Pipelining

+ Reconsider the data path we just did
« Each instruction takes from 3 to 5 clock cycles
« However, there are parts of hardware that are idle many time
+ We can reorganize the operation
+ Make each hardware block independent
— 1. Instruction Fetch Unit
— 2. Register Read Unit
— 3. ALU Unit
— 4. Data Memory Read/Write Unit
— 5. Register Write Unit
+ Units in 3 and 5 cannot be independent, but operations can be
+ Let each unit just do its required job for each instruction
« If for some instruction, a unit need not do anything, it can simply
perform a noop

Gain of Pipelining

« Improve performance by increasing instruction throughput
« Ideal speedup is number of stages in the pipeline
« Do we achieve this? No, why not?

Program

Pipelining

+  What makes it easy
— all instructions are the same length
— just a few instruction formats
— memory operands appear only in loads and stores

*  What makes it hard?
— structural hazards: suppose we had only one memory
— control hazards: need to worry about branch instructions
— data hazards: an instruction depends on a previous instruction

«  We'll study these issues using a simple pipeline
« Other complication:
— exception handling
— trying to improve performance with out-of-order execution, etc.
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+ What do we need to add to actually split the datapath into stages?

Pipelined Data Path

Can you find a problem even if there are no dependencies?
What instructions can we execute to manifest the problem?

Corrected Data Path
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Execution Time

Time of n instructions depends on
— Number of instructions n
— # of stages k
— # of control hazard and penalty of each step
— # of data hazards and penalty for each
Time =n + k - 1 + load hazard penalty + branch penalty
Load hazard penalty is 1 or 0 cycle
— depending on data use with forwarding
branch penalty is 3, 2, 1, or zero cycles depending on scheme

Design and Performance Issues With Pipelining

« Pipelined processors are not EASY to design

« Technology affect implementation

« Instruction set design affect the performance, i.e., beq, bne
« More stages do not lead to higher performance

3.0

elative performance

Pipeline Operation

In pipeline one operation begins in every cycle

Also, one operation completes in each cycle

Each instruction takes 5 clock cycles (k cycles in general)
When a stage is not used, no control needs to be applied
In one clock cycle, several instructions are active
Different stages are executing different instructions

How to generate control signals for them is an issue

Instruction Format

31 26 25 21 20

1615

1110

0

w REG 1 ‘ REG2 LOAD ADDRESS OFFSET
31 26 25 21 20 1615 1110 6 0

sw REG 1 ‘ REG2 STORE ADDRESS OFFSET
31 26 25 21 20 1615 1110 6 0
‘ R-TYPE REG | ‘ REG2 DST ‘ SHIFT AMOUNT | ADD/AND/OR/SLT,
31 26 25 21 20 1615 1110 6 0

BEQ/BNE REG 1 ‘ REG2 BRANCH ADDRESS OFFSET
31 26 25 21 20 1615 1110 6 s 0
‘ Jump JuMP ADDRESS

1 2 4 8 16
Pipeline depth
8
Graphically Representing Pipelines
Time (in clock cycles)
Program cc cc2 ccs cc4 ccs cce
order
(in instructions)
wsto 200 [ ] I -.I.a B35
[ I -.I.’ I |r
« 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
10
Operation for Each Instruction
LW: SW: R-Type: BR-Type: JMP-Type:
1.READ INST |1.READINST |1.READINST |1.READINST |1.READ
INST
2.READREG 1 |2.READREG 1 |2. READREG 1 |2. READREG 1 | 2.
READ REG 2 READ REG 2 READ REG 2 READ REG 2
3. ADDREG 1 +|3. ADD REG 1 +| 3. OPERATE on | 3. SUBREG 2 |3.
OFFSET OFFSET REG 1/REG2 |fromREG 1
4. READ MEM | 4. WRITE MEM | 4. 4. 4
5. WRITE REG2| 5. 5. WRITE DST |5. 5




Pipeline Data Path Operation

Fetch Unit

Branch Address
Jump Register Address
Jump Address
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Register Fetch Unit
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ALU Operation and Branch Logic
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Dependencies

« Problem with starting next instruction before first is finished

— dependencies that “go b d in time” are data hazards

Vaeof - CC1  CC2  CC3  cc4  CC5  cCB  cc7  ce8  CCO
regstors2: 10 0 0 © 20 -2 20 -2 20

order

(innstructions)
b 52,5153
and$12,52,55
or$13,56

24d 514,

sw$15, 100

A program with data dependencies

« Consider the following program

add $t0, $t1, $t2
add $t1, $t0, $t3
and $t2, $t4, $t0
or $t3, $t1, $t0
sit  $t4, $t2, $t3

« Problem with starting next instruction before first is finished

— dependencies that “go b d in time” are data hazards

Data Path Operation

c1 ] 3 c4 cs c6 c7 cs

REG DATA U
“i-h MEMORY.

add $t0, $tl, $t.

INST REG
FETCH] FILE

add $t1, $t0, St3 /
M
INST REG / “ DATA U
[FETCH] HLh /MI-_M(JRY X
'I
and $t2, $t4, Nu
IN\T REG DATA
FETC HLI: MEMORY.
INST REG
FETCH HLI: ’m“l MEQI)?{Y

xc 2]

M
Ul
X

or $t3, $tl, $lO
slt $t4, $t2, $l3
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20
Solution: Software No-ops/Hardware Bubbles
« Have compiler guarantee no hazards
« Where do we insert the “no-ops” ?
sub $2, $1, $3
and $12, $2, §5
or $13, $6, $2
add $14, $2, $2
sw $15, 100($2)
Problem: this really slows us down!
— Also, the program will always be slow even if a techniques like
forwarding is employed afterwards in newer version
« Hardware can detect dependencies and insert no-ops in hardware
— Hardware detection and no-op insertion is called stalling
— This is a bubble in pipeline and waste one cycle at all stages
— Need two or three bubbles between write and read of a register
22

Hazard Detection Unit

« Stall by letting an instruction that won’t write anything go forward
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Stalling

« Hardware detection and no-op insertion is called stalling
+ We stall the pipeline by keeping an instruction in the same stage

Program
execution cct cc2  cc3 Ccc4  cCs GG CCT €GB CC9 CC10

order
(ininstructions)

w2, 20(61)
ands, 52,55

or$8, 52, 6

\ buble I I I
- EEnEE
a1$1,%6,57 [w] I'@l"’ Iﬂrl [red
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Stalled Operation (no write before read)

] [« c4 cs c6 c7 cs

DATA
MEMORY.

c1
INST
1

[«

DATA U
MEMORY. X
add $t1, $t0, $t3 25

Detecting Hazards for Forwarding

+ EXhazard

— If ((EX/MEM.RegWrite) and (EX/MEM.RegisterRd != 0) and
(EX/MEM.REgisterRd = ID/EX.RegisterRs)) ForwardA = 10

— If ((EX/MEM.RegWrite) and (EX/MEM.RegisterRd != 0) and
(EX/MEM.RegisterRd = ID/EX.RegisterRt)) ForwardB = 10

*  MEM hazard

— If ((MEM/WB.RegWrite) and (MEM/WB.REgisterRd != 0) and
(MEM/WB.REgisterRd = ID/EX.RegisterRs)) ForwardA = 01

— If ((MEM/WB.RegWrite) and (MEM/WB.REgisterRd != 0) and
(MEM/WB.REgisterRd = ID/EX.RegisterRt)) ForwardB = 10

In case of Iw followed by a sw instruction, forwarding will not
work. This is because data in MEM stage are still being read

— Plan on adding forwarding in MEM stage of put a stall/bubble
In case of Iw followed by an instruction that uses the value

— One has to add an stall
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Stalled Operation (write before read)

c1 (&) (&) c4 cs c6

c7

and $t2, $t4, $t0

cs

H
ﬂ DATA
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Forwarding

Use temporary results, don’t wait for them to be written

— register file forwarding to handle read/write to same register
— ALU forwarding

— May also need forwarding to memory (think!!)

“Time (in clock

ccz ccs

cce  cc7  ccs  cco

Value of register §2: 10 10 10 10 0-20  -20 -20 -20 -20
Value of EXIMEM X x x -20 x x
Value of MEMWB X x x x ~20 X x x x

Program
execution order
(in instructions)

sub 52,81, 83

and $12, 52, 85

or$13,56, 52

2dd $14,52, 52

5§ iB9his 52 was 5137
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Can't always forward

Load word can still cause a hazard:

— an instruction tries to read a register following a load instruction
that writes to the same register.

Time (in clock cycles)

cc1  cc2

Program
execution
(in instructions)

w52, 20($1)

ccs

and 54,52, 85

or$8,52, 86

add $9, 54, 52

slit$1, 6,57

Thus, we need a hazard detection unit to “stall” the load instruction

30




Branch Hazards

* When we decide to branch, other instructions are in the pipeline!

Program Time (in clock cycles)
execution cci  cc2  CC3  CC4  CC5  CC6  CC7  CC8  CC9

(in instructions)

40beq$1,$3,7

44 and $12, 2, 5

48 or $13, $6, 52

52.add $14, $2, 52

72w $4, 50(87)

* We are predicting “branch not taken”
— need to add hardware for flushing instructions if we are wrong

Improving Performance

« Try and avoid stalls! E.g., reorder these instructions:

1w $t0, 0($tl)
1w $t2, 4($tl)
sw $t2, 0($tl)
sw $t0, 4($tl)

« Add a “branch delay slot”
— the next instruction after a branch is always executed

— rely on compiler to “fill” the slot with something useful

« Superscalar: start more than one instruction in the same cycle

32
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Other Issues in Pipelines

« Exceptions

— Errors in ALU for arithmetic instructions

— Memory non-availability
« Exceptions lead to a jump in a program
« However, the current PC value must be saved so that the program

can return to it back for recoverable errors
« Multiple exception can occur in a pipeline
« Preciseness of exception location is important in some cases
« /0 exceptions are handled in the same manner
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Handling Branches

« Branch Prediction
— Usually we may simply assume that branch is not taken
— If it is taken, then we flush the pipeline
+ Clear control signals for instruction following branch
« Delayed branch
— Fill instructions that need to be executed even if branch occur
— If none available fill NOOPs
* Reduce delay in resolving branches
— Compare at register stage
— Branch prediction table
* PC value (for branch) and next address

*+ One or two bits to store what should be prediction

34

Two State vs Four State Branch Prediction

« Two state model

Not Taken
Taken | Not Taken
Taken

+ Four State Model

Not Taken

Not Taken Not Taken

Taken

35

Pipeline with Early Branch Resolution/Exception
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Superscalar Architecture
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Important Facts to Remember
« Pipelined processors divide the execution in multiple steps
* However pipeline hazards reduce performance
— Structural, data, and control hazard
« Data forwarding helps resolve data hazards
— But all hazards cannot be resolved
— Some data hazards require bubble or noop insertion
« Effects of control hazard reduced by branch prediction
— Predict always taken, delayed slots, branch prediction
table
— Structural hazards are resolved by duplicating resources
39

Pipeline Control

41

38
Pipeline control
+ We have 5 stages. What needs to be controlled in each stage?
— Instruction Fetch and PC Increment
— Instruction Decode / Register Fetch
— Execution
— Memory Stage
— Write Back
+ How would control be handled in an automobile plant?
— afancy control center telling everyone what to do?
— should we use a finite state machine?
40
Pipeline Control
« Pass control signals along just like the data
Execution/Address Calculation | Memory access stage | stage control
stage control lines control lines lines
Reg | ALU [ ALU | ALY Mem | Mem | Reg [Mem tol
i Dst | Opt | Op0 | Src |Branch| Read | Write | write | Reg
R-format 1 1 0 0 0 0 0 1 0
1w 0 0 0 1 0 1 0 1 1
sw X 0 0 1 0 0 1 0 X
beg X 0 1 0 1 0 0 0 X
Instruction | = iL
L= = \—, ;
IF/D ID/EX EXIMEM MEM/WB
42




Data Path with Control

L—T
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Flushing Instructions





<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


