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Abstract  Preemptive Kernel

_ ~+ Improved Core Kernel Algorithms
The 2.5 development kernel introduced multi-

ple changes intent on improving the interactivea|ong the way, we will look at the current in-
performance of Linux. Unfortunately, the term tgractive performance of 2.5.

“interactive performance” is rather vague and

lacks proper metrics with which to measure. )

Instead, we can focus on five key elements: 1 Introduction

. fairness Interac_:tive performgnce IS important to a widg
selection of computing classes: desktop, multi-
 scheduling latency media, gamer, embedded, and real-time. These

application types benefit from quick system re-
sponse and deterministic or bounded behav-

interrupt latency

« process scheduler decisions ior. They are generally characterized as having
N explicit timing constraints and are often 1/0O-
* /O scheduler decisions bound. The range of applications represented

in these classes, however, varies greatly—word
In short, these attributes help constitute the fegprocessors, video players, Quake, cell phone
of Linux on the desktop and the performanceinterfaces, and data acquisition systems are
of Linux in real-time applications. As Linux all very different applications. But they all
rapidly gains market share both on the deskdemand specific response times (although to
top and in embedded solutions, quick systenvarying degrees) to various stimuli (whether its
response is growing in importance. This papethe user at the console or data from a device)
will discuss these attributes and their effect orand all of these applications find good interac-
interactive performance. tive performance important.

Then, this paper will look at the responses toBut whatis interactive performance? How can
these issues introduced in the 2.5 developmente say whether a kernel has good interactive

kernel: performance or not? For real-time applica-
tions, it is easy: “do we meet our timing con-
« O(1) scheduler straints or not?” For multimedia applications,

the task is harder but still possible: for ex-
 Anticipatory/Deadline I/O Scheduler ample, “does our audio or video skip?” For
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desktop users, the job is even harder. Hown order to continue processing newer requests
does one express the interactive performancat the current disk head position. This mini-
of their text editor or mailer? Worse, how doesmizes seeks and thus provides maximum over-
one quantify such performance? All too of- all disk throughput—at the expense of fairness
ten, interactive performance is judged by theto all requests.

seat of one’s pants. While actually perceiv- ) _
ing good interactive performance is an impor-S'”Ce the starved task may be interactive or

tant part of their actually existing good inter- otherwise timing-sensitive, ensuring fqirnes_s to
active performance, a qualitative experience i@!l tasks (or at least all tasks of a given im-

not regimented enough for extensive study andOrtance) is a very important quality of good
risks suffering from the placebo effect. interactive performance. Improving fairness
throughout the kernel is one of the biggest

For the purpose of this paper, we break dowrchanges made during the 2.5 development ker-
the vague term “interactive performance” andnel.

define five attributes of a kernel which benefit

the aforementioned types of applications: fair-» 5 scheduling Latency

ness, scheduling latency, interrupt latency, pro-

cess scheduler decisions, and 1/0O scheduler de- ) )
cisions. Scheduling latency is the delay between a task

waking up (becoming runnable) and actually
We then look at four major additions to the 2.5running. Assuming the task is of a suffi-
kernel which improve these qualities: the O(1)ciently high priority, this delay should be quite
scheduler, the deadline and anticipatory I/Osmall: an interrupt (or other event) occurs
schedulers, kernel preemption, and improveavhich wakes the task up, the scheduler is in-
kernel algorithms. voked to select a new task and selects the newly
woken up task, and the task is executed. Poor
scheduling latency leads to unmet timing re-
quirements in real-time applications, percepti-
ble lag in application response in desktop ap-
2.1 Faimess plications, and dropped frames or skipped au-

dio in multimedia applications.
Fairness describes the ability of tasks to all ) .
make not only forward progress but to doBOth maximum and average scheduling la-
so relatively evenly. If a given task fails to ©NCY IS important, and both need to be min-
make any forward progress, we say the taskmized for superior |nteract|v_e performa_lnce.
is starved. Starvation is the worst example ofV€arly all applications benefit from minimal
a lack of fairness, but any situation in which @verage scheduling latency, and Linux pro-
some tasks make a relatively greater percentlides exceptionally good average-case perfor-

age of progress than other tasks lacks fairmesdnance. Worst-case performance is a differ-
ent issue: it is an annoyance to desktop users

Fairness is often a hard attribute to justifywhen, for example, heavy disk 1/0 or odd VM
maintaining because it is often a tradeoff be-operations cause their text editor to go cata-
tween overall global performance and local-tonic. If the event is relatively rare enough,
ized performance. For example, in an efforthowever, they may overlook it. Both real-time
to provide maximum disk throughput, the 2.4and multimedia applications, however, require
block 1/0 scheduler may starve older requesta specific bound on worst-case scheduling la-

2 Interactive Performance
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tencies to ensure functionality. The process scheduler in 2.5 provides deter-
) . ministic scheduling latency via @(1) algo-
The preemptive kernel and improved algo-(jihm and a new interactivity estimator which

rithms (reducing lock hold time or reducing the jsgyes priority bonuses for interactive tasks and
algorithmic upper bound) result in a reductlonpriority penalties for CPU-hogging tasks.
in both average and worst-case scheduling la-

tency in 2.5. 2.5 1/0O Scheduler Decisions

2.3 Interrupt Latenc
P y I/O scheduler (the subsystem of the kernel that

divides the resource of disk /O among block
Interrupt latency is the delay between a hardy/o requests) decisions strongly affect fairess.
ware device generating an interrupt and an inTpe primary goal of any 1/O scheduler is to
terrupt handler running and processing the inyinimize seeks: this is done by merging and
terrupt. High interrupt latency leads to POOr sorting requests. This maximizing of global
system response as the actions of hardware afgroughput can directly lead to localized fair-

not readily perceived by the kernel. ness issues. Request starvation, particularly of
Interrupt latency in Linux is basically a func- read requests, can lead to long application de-

tion of interrupt off time—the time in which lays

the Ioca_l in_terrupt system s disabled. This onlyTyyo new I/0 schedulers available for 2.5, the
occurs inside the kernel and only for short pe-geadiine and the anticipatory /O schedulers,
riods of time reflecting critical regions which nrevent request starvation by attempting to dis-

must exe_cute W_ithout risk of an interrupt han'patch /0 requests before a configurable dead-
dler running. Linux has always had compar-jine has elapsed.

atively small interrupt latencies—on modern
machines, less than 100 microseconds.

o 3 Process Scheduler
Consequently, reducing interrupt latency was

not a primary goal of 2.5, although it undoubt-
edly occurred as lock hold times were reduce

and the global kernel lockcli() ) was finally
removed. The process scheduler plays an important role

in interactive performance. The Linux sched-
uler offers three different scheduling policies,
one for normal tasks and two for real-time

_ . tasks. For normal tasks, each task is assigned
The behavior and decisions made by the proz priority by the user (the nice value). Each

cess scheduler (the subsystem of the kernglgy is assigned a chunk of the processor's time
that divides the resource of CPU time among, imeslice). Tasks with a higher priority run

runnable processes) are important to maintainyior to tasks with a lower priority; tasks at the
ing good interactive performance. This shouldsgme priority are round-robined amongst them-

go without saying: poor decisions can leadsg|yes. |n this manner, the scheduler prefers
to starvation and poor algorithms can lead qa5ks with a higher priority but ensures fairness

scheduling latency. The process scheduler als@ ihose tasks at the same priority.
enforces static priorities and can issue dynamic

priorities based on a rule-set or heuristic. The kernel supports two types of real-time

.1 Introduction

2.4 Process Scheduler Decisions
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tasks, first-in first-out (FIFO) real-time tasks average. The idea is that interactive tasks are
and round-robin (RR) real-time tasks. Bothl/O bound. They spend much of their time
are assigned a static priority. FIFO tasks runwaiting for user interaction or some other event
until they voluntarily relinquish the processor. to occur. Tasks which spend much of their time
Tasks at a higher priority run prior to tasks atsleeping are thus interactive; tasks which spend
a lower priority; tasks at the same priority aremuch of their time running (continually ex-
round-robined amongst themselves. RR taskbausting their timeslice) are CPU hogs. These
are assigned a timeslice and run until they exrules are surprisingly simple; indeed, they are
haust their timeslice. Once all RR tasks of aessentially the definitions of 1/O-bound and
given priority level exhaust their timeslice, the CPU-bound. The fact the heuristic is basically
timeslices are refilled and they continue run-following the definition lends credibility to the
ning. RR tasks at a higher priority run beforeestimator.

tasks at a lower priority. Since real-time tasks o )

can be scheduled unfairly, they are expected tdhe heuristic determines the actual bonus or

have a sane design which properly utilizes thd?€nalty based on the ratio of the task’s actual
system. sleep average against a constant “maximum”

sleep average. The closer the task is to the
All scheduling in Linux is done preemptively, maximum, the more of the five bonus priority
except FIFO tasks which run until completi- levels it can receive. Conversely, the closer the
tion. New in 2.5, preemption of tasks can nowtask is to the negation of the maximum sleep
occur inside the kernel. average, the larger its penalty is.

For 2.5, the process scheduler was rewrittenThe results of the interactivity estimator are ap-
The new scheduler, dubbed the O(1) schedparent:
uler, features constant-time algorithms, per-

. .. USER NI PRI %CPU STAT COMMAND
processor runqueues, and a new |nteract|V|t¥m| 0 15 0.0 S

vim
estimator. The Linux scheduling policy, how- i o 18 04 s bash
ever, is unchanged. mi 0 25 917 R infloop
o _ First, note the kernel priority values (tfRlI
3.2 Interactivity Estimator column) correspond to a mapping of the default

nice value of zero to the value 20. The low-

The 2.5 scheduler includes an interactivity es€St priority nice value, 19, is priority 39. The
timator [mingo1] which dynamically scales a highest priority nice value, -20, is zero. Thus,
task’s static priority (nice value) based on its/Ower priority values are higher in priority. A
interactivity. Interactive tasks receive a prior- €t editor, vim, has received the full negative
ity bonus while tasks which excessively hogfive priority bonus. Since it initially had a nice
the CPU receive a penalty. Tasks in some theo¥@lue of zero, it now has a priority of 15. Con-
retical neutral position (neither interactive norVErSely, a program executing an infinite loop
hoggish) receive neither a bonus nor a penam[_ecewed the fu.II posmve five prlorlty.perllalty;
By default, up to five priority values are addedt NOW has a priority of 25. Bash, which is ba-
or removed to reflect the degree of the bonu§lC§.||y interactive but performs computation in
or the penalty; note this corresponds to 25% ofCrPts, has received a smaller bonus and now
the full -20 to 19 nice value range. has a priority of 18.

Interactivity is estimated using a running sleepHigher priority (that is, lower priority val-
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ued) tasks are scheduled prior to lower priorinteractive tasks. In the 2.4 scheduler, when a
ity (higher priority valued) tasks. They also re- task exhausts its timeslice it does not have a
ceive a larger timeslice. This implies that in- chance to run again until the remaining tasks
teractive tasks are usually runnable; they aralso exhaust their timeslice and timeslices are
scheduled first and generally have plenty ofglobally recalculated. This allows starvation of
timeslice with which to run. This ensures thatthe task, which might lead to perceptable de-
the text editor is capable of responding to days. To prevent this, the 2.5 scheduler will
keypress instantly, even if the system is undereinsert interactive tasks into the active array
load. when they expire their timeslicélow interac-
tive a task need be in order to be reinserted into

The interactivity estimator does not apply t0he active array and not expired depends on the
real-time tasks, which occupy a fixed priority (55k°s priority. To prevent indefinite starvation

in a higher priority range than any normal task.of non-interactive tasks in the expired array, in-
The estimator benefits interactive desktop progeractive tasks are only reinserted into the ac-

grams, such as a text editor or mailer. tive array so long as the tasks on the expired
array have run recently.
3.3 Reinsertion of Interactive Tasks

3.4 Finegrained timeslice distribution

All process schedulers implement a mech-

anism of recalculating and refilling processA final behavioral change in the O(1) sched-
timeslices. In the most rudimentary of sched-uler is a more finegrained timeslice distribution
ulers, this work occurs when all processes havand calculation [mingo2]. Currently, this be-
exhausted their timeslice and then the timeshavior is only present in the 2.5-mm tree but
lice and priority of each process is recalculatedwill likely be merged into the mainline 2.5 tree
and reassigned. Scheduling then continues aon.

before, until again all processes exhaust their ) _
timeslice and this work repeats. Normally, tasks are round-robined with other

tasks of the same priority (tasks with a higher
The O(1) scheduler implements @l) algo- priority are run earlier and tasks with a lower
rithm for timeslice recalculation and refilling. priority will run later). When they exhaust their
Instead of performing a larg®(n) recalcu- timeslice, their priority is recalculated (taking
lation when all processes exhaust their timesinto effect the interactivity estimator) and they
lice, the O(1) scheduler implements two arraysare either placed on the expired list or inserted
of tasks, the active array and the expired arrayinto the back of the queue for their priority
When a task exhausts its timeslice, it is movedevel.

to the expired array and its timeslice is refilled. )
When the active array is empty, the two ar_Thls leads to two problems. First, the scheduler

rays are switched (via a simple pointer swap)"&Y give an inter_a(_:tive task a large timeslic_:e i_n
and the scheduler begins executing tasks out gifder to ensure it is always runnable. This is
the new active array. This algorithm guaran-9°°d’ but it also results in a long timeslice that

tees a deterministic and constant-time solutior"@Y Prevent other tasks from running. Second,
to timeslice recalculation. since priority is recalculated only when a task

exhausts its timeslice, a task with a large times-
Another benefit of this approach is it provideslice may go some time without a priority re-
a simple prevention to processor starvation otalculation. The task’s behavior may change
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in this time, reversing whether or not the taskMore so, since the O(1) scheduler has excep-
is deemed interactive. Recognizing this, thetionally quick O(1) algorithms, scheduling
scheduler was modified to split timeslices intolatency may be reduced for a given over
small pieces—by default, 20ms chunks. Taskgrevious scheduling algorithms. Thus, the
do not receive any less timeslice, instead a tasR.5 scheduler offers deterministic, constant,
of equal priority may preempt the running taskand (perhaps) reduced scheduling latency over
every 20ms. The task is then requeued to therevious Linux kernel schedulers.

end of the list for its priority and it continues

to run round robin with other tasks at its prior-

ity level. In addition to this finer distribution 4 1/O Scheduler

of timeslices, the task’s priority is recalculated

every 20ms as well. 4.1 Introduction

3.5 AnO(1) Algorithm The primary job of any I/O scheduler (some-

times called an elevator) is to merge adjacent

An important property of real-time systems isrequests together (to minimize requests) and

deterministic behavior. Time-sensitive applica-to sort incoming requests seek-wise along the
tions demand consistent behavior that they cadisk (to minimize disk head movement). Re-
understand a priori. Critical algorithms, there-ducing the number of requests and minimizing
fore, need to operate in constant time or at leasdisk head movement is critical for overall disk
within predefined bounds. throughput. Disk seeks (moving the disk head
o ) ) from one sector to another) are very slow. If the

It is important that scheduling behavior (espe+,ymper and distance of seeks are minimized by

cially process selection and process wake UPJeordering requests, disk transfer rates are kept
operate deterministically, as time-sensitive aPgloser to their theoretical maximum.

plications demand minimal latency from wake
up to process selection to actual execution. If dn the interest of global throughput, however,
scheduling algorithm is dependent on the total/O scheduler decisions can introduce local
number of processes (or runnable processefiirness problems. Sorting requests can lead
even a high priority task cannot make an asto the starvation of requests that are not near
sumption about scheduling latency. Worsepther requests on the disk. If a heavy writeout
with a sufficiently large number of processes,is underway, the incoming write requests are
the time required to wake up and schedule anserted near each other in the request queue
task may be far larger than acceptable (e.gand dealt with quickly, minimizing seeks. A
your mp3 may skip or the nuclear power plantrequest to a far-off sector may not receive at-
may meltdown). tention for some time. This request starvation
is detrimental to system response as it is unfair.

By introducing O(1) —constant time— Request starvation is a shortcoming in the 2.4
algorithms for all scheduler functions, the ;5 scheduler.

O(1) scheduler offers not only deterministic

but constant scheduler performance. Thélhe general issue of request starvation leads
scheduler can wake up a task, select it to runto a more specific case of starvation, writes-
and execute it in the same amount of timestarving-reads. Write operations can usually
regardless of whether there are five or fiveoccur whenever the 1/0 scheduler wishes to
hundred thousand processes on the systemommitthem, asynchronous with respect to the
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submitting application or filesystem. Read op-read requests and 5 seconds for write requests.
erations, however, almost always involve a pro\WWhen a request is submitted to the deadline I/O
cess waiting for the read to complete—that isscheduler, it is added to both the sorted queue
read requests are usually synchronous with reand the appropriate FIFO queue. In the case
spect to the submitting application or filesys-of the sorted queue, the request is merged or
tem. Because system response is largely uretherwise inserted sector-wise where it fits. In
affected by write latency (the time required tothe case of the FIFO queues, the request is as-
commit a write) but is strongly affected by read signed an expiration value and placed at the tail
latency (the time required to commit a read),of the queue.

prioritizing reads over writes will prevent write ] _
requests from starving read requests and inNormally, the deadline 1/O scheduler services

crease the responsiveness of the system. requests from the sorted queue, to minimize
seeks. If a request expires at the head of either

Unfortunately, minimizing seeks and prevent-FIFO queue (the requests at the head are the
ing unfairness from request starvation areoldest), however, the scheduler stops dispatch-
largely conflicting goals. With a proper solu- ing items from the sorted queue and begins dis-
tion, however, the fairness issues are resolvablpatching from the FIFO queues. This behavior
without a large drop in global disk throughput. ensures that, in general, seeks are minimized
and thus global throughput is maximized. Fair-
ness is maintained, however, as the 1/0 sched-
uler attempts to dispatch requests within the
specified expiration time. The deadline I/O
To prevent starvation of requests, a new I/Oscheduler provides an upper bound on request
scheduler, the deadline I/O scheduler, was inlatency—ensuring fairness—at the expense of
troduced [axboel, axboe2]. The deadline I/Ca small degradation in overall throughput.
scheduler works by assigning tasks an expira-

tion time and trying to ensure (although not4.3 Writes-Starving-Reads

guaranteeing) that requests are dispatched be-

fore they expire.

4.2 Request Starvation

Usually, read operations are synchronous while

The 2.4 1/0 scheduler [arcangeli] implements\Write€s operations are asynchronous.  Basi-
when an application issues a read re-

a single queue, which is sorted ascendingly by@!lY;

sector. Requests are either merged with adduest, it cannot continue until the operation
jacent requests or sorted into the proper locaSomPpletes and the application is given the re-

tion in the queue; requests are appended to ﬂ.%uested value. The completion of write opera-
tail if they have no proper insertion point. The tions, on the other hand, usually has no bearing
/O scheduler then dispatches requests as tH! the progress of the application. Aside from

block devices request them from the head ofVOrTying about power failures, an application
the queue. is unconcerned as to whether a write commits

to disk in one second or five minutes. In fact,
The deadline I/O scheduler augments thisnost applications are probably unaware if the
sorted queue with two more queues, a first-irdata is ever committed! Conversely, an appli-
first-out (FIFO) queue of read requests and aation usually needs the results of a read oper-
FIFO queue of write requests. Each requesation and will block until the data is returned.
in the FIFO queues is assigned an expiratioWorse, read requests are often issued en masse
time. By default, this is 500 milliseconds for and each read is dependent on the previous.
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The application or filesystem will not submit these modifications insert reads (failing a
read requesN until read requesiN-1 com- proper insertion elsewhere) near the head
pletes. of the queue. This drastically improves

_ application performance—more than ten-fold
In the 2.4 I/O scheduler, read and write re'improvements—as it prevents writes from
guests are treated equal. The 2.4 /O SChec%‘tarving reads.

uler tries to minimize seeks by sorting requests

on insert. If a request is issued that is betweehe deadline 1/0 scheduler, the current de-
(seek-wise) two other requests in the queue, itault /0O scheduler in 2.5, addresses this is-
is inserted there. If there is no suitable placesue as well. The deadline I/O scheduler pro-
to insert the request (perhaps because no othgides a separate (generally much smaller) ex-
operations are occurring to the same area of thpiration timeout for read requests. Conse-
disk), the request is appended to the end of thquently, the I1/O scheduler tries to submit reads

gueue. Consequently, something like requests within a rather short period, ignor-
ing write requests that may be adjacent to the
cat * > /dev/null disk head’s current location or that have been
waiting longer. This prevents the starvation of

reads.

where there is even only a moderate number of

files in the current directory results in hundredsUnfortunately, not all is well. While the dead-
of dependent read requests. If a heavy write i$ine /0O scheduler solves the read latency prob-
underway, each individual read request will belem, the increased attention to read requests re-
inserted at the tail of the queue. Assuming thesults in a seek storm. For each submitted read
queue can hold a maximum of about one secrequest, any pending writes are delayed, the
ond’s worth of requests, each individual readdisk seeks to the location of the reads and per-
request takes a second to reach the head of tierms the operation, and then it seeks back and
gueue. That is, the heavy write operation concontinues with the writes. This results in two
tinually keeps the queue full with write opera- seeks for each read request (or group of adja-
tions to some part of the disk. When the reactent read requests) that are issued during write
request is submitted, there is no suitable insereperations.

tion point so it is appended to the tail of the _ _
queue. After a second, the read is finally at thé~ompounding the problem, reads are issued

head of the queue, and it is dispatched. This rell groups of dependent requests, as discussed.
peats for each and every individual read. Sincé\Ot long after seeking back and continue the
each read is dependent on the next, the requesigites, another read request comes in and the
are issued in serial. Thus the previocst  Whole mess is repeated.

takes hundreds of seconds to complete in 2

: . '+he goal of a research interest in I/O sched-
when the system is also under write pressure

“ulers, anticipatory I/O scheduling [iyer], is to
Recognizing that the asynchrony and in-Prevent this seek storm. When an application
terdependency of read operations highlight$UPmits a read request, it is handled within the
over writes, various patches were introducedlUest is submitted, however, the I/O scheduler
edging that appending reads to the tail ofP€ndingwrite requests. Instead, it does nothing
the queue is detrimental to performance@t all for a few milliseconds (the actual value
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is configurable; it defaults to 6ms). In thoseln 2.4, the effect of a streaming read upon a
few milliseconds, there is a good chance theseries of many small individual reads is also
application will submit another read request. Ifdevastating. Perform a streaming read via:
any read request is issued to adjacent areas of
the disk, the 1/0 scheduler immediately han- .

. while true
dles them. In this case, the 1/0O scheduler preg,
vented another pair of seeks. It is important to
note that the few milliseconds spent waiting iSggne
well worth the prevention of the seeks—this is
the point of anticipatory 1/0 scheduling. If a -
request is not issued in time, however, the 1/02Nd measure how long a read of every file in
scheduler times out and returns to processin§!€ current kernel tree takes:
any write requests. In that case, the anticipa-
tory 1/0O scheduler loses and we lost a few mil- find . -type f -exec \
liseconds. cat '{y ;' > /devinull

cat big-file > /dev/null

The key is properly anticipating the actions

of applications and the filesystem. If the 1/O 2.4.20 required 30 minutes and 28 seconds,
scheduler can predict the actions of an applica2.5.68-mm2 with the deadline 1/O scheduler
tion a sufficiently large enough percentage ofrequired 3 minutes and 30 seconds, and 2.5.68-
the time, it can successfully limit seeks (whichmm2 with the anticipatory I/O scheduler re-
are terrible to disk performance) and still pro-quired a mere 15 seconds. That is a 121-times
vide low read latency and high write through-improvement from 2.4 to 2.5.68-mm2 with the
put. A version of the deadline 1/0 scheduler,anticipatory 1/O scheduler.

the anticipatory scheduler [piggin], is avail- . ,

able in 2.5-mm which supports anticipatory 1/0 How much damage does this benefit to read _Ia—
scheduling. The anticipatory I/O scheduler im-t€Ncy do to global throughput, though? It is

plements per-process statistics to raise the pef/€a' that read throughput is improved, but at
centage of correct anticipations. what cost to write requests and global through-

put? Consider the inverse, under a streaming
The results are very satisfactory. Under areéad such as:
streaming write, such as

while true
while true; do do
dd if=/dev/zero of=file bs=1M cat file > /dev/null
done done

a simple read of a 200MB file completes in 45A simple write and sync of a 200MB file
seconds on 2.4.20, 40 seconds on 2.5.68-mmi2kes 7.5 seconds on 2.4.20, 8.9 seconds on
with the deadline I/O scheduler, and 4.6 sec2.5.68-mm2 with the deadline 1/0 scheduler,
onds on 2.5 with the anticipatory 1/0 scheduler.and 13.1 seconds on 2.5.68-mm2 with the an-
In 2.4, the streaming write results in terrible ticipatory I/O scheduler. The 2.5 I/O sched-
starvation for the read requests. The anticipaulers are slower, but not overly so (certainly not
tory I/O scheduler results in nearly a ten-foldto the degree read latency is decreased). This
improvement in read throughput. test does not show global throughput, though,
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just write throughput in the presence of heavyeven if returning to kernel mode. Thus, a task
reads. Since the streaming read above may opvoken up in an interrupt handler (a common
erate much quicker, global throughput is oftenoccurrence) can then run at the earliest possi-
largely unchanged. ble moment, as soon as the interrupt handler
returns. Consequently, a high priority task will
preempt a lower priority task, even if the lower
priority task is executing inside the kernel.

The anticipatory I/0O scheduler is currently in
the 2.5-mm tree. It is expected that it will be
merged into the mainline 2.5 tree before 2.6.
The preemption does not occur on return from
interrupt, of course, if the interrupted task
holds a lock. In that case, the pending pre-
emption will occur as soon as all locks are
5.1 Introduction released—again at the earliest possible mo-
ment.

The addition of kernel preemption in 2.5 pro-
vides significantly lowered average schedulings.3 Improved Core Kernel Algorithms
latency and a modest reduction in worst-case

scheduling latency. More importantly, intro- changes to core kernel algorithms (primarily
ducing a preemptive kernel installs the initialj, the VM and VFS primarily) were made to

framework for f_urther lowering scheduling la- improve fairness, provide a better bound on
tency by allowing developers to tackle spe-time complexity (and thus a bound on schedul-
cific locks as the root of scheduling latency @Sng latency), and reduce lock hold time to take

opposed to entire kernel call chains. Conveygyantage of kernel preemption and reduce la-
niently, reducing lock hold time is also a goal tgncy,

for large SMP machines

5 Preemptive Kernel

Some of the most important changes were to
such as the page allocator. These changes pre-

. _ , vent VM pressure caused by one process from
Evolving an existing non-preemptive kernel . .
. ; . L unfairly affecting VM performance of other
into a preemptive kernel is nontrivial; the task

is greatly simplified, however, if the kernel PTOC€SS€S:

is already safe against reentrancy and concufyany small changes were made to kernel func-
recny. Therefore, in the case of the Linux Ker-tions in known high latency code paths in the
nel, the safety provided by existing SMP lock-kernel. These changes involved modifying the
ing primitives were leveraged to provide a sim-g|gorithm to have a minimized or fixed bound

ilar protection from kernel preemptions. SMP gn, time complexity and to reduce lock hold so
spin locks were modified to disable kernel pre-as to allow kernel preemption sooner.

emption in a nested fashion; afterspin locks,
kernel preemption is not again enabled until the5_4 Reducing Scheduling Latency
n-th unlock.

Theret_from_intr path (the architecture- Measurements of scheduling latency are highly
dependent assembly which returns controtlependent on both machine and workload
from the interrupt handler to the interrupted (workload being a crucial element—one work-
code) was then modified to allow preemptionload may show no perceptible scheduling la-
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