECC551 - Shaaban }
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Structural Hazards

e |n pipelined machines overlapped instruction execution
requires pipelining of functional unitsand duplication of
resour cesto allow all possible combinations of instructions

In the pipeline.

e |f aresource conflict arisesdueto a hardwar e resour ce
being required by morethan oneinstruction in asingle
cycle, and one or mor e such instructions cannot be
accommodated, then a structural hazard has occurred,

for example:
— when a machine hasonly oneregister filewrite port

— or when a pipelined machine has a shared single-
memory pipelinefor data and instructions.

® stall the pipelinefor onecyclefor register writes or
memory data access

IEECC551 - Shaaban }
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Tirme {in clock cycles)

¥

cct1 ccz ¢ cca | co4 i ecs o co6 . oo . cce

Load Mem : i Reg : } 7 Mem [—F Reg |

Imatruction 1 harm ¢+ Reg

Imstruction 2 ham : R

Instruction 3 Mem Reg

DLX with Memory | e

T Unit Structural Hazards L L JH

3.6 A machine with only one memory port will generate a conflict whenever a memory reference occurs.

IEECC551 - Shaaban }
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L )

Tirne (in chock cycles)

cct i ecz | ces i ©c4a i ccs i coe i oeo7 i cca

Load hern i+ Reg B .- hermn ,-' Heg

5 ] |
Inatruction 1 h=m i 1 Reg ;J A Mam . Reg |

Instruction 2 hem b B .-. Mam ,-s Heg
Stall Bubble Bubble Bubble

Resolving A Structural | _|: ----- ™

T Hazard with Stalling e F'“’g_ ;f Y

FIGURE 3.7 The structural hazard causes pipeline bubbles to be inserted.
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A Structural Hazard Example

« Giventhat datareferencesare 40% for a specific
Instruction mix or program, and that theideal pipelined
CPI ignoring hazardsisequal to 1.

* A machinewith a data memory access structural hazards
requiresasingle stall cyclefor datareferencesand hasa
clock rate 1.05 times higher than the ideal machine.
|gnoring other performance losses for this machine:

Averageinstruction time = CPlI X Clock cycletime
Averageinstructiontime = (1+ 04 x1) x Clock cycle
1.05
= 1.3 X Clock cycletime

Ideal

ideal

IEECC551 - Shaaban }
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Data Hazards

o Data hazardsoccur when the pipeline changesthe order of
read/write accessesto instruction operandsin such a way that
theresulting access order differsfrom the original sequential
Instruction operand access order of the unpipelined machine
resulting in incorrect execution.

« Datahazardsusually requireoneor moreinstructionsto be
stalled to ensure correct execution.
 Example:
ADD R1,R2, R3
SUB R4,R1,R5
AND R6,R1, R7
OR RB8,R1,R9
XOR RI10,R1, R11

— All theinstructions after ADD usetheresult of the ADD instruction
— SUB, AND instructions need to be stalled for correct execution.

IEECC551 - Shaaban }
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L)

Tima (in clock cycles]

(S| (8] ol G4 CGA 6
T 3 -
= ADD R1.RZ, A3 | M i Reg 2 oM [ [ Reg |
= H 8 H
= B _ / [ ]| L.
é} - - — .Jd-"-..-r"_ ! I.'u
£ = - = S L[]
= T \ B L .
- r‘ = ." \
i SUE R4, A1, AS I . Aeg = i D[] Rag
E R — / .".l . [ I
E L L S : i
g — R — : — —
= e T O . :
£ ANDRBB.R1, A7 I i Feg = E 0
& U / . |
DL X Dat T D
OR RA, A1, RO a a I D Reg | LT
p  XOR R0, A1, A1 :
I F;
Figure 3.9 Theuseof theresult of the ADD instruction in the next threeinstructions § g Reg
causes a hazard, sincetheregister isnot written until after thoseinstructionsread it.
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Minimizing Data hazard Stalls by Forwarding

Forwarding isa hardware-based technique (also called register
bypassing or short-circuiting) used to eliminate or minimize
data hazard stalls.

Using forwar ding hardware, theresult of an instruction is copied
directly from whereit isproduced (ALU, memory read port
etc.), towhere subsequent instructionsneed it (AL U input
register, memory write port etc.)

For example, in the DL X pipelinewith forwarding:

— The ALU result from the EX/MEM register may be forwarded or fed
back tothe ALU input latches as needed instead of the register
operand valueread in the |ID stage.

— Similarly, the Data Memory Unit result from the MEM/WB register
may be fed back to the ALU input latches as needed .

— |f the forwarding hardwar e detects that a previous ALU operation isto
writetheregister corresponding to a source for the current ALU
operation, control logic selects the forwarded result asthe ALU input
rather than the valueread from theregister file.

IEECC551 - Shaaban }
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Program axeculion order {in instruclions}

Tirne (in clock oyeles) -

[ Le2 o3 CC4 CCh CCE

ADD R1.AZ,A3[ M | Reg o I Req
T
SUB A4, A1, RS I © Feg B Tl oM [ Reg

. SRR
AND 6. R1, R7 IM | Feg I; DM

et
Pipelined DL X T L L
T with Forwar ding S

3.10 A set of instructions that depend on the ApD result use forwarding paths to avoid the data hazard.

IEECC551 - Shaaban }
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L oad/Stor e Forwarding Example

Time {in clock cycles) T

CCH oo 2 o3 co4 [ Coe

ADD R1,AZ2, B3| IM E Reg D Feg
e | b |—#; I
o > ,:: —
LW B4, O(R1) I . Reg /#J 3 oM 1% Rag |

Program axeculion order {in instructions}

SV 12(R1) A4 ik

' FIGURE 3.11 Stores require an operand during MEM, and forwarding of that operand is shown here.

IEECC551 - Shaaban }
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Data Hazard Classification

Given two instructions |, J, with | occurring before J
In an instruction stream:

RAW (read after write). A true data dependence

J tried toread a sourcebeforel writestoit, so J
Incorrectly getsthe old value.

WAW (write after write): A name dependence

J triestowrite an operand beforeit iswritten by |
Thewritesend up being performed in the wrong order.

WAR (write after read). A name dependence

Jtriestowriteto adestination beforeitisread by I,
so | incorrectly getsthe new value.

RAR (read after read):. Not a hazard.

IEECC551 - Shaaban }
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Data Hazard Classification

| (Write)

—

| (Read)

Shared
Operand

J (Read)

/

Read after Write (RAW)

| (Write)

—

T

Shared
Operand

J (Write)

/'

Write after

Shared
Operand

Read (WAR)

| (Read) —

J (Write)/

Write after Write (WAW)

Shared
Operand

J(Read)—

Read after Read (RAR) not ahazard

EECC551 - Shaaban
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Data Hazards Present in Current DL X Pipeline
Read after Write (RAW) Hazards. Possible?

— Resultsfrom true data dependencies between instructions.
— Yespossible, when an instruction requires an operand generated by a preceding
instruction with distance lessthan four.
— Resolved by:
 Forwarding or Stalling.

Write after Read (WAR):

— Resultswhen an instruction overwrites theresult of an instruction before all
preceding instructions haveread it.

Write after Write (WAW):

— Resultswhen an instruction writesinto aregister or memory location before a
preceding instruction have written itsresult.

Possible? Both WAR and WAW areimpossiblein the current pipeline.
Why?
— Pipeline processes instructionsin the same sequential order asin the program.
— All instruction operand reads are completed befor e a following instruction
overwritesthe operand.
® ThusWAR isimpossiblein current DL X pipeline.
— All instruction result writes are donein the same program order.
® ThusWAW isimpossiblein current DL X pipeline.

IEECC551 - Shaaban }
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Data Hazards Requiring Stall Cycles

* |n some code sequence cases, potential data hazards
cannot be handled by bypassing. For example:

LW R1,0(R2)
SUB R4, R1,R5
AND R6, R1, R7
OR RS, R1, R9

« TheLW (load word) instruction hasthe data in clock
cycle4 (MEM cycle).

e The SUB instruction needsthe data of R1in the
beginning of that cycle.

 Hazard prevented by hardware pipeline interlock
causing a stall cycle.

IEECC551 - Shaaban }
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Time (in clock cycles) -

GG 1 Co 2 cC 3 CC 4 o5
C

= LW R1, O{R2) Ih ; Reg Reg
= a
3 i i :
= — __
g
=
g SUB R, A1, A5 M
=
=
= ! [
[*]
E —
=
E - —
I:'; 1
z x I‘:
S AND R&, R1, RY A i Reg
CL. i

OA RS, R1, A9 M | Rag
' el el

FIGURE 3.12 The load instruction can bypass its results to the AND and OR instructions, but not to the sSUB, since
that would mean forwarding the result in “negative time."
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Hardwar e Pipeline Interlocks

* A hardware pipelineinterlock detects a data hazard and
stallsthe pipeline until the hazard is cleared.

« TheCPI for the stalled instruction increases by the

length of the stall.

e For the Previousexample, (no stall cycle):

LW R1,0(Rl) IF ID
SUB R4,R1,R5 IF
AND R6,R1,R7
OR RS, R1, R9

With Stall Cycle:

LWR1,0R1) IF ID
SUB R4,R1,R5 IF
AND R6,R1,R7
OR R8, R1, R9

EX
ID
| F

EX
1D
| F

MEM
EX
1D
| F

MEM

STALL
STALL
STALL

WB

MEM WB

EX MEM WB

1D EX MEM WB
WB
EX MEM WB

ID EX MEM  WB

| F ID EX MEM WB

IEECC551 - Shaaban }
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FProgram exacution ordar {in instructions)

Timea [in clock oycles) -

CCA Co2 CC 3 CC 4 Cos CC6
LW Rt O(R2y | IM ' Feg /&' oM 2 Heg

SUB R4, A1, RS I | Reg Bubble

. DM
AND R8, R1, R7 IM : Fag =

OR R, A1, R9 tubhie i ! Reg

FIGURE 3.13 The load interlock causes a stall to be inserted at clock cycle 4, delaying the s5UB instruction and those
that follow by one cycle.
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Situation

Example code
sequence

Action

No dependence

LW R1,45(R2)
ADD R5,R6,R7
SUE E&8,R6,R7
OR R9,R6,R7

No hazard possible because no dependence
exists on R1 in the immediately following
three instructions.

Dependence
requiring stall

LW RI,45(R2)
ADD R5,R1,R7
SUB R8,R6,R7
OFR R9,R&6,R7

Comparators detect the use of R1 in the ADD
and stall the ADD (and SUE and OR) betore the
ADD begins EX.

Dependence
overcome by
forwarding

LW R1,45(R2)
ADD R5,R6,R7
SUE R8,R1,R7
OR R9,R6,R7

Comparators detect use of R1 in SUE and for-
ward result of load to ALU in time for SUEB (0
begin EX.

Dependence
with accesses in
order

LW RI1,45(RZ)
ADD Rb5,R6,R7
SUE R#,R6,R7
OR RY9,R1,R7

No action required because the read of R1 by
OR occurs in the second half of the [D phase,
while the write of the loaded data occurred in
the first half.

FIGURE 3.17 Situations that the pipeline hazard detection hardware can see by comparing the
destination and sources of adjacent instructions.
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input

Fipeline Fipeline
regisier repisier Destination
containing Oypoole containing Opeode of of the Comparison
SOUITCE of source destination  deslinatlion lorwarded (il equal then
instruclion instruction instruction instruclion resull lorward)
EX/MEM Register- WEX Register-register ALU,  Top ALU EXMEM.IR |6 20 =
regisier ALL ALL immediage, load.  inpu IVEX IR 10
sione, hranch B
EX/MEM Register- [IVEX Register-register ALU Botom ALU EXMEMLIR 5, 20 =
register AlLU input IVEXIR || |5
MEMMWI Register- 1IWEX Kegister-register ALLL Top ALL MEM/WB.IR |5 20=
register AL ALL immediate, load.  input IVEX IR, 10
store, branch N
MEMMWE Begister- WX Begister-regisier ALL Botom ALLU MEM/WE.IR | g 20=
register ALU inpul IVEX.IR[ 15
EX/MEM ALL WEX Register-register ALU,  Top ALU EX/MEMIK) ) 15=
immediate ALL immediate, load.  imput IVEX.IRg 10
store, branch N
EX/MEM AL WX Register-regisier ALL Bottom ALLU EXMEML.IR) ) 15=
imrmediane inpul MWEXIR ] 15
MEMAVE ALLL X Reoister-register ALLL Top ALU MEMMWEIR| | 5=
imrmediate ALU immediate, load.  mput IVEXIR: 10
store, branch K
MEM/WR ALU IWEX Register-register ALU  Bottom ALU - MEM/WE.IR[| |5=
immediate inpu IVEXIR|] .15
MEMMWH Laoad TN Register-register AL, Top ALU MEM/MWEIR| 1 15=
AL immediane, load.,  inpu MVEX IRq 10
stone, branch N
MEMMWIH Load [IWER Register-register ALL Bottom ALLL MEM/WB.IR| 5=

IVEXIR ], 15

FIGURE 3.19 Forwarding of data to the twao ALL inputs (for the instruction in EX) can occur from the ALU result (in EX/MEM

ar in MEM/MWE) or from the load result in MEMAWE.
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IDVEX

Zermn’?

EX/MEM MEMAWWE

Ciata P
MUy o ..i,

FIGURE 3.20 Forwarding of results to the ALU requires the addition of three extra
inputs on each ALU multiplexer and the addition of three paths to the new inputs.
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Compiler Instruction Scheduling
for Data Hazard Stall Reduction

 Many typesof stallsresulting from data hazardsarevery
frequent. For example:

A=B+C

produces a stall when loading the second data value (B).

 Rather than allow the pipelineto stall, the compiler could
sometimes schedule the pipelineto avoid stalls.

o Compiler pipelineor instruction scheduling involves
rearranging the code sequence (instruction reordering)
to eliminate the hazard.

EECC551 - Shaaban
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Compiler Instruction Scheduling Example

e For the code sequence:
a=b+c
d=e-f

e Assuming loads have a latency of one clock cycle, thefollowing
code or pipeline compiler schedule eliminates stalls:

a,b,c,d,eandf
arein memory

Original code with stalls: Scheduled code with no stalls:
LW Rb,b LW Rb,b
LW R

Stall = c,C LW Rc,c
ADD Ra,Rb,Rc LW Ree
SwW a,Ra ADD Ra,Rb,Rc
LW Re,e LW Rf,f
LW Rf,f

Stall = SW a,Ra
SUB Rd,Re,Rf SUB Rd,Re Rf
SW d,Rd SW d,Rd

IEECC551 - Shaaban }
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Control Hazards

 When aconditional branch is executed it may changethe PC
and, without any special measures, leads to stalling the pipeline
for a number of cycles until the branch condition is known.

 Incurrent DLX pipeline, the conditional branch isresolved in
the MEM stage resulting in three stall cycles as shown below:

Branch instruction IF ID EX MEM WB

Branch successor |F stall stall IF ID EX MEM WB

Branch successor + 1 IF ID EX MEM WB
Branch successor + 2 IF ID EX MEM
Branch successor + 3 | F ID EX
Branch successor + 4 | F ID
Branch successor + 5 | F

Three clock cycles arewasted for every branch for current DL X pipeline
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Reducing Branch Stall Cycles

Pipeline hardwar e measuresto reduce branch stall cycles:

1- Find out whether a branch istaken earlier in the pipédine.
2- Computethetaken PC earlier in the pip€line.

In DL X:

— In DLX branch instructions BEQZ, BNEZ, test aregister
for equality to zero.

— Thiscan be completed in the ID cycle by moving the zero
test into that cycle.

— Both PCs (taken and not taken) must be computed early.

— Requires an additional adder becausethecurrent ALU is
not useable until EX cycle.

— Thisreaultsin just asingle cycle stall on branches.
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FIGURE 3.22 The stall from branch hazards can be reduced by moving the zero test and branch target calculation
into the ID phase of the pipeline.
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Compile-Time Reduction of Branch Penalties

 Oneschemediscussed earlier isto flush or freeze the
pipeine by whenever a conditional branch is decoded by
holding or deleting any instructionsin the pipeline until
the branch destination isknown (zero pipelineregisters,
control linesg)).

 Another method isto predict that the branch is not taken
wher e the state of the machineis not changed until the
branch outcomeis definitely known. Execution here
continues with the next instruction; stall occurshere
when the branch istaken.

 Another method isto predict that the branch istaken and
begin fetching and executing at the target; stall occurs
hereif the branch is not taken
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Predict Branch Not-Taken

Scheme

Untaken branch instruction IF 1D EX MEM WB

Instruction § + 1 I 1D EX MEM  WB

Instruction i + 2 IF 1D EX MEM  WB

Instruction i + 3 IF 1D EX MEM  WB
Instruction i + 4 IF 1D EX MEM WB
Taken branch instruction IF 1D EX MEM  WB

Instruction § + 1 Iy idle idle idle idle

Branch target I 1D EX MEM  WB

Branch target + 1 13 1D EX MEM WB

Branch target + 2 IF 1D EX MEM WB

FIGURE 3.26 The predict-not-taken scheme and the pipeline sequence when the branch is untaken (top) and taken (bottom).
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Static Compiler Branch Prediction

Two basic methods exist to statically predict branches
at compiletime:

1 By examination of program behavior and the use of
Infor mation collected from earlier runs of the program.

— For example, a program profile may show that most forward
branches and backward branches (often forming loops) are

taken. Thesimplest schemein thiscaseisto just predict the
branch astaken.

2 Topredict brancheson the basis of branch direction,
choosing backward branches astaken and forward
branches as not taken.
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FIGURE 3.25 Together the forward and backward taken branches account for an average of 67% of all conditional

branches.
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FIGURE 3.36 Misprediction rate for a profile-based predictor varies widely but is
generally better for the FP programs, which have an average misprediction rate of
9% with a standard deviation of 4%, than for the integer programs, which have an
average misprediction rate of 15% with a standard deviation of 5%.
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FIGURE 3.37 Accuracy of a predict-taken strategy and a profile-based predictor as measured by the number of
instructions executed between mispredicted branches and shown on a log scale.
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Reduction of Branch Penalties:
Delayed Branch

« When delayed branch isused, the branch isdelayed by n cycles,
following this execution pattern:
conditional branch instruction
sequential successor
sequential successor,

sequential successor
branch target if taken

 Thesequential successor instruction are said to be in the branch
delay dlots. Theseinstructions are executed whether or not the

branch istaken.

* In Practice, all machinesthat utilize delayed branching have
a singleinstruction delay slot.

e Thejob of the compiler isto make the successor instructions

valid and useful instructions.
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Delayed Branch Example

Untaken branch instruction IF I EX MEM WEB

Branch delay mstructon i + 1) 1F 1 EX MEM  WHB

Instruction { + 2 IF 1D EX MEM WB

Instruction 7 + 3 IF 1D EX MEM  WEH
Instruction ¢ + 4 IF 1D EX MEM WB
Taken branch instruction IF I EX MEM WB

Branch delay mstruction i + 1) 1F I EX MEM  WH

Branch target I 1D EX MEM  WEB

Branch target + | IF I EX MEM  WB

Branch target + 2 IF 1D EX MEM WB

FIGURE 3.27 The behavior of a delayed branch is the same whether or not the branch is taken.
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Delayed Branch-delay Slot Scheduling Strategies

The branch-delay dot instruction can be chosen from
three cases:

A Anindependent instruction from before the branch:

Always improves performance when used. The branch
must not depend on therescheduled instruction.

B An instruction from thetarget of the branch:

| mproves performance if the branch istaken and may require
Instruction duplication. Thisinstruction must be safe to execute if the

branch isnot taken.

C Aninstruction from thefall through instruction stream:
| mproves performance when the branch isnot taken. Theinstruction
must be safe to execute when the branch istaken.

The performance and usability of cases B, C isimproved by using
a canceling or nullifying branch.
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(A) From before

ADD R1, R2, H3

i1 K2 = 0 then

(B) From targeat

Celay slot

Bacomes

if A2 = 0 then

SUB R4, RS, RG =—

ADD R1, A2, A3

if A1 = then

Delay slot

Baoomes

ADD H1, H2, R3

ADD A1, A2, R3

if R1 =0 then

SUB R4, RS, ARG

(C) From tall through

ADD R1, R2, H3

it R1 =0 then

Delay slkot

SUB R4, A5, A6

-

Bacomes

ADD R1, R2, H3

if R1 =10 then

SUB H4. R5, RE

FIGURE 3.28 Scheduling the branch-delay slot.
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Branch-delay Slot: Canceling Branches

e |n acanceing branch, a static compiler branch direction
prediction isincluded with the branch-delay slot
Instruction.

 When the branch goes as predicted, theinstruction in the
branch delay dlot is executed normally.

 When the branch doesnot go as predicted theinstruction
Isturned into a no-op.

o Canceling brancheseliminate the conditionson
Instruction selection in delay instruction strategies B, C

* The effectiveness of thismethod depends on whether we
predict the branch correctly.
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Scheduling strategy Requirements Improves performance when?
{a) From before branch  Branch must not depend on the rescheduled instruc- Always.
Lons.

(b) From target Must be OK to execute rescheduled instructions it When branch is taken. May
branch 1s not taken, May need to duplicate instruc- enlarge program it instructions are
tons. duplicated.

(c) From fall through Must be OK to execute instructions if branch is taken.  When branch is not taken.

FIGURE 3.29 Delayed-branch scheduling schemes and their requirements.

Untaken branch instruction IF 1N EX MEM  WEB

Branch delay instruction {1 + 1) IF 1D idle idle idle

Instruction § + 2 I+ [ EX MEM  WBH

Instruction i + 3 IF 1 EX MEM  WBH
[nstruction ¢ + 4 I 1D X MEM  WEB
Taken branch instruction IF (D EX MEM  WEB

Branch delay instruction (1 + 1) IF (1D EX MEM  WBE

Branch target IF I EX MEM  WB

Branch target + 1 I 1D EX MEM  WB

Branch target + 2 IF ID EX MEM WB

FIGURE 3.30 The behavior of a predicted-taken cancelling branch depends on whether the branch is taken or not.
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DL X Performance Using Canceling Delay Branches

% T T o Total T
conditional conditional cancelling branches branches with

branches branches branches with empty or

% conditional  with empty that are that are cancelled cancelled

Benchmark branches slots cancelling cancelled delay slots delay slot
compress 14% 18% 3% 43% 13% R R
eqniott 245 24% S0%: 24% 12% 365
ESpresso 15% 20% | 9 21% 4% 33%
2CC 15% 16% 33% 34% 1% 27%
li 15% 205 55% 48 205 46%
Integer average 17 % 21% 385 4% 13% 35%
doduc 8% 33% 1 2% 625% 8% 41%
ear 10% 3% 6% 14% 5% 42%
hydro2d 12% 0 05 24% 165 17%
mdljdp2 O (5 BO 10% 8% 8%
sudcor 3% 7% 1 7% 37% 10%% 17%
FP average 8% 16% 44 5% 34% 9% 25%
Overall average 12% | 8% 41% 4% 1% 30%

FIGURE 3.31 Delayed and cancelling delay branches for DLX allow branch hazards to be hidden 70% of the time on average
for these 10 SPEC benchmarks.
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Perfor mance of Branch Schemes

» The effective pipeline speedup with branch penalties:
(assuming an ideal pipeline CPI of 1)

Pipeline speedup = Pipeline depth
1 + Pipdinestall cyclesfrom branches

Pipeline stall cyclesfrom branches = Branch frequency X branch penalty

Pipeline speedup = Pipeline Depth
1+ Branch frequency X Branch penalty
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Pipeline Performance Example
 Assumethefollowing DL X instruction mix:

Type Frequency

Arith/Logic 40%

Load 30% of which 25% are followed immediately by
an instruction using the loaded value

Store 10%

branch 20% of which 45% are taken

 What istheresulting CPI for the pipelined DL X with
forwarding and branch address calculation in ID stage
when using a branch not-taken scheme?

e CPI = I1deal CPI + Pipdinestall clock cyclesper instruction
= 1 + stallsby loads + stallsby branches
= 1 + 3X.25x1 + 2X.45x1
= 1 + 075 + .09
= 1.165
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Branch Penalty Example

o For apipeinesimilar tothe MIPS R4000, it takesthree
pipeline stages before the branch target addressis known
and an additional cycle beforethe branch condition is
evaluated.

 Assuming no stallson theregistersin the conditional
comparison. Thebranch penalty for thethree smplest
branch prediction schemes.

Branch Scheme Penalty unconditional Penalty untaken Penalty taken

Flush pipéeline 2.0 3 3
Predict taken 2.0 3 2
Predict untaken 2.0 0 3
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Pipelining and Handling of Exceptions

Exceptions are eventsthat usually occur in normal program execution
wher e the normal execution order of theinstructionsischanged (often
called: interrupts, faults).

Types of exceptionsinclude:

e |/O devicereguest

 |nvoking an operating system service
e Tracing instruction execution

e Breakpoint (programmer-requested interrupt).
 Integer overflow or underflow

e FP anomaly

e Page fault (not in main memory)

e Misaligned memory access

« Memory protection violation

o Undefined instruction

e Hardware malfunctions
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Exception event IBM 360 VAX Motorola 680x0 I ntel 80x86
I/O device request I nput/output Deviceinterrupt Exception (Level 0...7 Vectored interrupt
interruption autovector)

Invoking the oper at- Supervisor call Exception (change Exception Interrupt
ing system service interruption mode super visor (unimplemented (INT instruction)
from auser program trap) instruction)---

on Macintosh
Tracing instruction Not applicable Exception (trace Exception (trace) Interrupt (single-
execution fault) step trap)
Breakpoint Not applicable Exception (break- Exception (illegal Interrupt (break-

point fault) instruction or break- point trap)

point)

Integer arithmetic
over flow or under -

Program interrup-
tion (overflow or

Exception (integer
overflow trap or

Exception
(floating-point

Interrupt (overflow
trap or math unit

main memory)

in 370)

tion not valid fault)

management unit
errors)

flow; FP trap under flow floating underflow COpr OCESSOr errors) exception)
exception) fault)
Pagefault (not in Not applicable (only Exception (tranda- Exception (memory- Interrupt

(page fault)

Misaligned memory
accesses

Program interrup-
tion (specification
exception)

Not applicable

Exception
(address error)

Not applicable

Memory protection
violations

Program interrup-
tion (protection
exception)

Exception (access
control violation
fault)

Exception
(buserror)

Interrupt (protection
exception)

Using undefined

Program interrup-

Exception (opcode

Exception (illegal

Interrupt (invalid

abort)

instructions tion (operation privileged/ instruction or break- opcode)
exception) reserved fault) point/unimplemented
instruction)
Hardware M achine-check Exception Exception Not applicable
malfunctions interruption (machine-check (buserror)

Power failure

M achine-check
interruption

Urgent interrupt

Not applicable

Nonmaskable
interrupt

The names of common exceptions vary across four different architectures.
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Characteristics of Exceptions

Synchronous vs. asynchronous:
Synchronous: occurs at the same place with the same data and memory allocation
Asynchronous: Caused by devices external to the processor and memory.

User requested vs. coer ced.:
User requested: Theuser task requeststhe event.
Coer ced: Caused by some har dwar e event.

User maskable vs. user nonmaskable:
User maskable: Can be disabled by the user task using a mask.

Within vs. between instructions.
Whether it preventsinstruction completion by happening in the middle of execution.

Resuming vs. terminating:
Terminating: The program execution always stops after the event.

Resuming: the program continues after the event. The state of the pipeline must be
saved to handle thistype of exception. The pipelineisrestartablein thiscase.
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Handling of Resuming Exceptions

e A resuming exception (e.g. avirtual memory page fault) usually
requirestheintervention of the operating system.

e Thepipelinemust be safely shut down and its state saved for
the execution to resume after the exception ishandled as
follows:

1|Forceatrap instruction into the pipeline on the next I F.

2| Turn of all writesfor the faulting instruction and all
Instructionsin the pipeline. Place zer oes into pipeline latches
starting with theinstruction that caused the fault to prevent
state changes.

| 3| The execution handling routine of the operating system
savesthe PC of thefaulting instruction and other state data
to be used to return from the exception.
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Exception Handling | ssues

When using delayed branches ,as many PCsasthethe
length of the branch delay plus one need to be saved and
restored torestorethe state of the machine.

After the exception has been handled special instructions
ar e needed to return the machineto the state before the
exception occurred (RFE, Return to User codein DL X).

Precise exceptionsimply that a pipelineis stopped so the
Instructions just beforethe faulting instruction are
completed and and those after it can berestarted from
scratch.

Machineswith arithmetic trap handlersand demand
paging must support precise exceptions.

IEECC551 - Shaaban }

#62 Lec#2 Winter 2001 12-5-2001




Exceptionsin DL X

« Thefollowing represent problem exceptionsfor the DL X
pipeline stages.

Page fault on instruction fetch; misaligned memory access,
memory-protection violation.
Undefined or illegal opcode

Arithmetic exception

Page fault on data fetch; misaligned memory access,
memor y-protection violation

None
« Example. LW | - 1D EX MEM WB
ADD | F ID EX MEM WB

can cause a data page fault and an arithmetic exception at the same
time(LW in MEM and ADD in EX)

Handled by dealing with data page fault and then restarting execution,
then the second exception will occur but not thefir<t.
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Prec:|se Exception Handling in DL X

Theinstruction pipelineisrequired to handle exceptions of
Instruction | beforethose of instruction i+1

 Thehardware postsall exceptions caused by an instruction
In a status vector associated with theinstruction which is
carried along with theinstruction asit goesthrough the
pipeline.

e Once an exception indication is set in the vector, any control
signalsthat cause a data value writeisturned off .

 When an instruction enters WB the vector ischecked, if any
exceptions are posted, they are handled in the order they
would be handled in an unpipelined machine.

« Any action taken in earlier pipeine stagesisinvalid but
cannot changethe state of the machine sincewriteswhere
disabled.
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