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Complex Real-Time Systems




What's Changing?

* Processing Power (instructions per 10ms)
—-1970: 1K Now: 40M 2020: 1G

« Ubiquitous Sensing and Actuation
— e.g. video stream per cell phone

* More and more computing is real-time




Implications for Real-Time Systems

* Much Larger (in code and scope)
* Highly Dynamic

* Non-deterministic
— non-determinism of underlying system desirable

» Different Kind of Software Engineering
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Memory Management

STATIC | DYNAMIC

(arrays) (malloc/free) : (new/garbage collect)
* Fortran  C » Java

- Esterel i« C++ -« Lisp

 Verilog « Ada « C#

 Pascal o Smalltalk

< Determinism Verifiability

" Flexibilty  Software Engineering
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COMMITTED TO
PRODUCTION

Telco SIP Switch

DDG-1000 Destroyer
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RESEARCH

Java-based
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JAviator
(w/ Salzburg)

Air Java
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Three Approaches in Java

RTSJ Standard:
Scoped/Immortal Memory

Metronome:
Real-Time Garbage Collection

Flexotasks:
Time-Portable Java
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Why is Real-Time Difficult in Java?

No real-time scheduling APls
Garbage Collection
Dynamic Class Loading

Just-in-Time (JIT) Compilation

Dynamic, average-case-based optimization
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Real-Time Specification for Java

Two primary additions to the Java language:

— Real-Time Scheduling APls
— Semi-manual memory management

(real-time garbage collection “known” impossible)




Basic Java Memory Architecture
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class Foo {
Foo a;
Foo b;

}




RTSJ Memory Architecture
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f(a,b) {a.x =b; }
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RTSJ Memory Management Issues

Complex Programming Model
Non-compositional

Run-time Failures

Checking Overhead

Storage Leaks in Immortal Memory

Often Poorly Suited (e.g. Producer/Consumer)
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Metronome:
Real-Time Garbage Collection
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GC: A Simple Problem (?)

* Transitive Graph Closure
* Application is Stopped During Collection
 Memory is only freed at the end
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Basic Approaches: Mark/Sweep

Stack

* O(live) mark phase but O(heapsize) sweep
» Usually requires no copying
* Mark stack is O(maxdepth)
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Basics |lI: Semi-space Copying

E\ LU

Stack

* O(live)
* |f single-threaded, no mark stack needed
» Wastes 50% of memory
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Demo: Synthesizer in Java

 Human performance:

— Latency < 8ms end-to-end
— Jitter < 10us

* MIDI/soundcard latency: 2.5ms
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Kinds of “Concurrent” Collection
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» “Stop the World”
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Our Subject: Metronome-2 System

GC GC GC GC

GC

 Parallel, Incremental, and Concurrent

* No increment exceeds 450us

» Real-time Scheduling

* Smooth adaptation from under- to over-load
* Implementation in production JVM
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What Does “Real-time” Mean?

Minimal, predictable interruption of application
Collection finishes before heap is exhausted
“Real space” - bounded, predictable memory

Honor thread priorities
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The Cycle of Life

Allocate

* Not really a “garbage collector”...
* ... but a memory management subsystem




Metronome Memory Organization

B (T il S
. |*alaal®a] .

» Page-based
« Segregated free lists
» Ratio bounds internal & page-internal fragmentation




Large Objects: Arraylets

(Almost) eliminates external fragmentation
(Almost) eliminates need for compaction
Very large arrays still need contiguous pages
Extra indirection for array access
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Handling the Concurrency

GC Application
Threads (“mutator”)
Threads

* Mark |
* Collect gf[)ad p0|ptfr
. Format ore pointer

* Allocate
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Yuasa Snapshot Algorithm (1990)

* Logically
— Take a “copy-on-write” heap snapshot
— Collect the garbage in that snapshot

* Physically
— Stop all threads
— Copy their stacks (“roots”)
— Force them to save over-written pointers
— Trace roots and over-written pointers

* Dijktstra’75, Steele’76
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1: Take Logical Snapshot
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2(a): Copy Over-written Pointers
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2(b): Trace

* Color is per-object mark bit
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2(c): Allocate "Black”
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3(a): Sweep Garbage
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3(b): Allocate “White”

32




4: Clear Marks
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Yuasa Algorithm Phases

Snapshot stack and global roots
Trace

Flip

Sweep

Flip

Clear Marks

* Synchronous
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Metronome-2 Concurrency

GC GC Application
Master Worker Threads
Threads (may do GC work)
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Metronome-2 Phases

Initiation
- Setup
. turn double barrier on

Root Scan
- Active Finalizer scan
- Class scan
- Thread scan**
switch to single barrier, color to black
— Debugger, JNI, Class Loader scan

Trace
- Trace*
- Trace Terminate***

Re-materialization 1
- Weak/Soft/Phantom Reference List Transfer
- Weak Reference clearing** (snapshot)

Re-Trace 1
- Trace Master
- (Trace*)
- (Trace Terminate***)

Re-materialization 2
- Finalizable Processing
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Clearing
—  Monitor Table clearing
— JNI Weak Global clearing
—  Debugger Reference clearing
— JVMTI Table clearing
—  Phantom Reference clearing

Re-Trace 2
—  Trace Master
—  (Trace*)
—  (Trace Terminate***)
—  Class Unloading

—  Move Available Lists to Full List* (contention)
. turn write barrier off
- Flush Per-thread Allocation Pages**
switch allocation color to white
switch to temp full list

Sweeping
- Sweep*
- Switch to regular Full List**
- Move Temp Full List to regular Full List* (contention)

Completion
- Finalizer Wakeup
- Class Unloading Flush
- Clearable Compaction**
- Book-keeping

* Parallel
** Callback
*** Single actor symmetric
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http://www.research.ibm.com/metronome

https://sourceforge.net/projects/tuningforkvp

37 By




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /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 /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /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 false
  /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 <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. 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 for quality printing on desktop printers and proofers.  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 /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


