Chapter 8 — Pipelining

8.1. (a) Theoperationperformedn eachstepandthe operandsnvolvedareasgiven
in thefigure below.

Clock g/cle 1 2 3 4 5 6 7
Instruction
. Decode, R1~
I, Mul Fetch Dgcgge, Mul F?l?ég
I3: And Fetch ggXogg, And R;l(;
4 Add Fetch 2'30955’ d;; Add Eggo
(b)

Clockcycle | 2 3 4 5

Buffer B1 Add instruction| Mul instruction| And instruction | Add instruction
(1) (I2) (13) (14)

Buffer B2 Information Decoded ; Decoded Decoded s
from a previous | Source Source Source
instruction operands: operands: operands:

20,2000 3,50 $3A,50

Buffer B3 Information Information Result of I;: | Result of Is:
from a previous | from a previous | 2020 150
instruction instruction Destination = | Destination =

R1 R3




8.2. (a)
Clock g/cle 1 2 3 4 5 6 7
Instruction
Decode, R1—

Decode, R3~

Mul Fetch 3, 50 Mul 150
I
Decode, | R4~

And Fetch | '$3a, 7 i$3a, 2024 AN 32
Add Fetch pocode) ada | B,

8.3.

Clockycle 1 2 3 4 5 6 7 8
Instruction

oy [ R Dy | B | w |

I2 (Add) P | D2 | [ 02 | & | W |

I3 F3 | b3 | B3 | ws |

’ (o [ & [ ]

(b) Cycles?2 to 4 arethe sameasin P8.1,but contentsof R1 are not available
until cycle 5. In cycle 5, B1 andB2 have the samecontentsasin cycle 4. B3

containgtheresultof themultiply instruction.

StepD,; may be abandonedto be repeatedn cycle 5, asshovn belown. But,
instructionl; mustremainin buffer B1. For I3 to proceed buffer B1 mustbe
capableof holdingtwo instructions.The decodestepfor |4 hasto be delayedas

shawvn, assuminghatonly oneinstructioncanbe decodedatatime.




8.4. If all decodeandexecutestagescanhandletwo instructionsat a time, only in-
structionl, is delayedasshavn below. In this caseall buffersmustbe capable
of holdinginformationfor two instructions.Note thatcompletinginstructionl
beforel, couldcauseproblems.SeeSection8.6.1.

Clock gscle 1 2 3 4 5 6 7
Instruction

11 (Mul) F D1 E1 Wy

12 (Add) F2 D E> Wo
I3 F3 D3 Es W3

lg Faq Dy Eq Wy

8.5. Executionproceedssfollows.

Clock gcle 1 2 3 4 5 6 7 8 9
Instruction

i [P 10| B |wW]

Iy | Fo [ o2 | &2 | w2 |

3 [ 7 [ 03| B | ws]

4 Ll [0al B[ wl]

8.6. The instructionimmediatelyprecedingthe branchshould be placedafter the

branch.
LOOP Instructionl LOOP Instructionl
Instructionn — 1 = Instructionn — 1
Instructionn ConditionalBranchLOOP
ConditionalBranchLOOP Instructionn

Thisreomanizations possibleonly if the branchinstructiondoesnotdependn
instructionn.



8.7.

8.8.

8.9.

TheUltraSRARC arrangemernis advantageousvhenthebranchinstructionis at
the endof theloop andit is possibleto move oneinstructionfrom the body of
theloop into the delayslot. The alternatve arrangemenis advantageousvhen
thebranchinstructionis atthe beginning of theloop.

Theinstructionexecutedon a speculatie basisshouldbe onethatis likely to be
the correctchoicemostoften. Thus,the conditionalbranchshouldbe placedat
the endof theloop, with aninstructionfrom the body of the loop movedto the
delayslot if possible. Alternatively, a copy of the first instructionin the loop
body canbe placedin the delayslot andthe branchaddresshangedo that of
the secondnstructionin theloop.

Thefirst branch(BLE) hasto befollowedby a NOPinstructionin thedelayslot,
becauseoneof theinstructionsaroundit canbe moved. The innerandouter
loop controlscanbe adjustedasshavn below. Thefirst instructionin the outer
loopis duplicatedin thedelayslotfollowing BLE. It will be executedonemore
time thanin the original program,changingthe valueleft in R3. However, this
shouldcauseno difficulty providedthe contentsof R3 arenot neededoncethe
sortis completed.The modifiedprogramis asfollows:

ADD RO,LIST.R3
ADD RO,N,R1
SUB R1,1,R1
SUB R1,1,R2

OUTER LDUB  [R3+R1],R5 GetLIST())
LDUB  [R3+R2,R6 GetLIST(K)

INNER SUB R6,R5,R0
BLE,pt NEXT
SUB R2,1,R2 k—k-1

STUB  R5,[R3+R2]
STUB  R6,[R3+R1]
OR RO,R6,R5
NEXT  BGEpta INNER
LDUB  [R3+R2,R6 GetLIST(K)

SUB R1,1,R1
BGTpt OUTER
SUB R1,1,R2



8.10. Without conditionalinstructions:

Compare AB CheckA — B
Branch>0 Actionl

Action2 ... Oneor moreinstructions
Branch Next

Actionl ... Oneor moreinstructions

Next
If conditionalinstructionsareavailable,we canuse:

Compare A,B CheckA — B
Actionlinstruction(s)conditional
Action2 instruction(s)conditional
Next

In the secondcase all Action 1 andAction 2 instructionsmustbe fetchedand
decodedo determinewhetherthey areto be executed.Hence,this approachs
beneficialonly if eachactionconsistsof oneor two instructions.

Without conditional instructions

Clock cycle 1 2 3 4 5 6
Instruction

Compare A,B
Branch>0Action1

Action2 ...
Branch  Next

Actionl

Next

With conditional instructions
CompareA,B
If >0 then actionl

If <0then action2

NEXT ...

EH



8.11. Buffer contentswill beasshown below.

Cloeck LI LI L T L T
Cycle No. 3 4 5
ALU Operation + Shift O3
R3 45 130 260
RSLT 198 130 260

8.12. UsingLoadandStoreinstructionsthe programmay berevisedasfollows:

INSERTION Test RHEAD
Branch~0 HEAD
Move RNEWREC,RHEAD
Return

HEAD Load RTEMP1,(RHEAD)
Load RTEMP2,(RNEWREC)

Compare RTEMP1,RTEMP2
Branch-0 SEARCH

Store RHEAD,4(RNEWREC)
Move RNEWREC,RHEAD
Return
SEARCH Move RHEAD,RCURRENT
LOOP Load RNEXT,4(RCURRENT)
Test RNEXT
Branch=0 TAIL
Load RTEMP1,(RNEXT)
Load RTEMP2,(RNEWREC)

Compare RTEMP1,RTEMP2
Branch<O0 INSERT

Move RNEXT,RCURRENT
Branch LOOP

INSERT Store RNEXT,4(RNEWREC)

TAIL Store RNEWREC,4(RCURRENT)
Return

This programcontainsmary dependencieandbranchinstructions.Therevery
few possibilitiesfor instructionreordering.The critical partwhereoptimization
shouldbe attempteds theloop. Giventhatnoinformationis availableonbranch
behaior or delayslots,the only optimizationpossibleis to separaténstructions
thatdependn each.This would reducethe probability of stallingthe pipeline.

Theloop maybereomanizedasfollows.



8.13.

8.14.

8.15.

LOOP Load RNEXT,4(RCURRENT)

Load RTEMP2,(RNEWREC)
Test RNEXT
Load RTEMP1,(RNEXT)

Branch=0 TAIL
Compare RTEMP1,RTEMP2
Branch<O INSERT

Move RNEXT,RCURRENT
Branch LOOP

INSERT Store RNEXT,4(RNEWREC)

TAIL Store RNEWREC,4(RCURRENT)
Return

Notethatwe have assumedhattheLoadinstructiondoesnotaffectthecondition
codeflags.

Becausef branchinstructions120clock cyclesareneededo executel00 pro-
graminstructionswhendelayslotsarenot used.Usingthedelayslotswill elim-
inate0.850f theidle cycles. Thus,theimprovementis givenby:

120

— = 1.081
120 — 20 x 0.85 08

Thatis, instructionthroughputwill increaseby 8.1%.

Numberof cyclesneededo executel00instructions:
Without optimization 140
With optimization(140 — 20 x 0.85 — 20 x 0.2) 127

Thus,throughputimprovementis 140/127 = 1.102, or 10.2%

Throughpuimprovementueto pipeliningis n, wheren is thenumberof pipeline
stages.

Numberof cyclesneeded

: : Throughput
to executeoneinstruction:

4-stage:| 1.20 — 0.8 x 0.20 = 1.04 4/1.04= 3.85
6-stage:| 1.4—-0.8x0.2—-0.25x 0.2 = 1.19 | 6/1.19=5.04

Thus,the 6-stagepipelineleadsto higherperformance.



8.16. For a“do while” loop, theterminationconditionis testedat the beginning of the

8.17.

loop. A conditionalbranchat thatlocationwill betakenwhenexiting theloop.
Hence,it shouldbe predictednot taken. Thatis, the statemachineshouldbe
startedn thestateLNT, unlesstheloop is notlikely to be executedat all.

A “do until” loop is executedat leastonce,andthe branchconditionis tested
at the endof the loop. Assumingthattheloop is likely to be executedseveral
times,thebranchshouldbe predictedaken. Thatis, the statemachineshouldbe
startedn statelT.

An instructionfetchedin cycle j reachedhe headof the queueand entersthe
decodestagein cycle j + 6. Assumethattheinstructionprecedind; is decoded
andinstructionlg is fetchedin cycle 1. Thisleadsto instructiond; to I beingin
the queueat the beginning of cycle 2. Executionwould thenproceedasshavn
below.

Notethatthe queueis alwaysfull, becauseat mostoneinstructionis dispatched
andupto twoinstructionsarefetchedn ary givencycle. Undertheseconditions,
the queudengthwould dropbelow 6 only in the caseof acachemiss.

—» Time

Clock gscle 1 2 3 4 5 6 7 8 9 10

Queue length 6 6 6 6 6 6 6 6 6 6

Fre1 Dir1 | Exe1




