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I. Background

Threads:
0 The standard model (similar to Mesa)
Concurrent threads with locks/mutex/etc. for synchronization
Blocking calls
May hold locks for long time
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Problems with more than 100 or so threads due to OS overhead (why?)

® see SEDA graph of throughput vs. number of threads
0 Strong support from OS, libraries, debuggers, ....

Events:
0 Lots of small handlers that run to completion

0 Basic model is event arrives and runs a handler

® state is global or part of handler (not much in between)

An event loops runs at the core waiting for arrivals, then calls handler
No context switch, just procedure call

Threads exist, but just run event loop -> handler -> event loop

® stack trace is not useful for debugging!

® typically one thread per CPU (any more doesn’t add anything since threads don’t block)

® Sometimes have extra threads for things that may block; e.g. OSs that only support synchronous disk

reads
0 Natural fit with finite-state machines (FSMs)

e arrows are handlers that change states

® blocking calls are split into two states (before and after the call)

0 Allows very high concurrency

* multiplex 10,000 FSMs over a small number of threads

II. Cooperative Task Scheduling

Tasks
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0 preemptive: tasks may be interrupted at any time

must use locks/mutex to get atomicity
may get pre-empted while holding a lock -- others must wait until you are rescheduled

might want to differentiate short and long atomic sections (short should finish up work)

0 serial: tasks run to completion

basic event handlers, which are atomic
not allowed to block

what if they run too long? (not much to do about that, could kill them; implies might be better for
friendly systems)

hard to support multiprocessors

0 cooperative: tasks are not pre-empted, but do yield the processor

can use stacks and make calls, but still interleaved
yield points are not atomic: limits what you can do in an atomic section
better with compiler help: is a call a yield point or not?

hard to support multiprocessors

0 Note: pre-emption is OK if it can’t affect the current atomic section. Easy way to
achieve this is data partitioning! Only threads that access the shared state are a
problem!

Can pre-empt for system routines

Can pre-empt to switch to a different process (with its own set of threads), but assumes processes don’t
share state

Split-phase actions: how do you implement a split-phase action?

0 Threads: not too bad -- just block until the action completes (synchronous)

Assumes other threads run in the meantime
Ties up considerable memory (full stack)

Easy memory management: stack allocation/deallocation matches natural lifetime

o Events: hard

Must store live state in a continuation (on the heap usually). Handler lifetime is too short, so need to
explicitly allocate and deallocate later

Scoping is bad too: need a multi-handler scope, which usually implies global scope
Rips the function into two functions: before and after
Debugging is hard

Evolution is hard: adding a yielding call implies more ripping to do; converting a non-yielding call into
a yielding call is worse -- every call site needs to be ripped and those sites may become yielding which
cascades the problem

Atomic split-phase actions (really hard):
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Threads -- pessimistic: acquire lock and then block
Threads -- optimistic: read state, block, try write, retry if fail (and re-block!)

Events -- pessimistic: acquire lock, store state in continuation ; later reply completes
and releases lock. (seems hard to debug, what if event never comes? or comes more
than once?)

Events -- optimistic: read state, store in continuation ; apply write, retry if fail
Basic problem: exclusive access can last a long time -- hard to make progress
General question: when can we move the lock to one side or the other?

One strategy:

® structure as a sequence of actions that may or may not block (like cache reads)
® acquire lock, walk through sequence, if block then release and start over

e if get all the way through then action was short (and atomic)

¢ This seems hard to automate! Compiler would need to know that some actions mostly won’t block or
won’t block the second time... and then also know that something can be retried without multiple side
effects...

Main conclusion (for me): compilers are the key to concurrency in the future

III. SEDA

Problem to solve:

© © o O

1) need a better way to achieve concurrency than just threads
2) need to provide graceful degradation
3) need to enable feedback loops that adapt to changing conditions

Internet makes the concurrency higher, requires high availability and ensures that load
will exceed the target range.

Graceful degradation:

(o)
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want throughput to increase linearly and then stay flat as you exceed capacity
want response time to be low until saturation and then linearly increase

want fairness in the presence of overload

almost no systems provide this

key is to drop work early or to queue it for later (threads have implicit queues on locks,
sockets, etc.)

virtualization makes it harder to know where you stand!

Problems with threads (claimed):
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threads limits are too small in practice (about 100); some of this is due to linear searches
in internal data structures, or limits on kernel memory allocation

claims about locks, overhead, TLB and cache misses are harder to understand -- don’t
seem to be fundamental over events

® do events use less memory? probably some but not 50% less

® do events have fewer misses? latencies are the same, so only if working set is smaller

® s it bad to waste VM for stacks? only with tons of threads

® s there a framentation issue with stacks (lots of partially full pages)? probably to some degree (each
stack needs at least one page. If so, we can move to a model with non-contiguous stack frames (leads
to a different kind of fragmentation. If so, we could allocate subpages (like FFS did for fragments),
and thread a stack through subpages (but this needs compiler support and must recompile all libraries).

queues are implicit, which makes it hard to control or even identify the bottlenecks

key insight in SEDA: no user allocated threads: programmer defines what can be
concurrent and SEDA manages the threads. Otherwise no way to control the overall
number or distribution of threads

Event-based approach has problems too:

0 debugging

0 legacy code

0 stack ripping

Solution:

0 use threads within a stage, events between stages

0 stages have explicit queues and explicit concurrency

0 threads (in a stage) can block, just not too often

0 SEDA will add and remove threads from a stage as needed

o simplifies modularity: queues decouple stages in terms of performance at some cost to
latency
threads never cross stages, but events can be pass by value or pass by reference.
stage scheduling affects locality -- better to run one stage for a while than to follow an
event through multiple stages. This should make up for the extra latency of crossing
stages.

Feedback loops:

0 works for any measurable property that has smooth behavior (usually continuous as
well). Property typically needs to be monotonic in the control area (else get lost in local
minima/maxima)

0 within a stage: batching controller decides how many events to process at one time

® balance high throughput of large batches with lower latency of small batches -- look for point where
the throughput drops off

thread pool controller: find the minimum number of threads that keeps queue length low

global thread allocation based on priorities or queue lengths...
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Performance is very good, degrades more gracefully, and is more fair!
0 but huge dropped requests to maintain response time goal

0 however, can’t really do any better than this...

Events vs. threads revisited
0 how does SEDA do split-phase actions?
0 Intra-stage:

® threads can just block

* multiple threads within a stage, so shared state must be protected. Common case is that each event is
mostly independent (think http requests)

0 Inter-stage:
® rip action into two stages

® usually one-way: no return (equivalent to tail recursion). This means that the continuation is just the
contents of the event for the next stage.

® Jloops in stages are harder: have to manually pass around the state

atomicity is tricky too: how do you hold locks across multiple stages? generally try to avoid, but oth-
erwise need one stage to lock and a later one to unlock

IV. Capriccio

Idea: instead of switching to events, let’s just fix threads
0 leverage async 1/O
0 scale to 100,000 threads (qualitative difference: one per connection!)

0 enable compiler support and invariants

Why user-level threads? (mostly same args from scheduler activations)
0 easy, low-cost synchronization (but not for I/O which is slow anyway)
0 “*control* over thread semantics, invariants
0 enable application-specific behavoir (e.g. scheduling) and optimizations
0

enable compiler assistance (e.g. safe stacks)

But, still has problems:
o still have two schedulers
0 async I/O mitigates this by eliminating largest cause of blocking (in kernel)

0 still can block unexpectedly -- page faults or close() example
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current version actually stops running in such cases (so must be rare)

can’t schedule multple processes at user-level, only threads within a process (not a
problem for dedicated machines like servers)

Specific:
0 POSIX interface for legacy apps, but now at user level with a runtime library
0 make all thread ops O(1)
0 deal with stack space for 100,000 threads (can’t just give each 2MB)
® this uses less stack space

® and is faster!

e and is safer! (any fixed amount might not be enough)

Async I/O
0 allows lots of user threads to map to small number of kernel threads
0 allows better disk throughput
0 differnt mechanisms for network (epoll) and disk (AIO), but this is hidden from users

Resource-aware scheduling:
0 not well developed yet
0 goal: transparent but application specific (!)
0 note: lots of earlier work on OS extensibility that was hard to use and not well justified
0

here we are not requiring work on the part of the programmer, and we are focused on
servers, which actually do need different support



	SEDA Capriccio
	I. Background
	o The standard model (similar to Mesa)
	o Concurrent threads with locks/mutex/etc. for synchronization
	o Blocking calls
	o May hold locks for long time
	o Problems with more than 100 or so threads due to OS overhead (why?)
	o Strong support from OS, libraries, debuggers, ....
	o Lots of small handlers that run to completion
	o Basic model is event arrives and runs a handler
	o An event loops runs at the core waiting for arrivals, then calls handler
	o No context switch, just procedure call
	o Threads exist, but just run event loop -> handler -> event loop
	o Natural fit with finite-state machines (FSMs)
	o Allows very high concurrency

	II. Cooperative Task Scheduling
	o preemptive: tasks may be interrupted at any time
	o serial: tasks run to completion
	o cooperative: tasks are not pre-empted, but do yield the processor
	o Note: pre-emption is OK if it can’t affect the current atomic section. Easy way to achieve this is data partitioning! Only threads that access the shared state are a problem!
	o Threads: not too bad -- just block until the action completes (synchronous)
	o Events: hard
	o Threads -- pessimistic: acquire lock and then block
	o Threads -- optimistic: read state, block, try write, retry if fail (and re-block!)
	o Events -- pessimistic: acquire lock, store state in continuation ; later reply completes and releases lock. (seems hard to debug, what if event never comes? or comes more than once?)
	o Events -- optimistic: read state, store in continuation ; apply write, retry if fail
	o Basic problem: exclusive access can last a long time -- hard to make progress
	o General question: when can we move the lock to one side or the other?
	o One strategy:

	III. SEDA
	o 1) need a better way to achieve concurrency than just threads
	o 2) need to provide graceful degradation
	o 3) need to enable feedback loops that adapt to changing conditions
	o Internet makes the concurrency higher, requires high availability and ensures that load will exceed the target range.
	o want throughput to increase linearly and then stay flat as you exceed capacity
	o want response time to be low until saturation and then linearly increase
	o want fairness in the presence of overload
	o almost no systems provide this
	o key is to drop work early or to queue it for later (threads have implicit queues on locks, sockets, etc.)
	o virtualization makes it harder to know where you stand!
	o threads limits are too small in practice (about 100); some of this is due to linear searches in internal data structures, or limits on kernel memory allocation
	o claims about locks, overhead, TLB and cache misses are harder to understand -- don’t seem to be fundamental over events
	o queues are implicit, which makes it hard to control or even identify the bottlenecks
	o key insight in SEDA: no user allocated threads: programmer defines what can be concurrent and SEDA manages the threads. Otherwise no way to control the overall number or distribution of threads
	o debugging
	o legacy code
	o stack ripping
	o use threads within a stage, events between stages
	o stages have explicit queues and explicit concurrency
	o threads (in a stage) can block, just not too often
	o SEDA will add and remove threads from a stage as needed
	o simplifies modularity: queues decouple stages in terms of performance at some cost to latency
	o threads never cross stages, but events can be pass by value or pass by reference.
	o stage scheduling affects locality -- better to run one stage for a while than to follow an event through multiple stages. This should make up for the extra latency of crossing stages.
	o works for any measurable property that has smooth behavior (usually continuous as well). Property typically needs to be monotonic in the control area (else get lost in local minima/maxima)
	o within a stage: batching controller decides how many events to process at one time
	o thread pool controller: find the minimum number of threads that keeps queue length low
	o global thread allocation based on priorities or queue lengths...
	o but huge dropped requests to maintain response time goal
	o however, can’t really do any better than this...
	o how does SEDA do split-phase actions?
	o Intra-stage:
	o Inter-stage:

	IV. Capriccio
	o leverage async I/O
	o scale to 100,000 threads (qualitative difference: one per connection!)
	o enable compiler support and invariants
	o easy, low-cost synchronization (but not for I/O which is slow anyway)
	o *control* over thread semantics, invariants
	o enable application-specific behavoir (e.g. scheduling) and optimizations
	o enable compiler assistance (e.g. safe stacks)
	o still have two schedulers
	o async I/O mitigates this by eliminating largest cause of blocking (in kernel)
	o still can block unexpectedly -- page faults or close() example
	o current version actually stops running in such cases (so must be rare)
	o can’t schedule multple processes at user-level, only threads within a process (not a problem for dedicated machines like servers)
	o POSIX interface for legacy apps, but now at user level with a runtime library
	o make all thread ops O(1)
	o deal with stack space for 100,000 threads (can’t just give each 2MB)
	o allows lots of user threads to map to small number of kernel threads
	o allows better disk throughput
	o differnt mechanisms for network (epoll) and disk (AIO), but this is hidden from users
	o not well developed yet
	o goal: transparent but application specific (!)
	o note: lots of earlier work on OS extensibility that was hard to use and not well justified
	o here we are not requiring work on the part of the programmer, and we are focused on servers, which actually do need different support




<<
  /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


