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Abstract

FIFO schedulingis often consideed to be inappmopriate
for sdeduling workloads that are subject to timing
constaints. However, FIFO is implementedn manygenegl-
purpose OSs, and is more widely supportedthan other
priority-basedscedulingmethods. In this paper we show
that, when the global FIFO scheduling algorithm is used
to schedule sporadic real-time tasks on a multiprocessar
deadlinetardinessis bounded.This resultshowsthat global
FIFO may in fact be useful for scheduling soft real-time
workloads.

1. Intr oduction

Historically, FIFO ( rst-in, rst-out) schedulingvas
oneof the rst schedulingpoliciesto be implemented
in time-sharingsystems. Due to its simplicity, it is
widely supported. For example, it is implemented
in the Linux kernel to scheduletasks with high
priority [1]. FIFO is inferior to other methodsas
a meansfor schedulingrecurring actvities with hard
timing constraint49]. UnderFIFO, tasksstartmissing
deadlineson a uniprocessomhen total utilization is
approximately45% in the averagecase,and 5% in
the worst case[4]. In contrast,the EDF (earliest-
deadline- rst) algorithm correctly schedulesary task

setwith total utilizationatmost100%on uniprocessors.

NonethelessFIFO is a stanation-freepolicy, i.e., no
pendingjob is deniedexecution,andthusis of usein
time-sharingandpaclet-processingystemgi, 10].

In this paperwe considerthe problemof scheduling
soft real-time sporadictasks using the global FIFO
algorithm on a multiprocessor This focus is driven
by two factors. First, although variants of FIFO
schedulingare widely implemented,they are often
dismissedas an option for schedulingreal-timetasks
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— we wish to know if this dismissve attitude is
warranted. Second,with the emegenceof multicore
technologies,the common platform in the future in
mary settingswill beamultiprocessorTheseplatforms
will likely be deplosed in mary settingswhere soft
real-time constraintsare required[2]. On multicore
platforms,taskmigrationcostsare usuallymuchlower
than on corventional SMPs, due to the presenceof
sharedon-chip caches. Thus, as kernelsevolve to be
more“multicore-avare’} astrongcasecanbemadethat
global schedulingpolicies shouldbe supported.As in
thepast,we expectFIFO schedulingo be morewidely
deployed (at least,in general-purpos®Ss)than other
priority-basedpolicies. FIFO is betterunderstoodoy
mary systemdesigners,and other policies that have
beenproposedor schedulingsoft real-timeworkloads
on multiprocessorge.g. [12, 6]) would require more
effort to integrateinto existing kernels.

In this paper we shav thatglobal FIFO scheduling
(henceforth, referred to simply as FIFO) ensures
boundeddeadlinetardinesswhen schedulingsporadic
real-timetask systemson a multiprocessar The term
tardinessrefersto the extent by which deadlinesmay
be missed. If boundedtardinesscan be ensuredor a
sporadictask, then its long-term processorsharecan
be guaranteed— such guaranteesare sufcient for
mary soft real-time applications. Under FIFO, jobs
with earlierreleasdimesaregiven higherpriority, and
as such, execute non-preemptiely. Non-preemptie
execution has an adwantage of simplifying WCET
analysis.

Like global EDF [6, 7, 13], FIFO doesnot require
restrictve capson total utilization to ensurebounded
tardiness. In contrast, such caps are required for
ensuringtiming constraints(even boundedtardiness)
underthe mostwidely-studiedalternative, partitioning
schemes. The need for such caps arises due
to connectionsto bin-packing. Becauseof these
connections, there exist real-time workloads with
total utilization of approximatelym=2 that cannotbe
scheduledsia partitioningon m processorsAlthough



this weaknesgs counterbalancedly the avoidanceof
taskmigrations,underFIFO, taskscanonly migrateat
job boundariesandoverall utilization canbeashigh as
m (if tardinesss allowed).

Prior work. In [9], Geoge and Minet considered
the useof FIFO in hardreal-timedistributed systems
with consisteng constraints They presented pseudo-
polynomialtime necessarandsufcient conditionfor
the feasibility of a sporadictask system scheduled
under FIFO. They also shaved that FIFO with
deadline-monotonitie-breakss optimalin the classof
uniprocessoFIFO schedulingalgorithms.

The analysisof FIFO in our paperusesideasfrom
two prior papersby Devi and Anderson[6, 7]. In [6],
tardinessboundsfor preemptve and non-preemptie
global EDF (henceforthreferredasto EDF and NP-
EDF, respectiely) areestablishedTheseboundsapply
to ary sporadictask systemwith total utilization at
mostm scheduledn anEDF manneron m symmetric
processors.The analysisfrom [6] is improved in [7].
In EDF and NP-EDF, jobs are prioritized by their
absolutedeadlines. In FIFO, jobs are prioritized by
their releaseimes. In all threealgorithms,the priority
of ajob doesnot changehroughoutts existence.This
type of job prioritization is called job-level restricted
dynamic[8]. Hence resultsobtainedfor EDF andNP-
EDF areof relevanceto our work.

Summary of contributions. The main contribution
of this paperis to establishtardinessbounds for
FIFO. We also presentan experimentalevaluation of
FIFO's effectivenesdn limiting tardinesscomparedo
EDF and NP-EDF. In the workloads consideredin
theseexperiments,maximumtardinesgboth obsenred
and via theoreticalbounds)was higher under FIFO
than under EDF and NP-EDF. However, the three
schemesxhibited comparableaverage tardiness. To
our knowledge, this paperis the rst to shav that
tardinessfor sporadictasksscheduledunderFIFO is
boundedonmultiprocessorsr uniprocessors)n what
follows, we rst presentsomenecessaryle nitions in
Sec.2, andthen presentour formal and experimental
resultsin Secs3-4.

2. SystemModel

We considerthe problem of schedulinga set
of sporadictaskson m 2 unit-speedprocessors.
(Tardinessis boundedfor m = 1, but dueto space
constraints, we only considerthe case m 2)
We assumethat consistsof n independentasks,

with each such invocation called a job. Associated
with eachtask T; aretwo parametersg andp;: e

gives the maximum executiontime of one job of T;,
while, p;, calledthe period of T;, givesthe minimum
time betweentwo consecutie job releasef T;. For
brevity, T;'s parametersare sometimesdenotedusing
the notationT; = (&;p;)). We assumethat eachjob
of eachtaskT; executedor exactlye; time units. This
assumptiorcanbe easedo treate; asanupperbound,
at the expenseof more cumbersomenotation. The
utilization of taskT; is de ned asu; = TSP andthe
utilizationof thetasksystem asUsum = 1., Ui.

Thek™ job of T;, wherek 1, is denotedT;y . A
tasks rst job may bereleasedat ary time at or after
time zero. Thereleasdime of the job T is denoted
rix andits (absolutedeadlined;y isde nedasrix +
pi. If ajob Ti; with a deadlineat di;j completesat
timet, thenits tardinessis de nedasmax(0;t  d;;j ).
A taskKs tardinesss the maximumof the tardinessof
ary of its jobs. We requireu; 1 and Usym m.
Otherwise,tardinesscan grov unboundedly Whena
job of ataskmissesdts deadlinethereleasdime of the
next job of thattaskis not altered. This ensureshat
eachtaskrecevesa processosharein accordancevith
its utilization in thelong term (if tardinesss bounded).
Eachtaskis sequentialsoat mostonejob of ataskmay
executeatary time, evenif deadlinesaremissed.

We assumghatreleasegobsareplacednto asingle
global readyqueueandare prioritized by their release
times, with deadline-monotonitie-breaking. Thatis,
Tij hashigher priority than Ty, if (rij < ryy) _
((rij = ri) ™ (P < p«)). We further assumehat if
two jobs have equalpriority andoneis executing,then
thetie is brokenin its favor. Finally, (asreiteratedin
Def. 3 belaw) ajob is readyfor executionif it hasbeen
releasedandits predecessonhascompletedexecution.
When choosinga new job to schedulethe scheduler
selectdanddequeuesthereadyjob of highestpriority.

3. TardinessBound

In this sectionwe derive atardinessdoundfor FIFO
usingtechniquegresentedn [6, 7] for EDF andNP-
EDF. Someresultgprovedin thesetwo prior paperslso
hold for FIFO.

3.1. De nitions

The systemstarttime is assumedo be zero. For
ary timet > 0,t denoteghetimet in the limit
I O+.

De nition 1. (active jobs) A taskT,; is activeattimet
if thereexistsajob T;; (calledT;'sactivejob att) such
thatri;  t < di; . By ourtaskmodel,every taskhas
atmostoneactive job atary time.



De nition 2. (pending jobs) T;; is pendingatt in
a schedulesS if ry; t and Tj;; hasnot completed
executionby t in S.

De nition 3. (readyjobs) A pendingjob T; is ready
att in ascheduleésif t  ri; andall prior jobs of T;
have completedexecutionby t in S.

Claim 1. UnderFIFO, jobsexecutenon-peemptively

Proof. Supposethatjob T;; begins executionat time
t. Then,atthattime,atmostm 1 taskshave ready
jobswith priority higherthanT;; . We claim thatthis
property remainstrue until T;; completesexecution,
whichimpliesthatit executesnon-preemptiely. To see
thatthis propertyholds,notethatary job thatbecomes
readyaftert doessoeitherbecausé wasjustreleased,
or its predecessqgob hasjust completedexecution. In
the former case the new job clearly haslower priority
than T;; , sinceit has a later release. This same
reasonindnoldsin thelattercaseaswell, unlesgshenew
job is releasedbeforeT;; . However, in this case,the
new job's predecessaalsohasanearlierreleasesothe
numberof taskswith jobs of higher priority than T;;
remainsunchanged. O

Before continuing,we consideran example,which
illustratessomeof the differencebetweenEDF, NP-
EDF, andFIFO.

Example1l. Considemlataskset tobescheduledinder
EDF, NP-EDF, and FIFO that is comprisedof four
tasks: T1 = (1;2), T, = (2;6), T3 = (2;8), and
T4 = (11;12). The rst jobsof Ty, To, T3, and Ty
arereleasedattimes?2, 1, 0, andO, respectiely. Total
utilization is two, so this systemcan be scheduledn
two processorsConsiderthe threeschedulesn Fig. 1
for . IntheEDF andFIFO schedulesn insets(a) and
(c), respectiely, deadlinemissesoccut For example,
thejob T4.; missedts deadlineattime 12 by onetime
unit underEDF becausét cannotexecutein parallel,
and hence,cannotbene t from the spareprocessing
capacityin the systemduringtheintervals[3; 4), [5; 6),
[7;8), and[9; 10). UnderFIFO, T;.; missests deadline
at time 4 by onetime unit becausét cannotpreempt
T,.1 andTy:1, which have earlierreleasdimesandlater
deadlines.

A tasksystemis conceeteif thereleasdimesof all
jobs are speci ed, and non-concete otherwise. The
tardinessbound establishedfor FIFO is derived by
comparingheallocationgo aconcretedasksystem in
anideal processeasharing(PS) scheduleto thosein a
FIFO scheduleln aPSscedule eachiob of ataskT,; is
executedat a constantateof u; betweerits releaseand
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Figure 1. Schedules under (a) EDF, (b)
NP-EDF, and (c) FIFO for the task set in
Example 1.

deadline.As anexample,considerfFig. 2, which shovs
the PS schedulefor the task system in Examplel.
Notethat,in aPS schedulegachjob completesxactly
atits deadline.Thus,if ajob missests deadlinethenit
is “lagging behind”"the PS schedule— this conceptof
“lag” is instrumentalin the analysisandis formalized
below.

So that we may compare allocations in
different schedules, let A(Tj; ;t1;t2;S) denote
the total allocation to the job Ti; in an
arbitrary scheduIeSPin [ti;t2). Similarly, let
A(Ti t1;12;8) = 1 A(Tij ;t1;12;S)  denote
thetotaltime allocatedo all jobsof T; in [ty;t,) in S.

Since,in aPS scheduleT; executeswith therateu;
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Figure 2. PS schedule for in Example 1.

ateachinstantwhenit is activein [ty;t,), we have

ATt 1, P (2 to)u: 1)

The differencebetweerthe allocationsto a job Tj;
uptotimet in aPS scheduleandanarbitraryschedule
S, termedthelag of job T;; attimet in scheduleS, is
givenby

lag(Tij ;. S) = A(Ti; ;0 PS  A(T 50;t; S):
(2)

Thelag of ataskT; attimet in scheduleS is de ned
by
X

lag(Tij ; t; S)
i1
A(Ti; 0t PS)  A(Ti; 0;t; S):(3)

lag(Ti; t; S)

Finally, thelag for a nite job set attimet in the

scheduleS is de ned by

LAG( 35S)
= lag(Ti; ;t; S)
Tig(Z
= (A(Tij ;0 PS)  A(Tij ;0;t; S)):(4)
Tij 2

SinceLAG( ;0;S) = 0, thefollowing hold for t°
t.

LAG( ;t;S)
= LAG( ;t%S)+ A( ;t5tPY  A( 5t S)
®)

lag(Ti; t; S)
= lag(Ti;t%S) + A(Ti;t% PS)  A(Ti;t%t; S)
(6)

In essencetheconcepbf lagis importantbecausef
it canbeshawvn thatlagsremainboundedthentardiness

is boundedaswell.

De nition 4. (busy and non-busy intervals) A time

intenval [ty;t2), wheret, > tq, is saidto be busy for

ary job set if all m processorare executingsome
jobin ateachinstantin theinterval, i.e., no processor
is everidle in theinterval or executesajob notin . An

intenval [t1;t,) thatis notbusyfor is saidto benon-

busyfor . Aninterval [t1;t5) is saidto be maximally
non-husyif it is non-tusy at every instantwithin it and
eithert, isabusyinstantort, = O.

We are interestedin non-kusy intervals (for a job
set) becausetotal lag (for that job set) can increase
only acrosssuchintenals. Suchincreasexanleadto
deadlinemisses.Thisfactis provedin Lemmaz2 in [6].
The following exampleillustrateshow lag canchange
acrosshusyandnon-husyintervals.

Example 2. Considertaskset from Examplel. Let

jobs with deadlinesat most12. Theintenal [4;7) in
Fig. 1(c) is a busy interval for . We will shawv that
theLAGfor attheendof thisinterval is equalto the
LAG for  at the beginning of the intenal. By (5),
LAG( ;7;S) = LAG( ;4,S) + A( ;4T7,PY
A( ;4,7;S), whereS is the FIFO schedule. The
allocationof in the PS scheduleduring the interval
[4,7)isA( ;4,7;,PS) = 3=2+ 6=6+ 6=8+ 33=12= 6.
Theallocationof in S throughout4; 7) is also6.
Now let = fTi.19bethesetof jobswith deadlines
at most 4. Becausethe jobs T,.; and T4.1, which
have deadlinesaftertime 4, executewithin the intenal
[2; 4) in Fig. 1(c), this interval is non-tusyfor  in S.
By (4),LAG( ;4;S) = A( ;0;4PS A( ;0,4,S).
The allocationof  in the PS schedulethroughout
the interval [0;4) is A( ;0;4,PS = 2 1=2 = 1
The allocationof in SisA( ;0;4;S) = 0. Thus,
LAG( ;4;S) = 1 0 = 1. Fig. 1(c) shawvs that
attime 4, Ty, from  is pending. This job hasunit
executioncost,whichis equalto theamountof pending
work givenby LAG( ;4;S).

3.2. TardinessBound for FIFO

Givenanarbitrarynon-concretgéasksystem N, we
wantto determinethe maximumtardinessof ary job
of ary taskin ary concreteinstantiationof N. The
approachor doingthisis takenfrom [6, 7]. Let bea
concretanstantiationof N. LetT-; beajob of atask
T in ,letty = d; , andletS beaFIFO scheduldor

with thefollowing property

(P) The tardinessof every job of every task Ty in
with deadlinelessthanty is at mostx + g in S,



wherex 0.

Our goal is to determinethe smallestx suchthat the
tardinessof T-; remainsat mostx + e. Sucha
resultwould by inductionimply a tardinesof at most
X + e for all jobs of every task Ty 2 Because

is arbitrary the tardinessboundwill hold for every
concretanstantiationof N .

The objective is easilymetif T-; completesby its
deadlinety, soassumetherwise Thecompletiontime
of T-; thendependson the amountof work that can
competewith T-; afterty. Hence,avaluefor x canbe
determinedria thefollowing steps.

1. Computeanupperboundon thework pendingfor
tasksin (includingthatfor T-; ) thatcancompete
with T-; afterty.

2. Determinethe amountof suchwork necessaryor
thetardinesf T-;j to exceedx + e.

3. Determingthesmallesix suchthatthetardinesof
T is atmostx + e usingthe upperboundand
thenecessargonditionabove.

To reasonaboutthe tardinessof T-; we needto
determinehow otherjobs delaythe executionof T; .
We classify jobs basedon the relation betweentheir
releasdimesanddeadlinedo thoseof T+; , asfollows.

rd = fTig (e )" (dix  ta)g
Rd = fTix ((rixk > 1) " (dix  ta)g
D = Tk :(rik <ry)" (dix > ta)g
RD = fTk :(rik ry)" (dix > ta)g

In this notation,d denotesdeadlinesat mostty, and
D denotesdeadlinesgreaterthanty. Also, r denotes
releasetimes at mostor strictly lessthanr-; , andR
denoteseleasdimesatleastor strictly greatethanr;; .
Forary tq, thesetsrd, Rd, andrD are nite. Notealso
thatT-; 2 rd.

Example 3. Considerthe task set = fTy(1;2);
To(4;7); T3(8; 9)g andthe PS scheduldor it in Fig. 3.
JobsTy.1 and T,.; are releasedat time 1, and job
Ta;1 is releasedat time 0. Considerjob T; = Ty;1,
which hasa deadlineat time 8. With respectto T,.q,
the four setsmentionedabove arerd = fTq.1; T2.10,
Rd = le;g;T1;3g, rD = ng;lg, and RD =
fT1.4; T1:5; T2:2; Ta.29.  (RD would also include ary
jobsreleasedfterthoseshavn in the gure.)

The setof jobswith deadlinesat mostty is further
referredtoas = rd [ Rd. We areinterestedn this
setof jobs becausehesejobs do not executebeyond
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Figure 3. Job set partitioning.

tq in the PS schedule.Becausgobsin rd [ rD have
priority atleastthatof T-; , theexecutionof T-; will be
postponedin the worst case)until thereareat mostm
readyjobsin includingT-; with priority atleastthat
of T‘;j .

Sothatwe cananalyzethe impactof jobsfrom rD,
let the carry-in job Ty; of ataskTy bede ned asthe
job, if ary, for whichry; tq < di; holds. At most
onesuchjob couldexist for eachtaskTy.

Determining an upper bound on competing work.
Becausgobsinrd[ rD havepriority atleastthatof T-; ,
thecompetingvorkfor T-; beyondty is upperbounded
by the sumof (i) the amountof work pendingatty for
jobsin rd, and (ii) the amountof work D(rD;ty;S)
demandedby jobsin rD thatcancompetewith T after
tyg.

For the pendingwork mentionedn (i), becausgobs
from have deadlinesat mosttq, they do not execute
in thePS schedulébeyondty. Thus,thework pending
for jobsin rd is givenby LAG(rd; tq; S), whichmustbe
positive in orderfor T-; to missits deadlineatty. We
nd it morecorvenientto reasonaboutLAG( ;tq;S)
instead. Note that LAG(Rd;t4;S) is non-n@ative
becausethe jobs in Rd cannot perform more work
by time ty in S thanthey have performedin the PS
schedule. Hence, LAG(rd;tq4; S) LAG( ;tg;S)
Thus, the desired upper bound on the amount of
competing work for job T-; after tq is given by
LAG( ;tq;S) + D(rD;ty;S). We are left with
determining upper bounds on LAG( ;t4;S) and
D(rD;tq; S).

Upper bound on LAG( ;t4;S). In deriving this
bound,we assumehatall busy andnon-tusy intervals
consideredrewith respecto  andtheFIFO schedule
S unlessstatedotherwise. As mentionedaborve, LAG
canincreasenly throughout non-tusyinterval. Thus,
LAG( ;tq;S) LAG( ;t%S), wheret®is theendof
thelatestmaximallynon-husyinterval ator beforetq. If
suchanon-husy interval doesnot exist, thenthe entire
interval [O; tq) is busy Hence,LAG( ;tq;S) O, so



all jobsin  completeby ty4, which is contraryto our
assumptionthatT-; missests deadlineatty.
An intenal couldbe non-husyfor two reasons:

1. Therearenotenougtreadyjobsin  to occugy all
availableprocessorsin this case,it is immaterial
whetherjobs from rD or RD executeduring this
interval. We call suchan intenval non-tusy non-
displacing

2. Jobs in rD occugy one or more processors
(because¢hey have earlierreleasdimes),andthere
arereadyjobsin . We call suchaninterval non-
busydisplacing

Example 4. In the FIFO schedulen Fig. 1(c), for the
taskset from Examplel, theintenal [2; 4) is a non-
busydisplacinginterval for = fTj.19. Thereadyjob
Ti.1, which hasa deadlineat time 4, doesnot execute.
JobsTs,.; andT,.1, which have deadlinesaittimes? and
12, respectiely, executebecausehey are releasedat
time 0.

The displacemenbf jobsin is causeddy jobsin
rD, which have higherpriority thanT-; . rD consistsof
carry-injobs,which have areleasdime beforer-; and
adeadlineaftertqy. As notedearlier only onecarry-in
job canexist for eachtask.

De nition 5. Let  bethesetof tasksthathave jobs
inrD.

De nition 6. Let y betheamountof work performed
by acarry-injob Ty; in theschedules by timetgy.

In much of the rest of the analysis,we focus on
a time t, de ned as follows: if there exists a non-
busy non-displacinginterval beforety, acrosswhich
LAG for increasesthent, is the end of the latest
suchintenal; otherwiset, = 0. In Lemmal below,
we establisha relationshipbetween AG( ;tq;S) and
LAG( ;tn;S). WethenupperboundLAG( ;t,;S)in
Lemmag3 by afunctionof thetaskparameterandx.

kemma 1. LAG( ;tq;S) LAG( ;tn;S) +
Te2 o k(l le).

Proof By (4),

LAG( ;t4;S)
LAG( ;tn;S)

+A( ;taita; P A( tasta;S): (7)

We split [ty;tg) into b non-overlapping intervals
[tpi;tg) 1 i bsuchthatt, =ty ,tg , = tp, and

tg, = tq. Eachintenval [ty ; tg ) is eitherbusy non-tusy
displacing,or non-tusynon-displacingseeFig. 4). We

non-busy non-busy
non-displacing  busy displacing
[ [

I | T T T [99)
mi=== — T ---—---0_
P, o
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P [ ] L] L
= tg T tqg 1t tg 1=t

[ ]jobs notinrD [ jobs inrD

Figure 4. Splitting the interval [t,;tg) into
subinter vals [ty ;tg ).

assumehatary displacinginterval [t ; tg ) is de ned
sothatif ataskTy 2 4 executesatsomepointin the
interval, thenit executescontinuouslythroughoutthe
interval. NotethatsuchataskT, doesnot necessarily
execute continuously throughout|[t,;tq). For each
displacinginterval [tp, ; tg ), we de ne asubsebf tasks

i 1 thatexecutecontinuoushthroughoutty, ; tg ).
Theallocationdifferencefor  throughoutheinterval
[th;tg) is thus A( ;th;tq;PS)  A( ;th;tg;S) =
Xo

A( ;tpi ;tCIi ; PS)

i=1

We now bound the difference betweenthe work
performedin the PS scheduleandthe FIFO schedule
S acrosseachof theseintenals [ty ;tg ). The sumof
theseboundsgives us a boundon the total allocation
differencethroughouft, ; tq). Dependingonthenature
of theintenval [ty ; tg ), threecasesarepossible.

A( 5tpitg s S).

Casel. [ty ;tg ) is busy Becausen S all processors
areoccupiedoy jobsin , A( ;tp;tg;S) = m(tg
tp). INPS,A( ;tp 14 PS  Usum (tq  tp;). Since
Usum M, we have

A( Stptg s PS) A( tptgsS) 00 (8)
Case?2. [ty ;tg) is non-tusy non-displacing By the
selectionof t,,, LAG doesnot increasefor  across
[tp; ;tg ). Thereforefrom (5), we have

A( ;tpi ;tQi ; PS) A( ;tpi ;tQi ; S) 0: (9)
Case 3. [ty ;tg) is non-lusy displacing  The
cumulatve utilization of all tasks Ty, 2 i
Which execute continuously throughout [t ; tg ), is
The carry-in jobs of thesetasksdo not
belongto , by thede nition of . Thereforeby (1),
the allocationof jobsin  during[tp, ;tq‘ﬁ,in PS is at
MOStA( ity P (tQi tp, )(m T2 | Uk ).

T2 Uk -



All processorsare occupiedat every time instantin
the interval [ty ;tg ), becauset is displacing. Thus,
A( tpitg:S) = (tg tp)(m ] ij). Therefore,

the allocationdifferencefor jobsin  throughoutthe
interval is
A( ;tpi ;tCIi ’PS) A( ;tpi ;tCIi ,S)

X . .
(tg  tp) (M u) (m )
Tk2

= (tg tp) (1 u): (10)
Tk2

To nish the proof, dene ; = ; for all
intenals|ty, ; ty ) thatareeitherbusy or non-tusy non-
displacing. Then, summingthe allocationdifferences
for all theintervals[ty, ; tg ) givenby (8), (9), and(10),
we have

A( ;ta;tg; P9
X X

A( ;tn;ta;S)

(tpi tC]i )(1 uk):
i=1 T2

For eachtask Ty 2 y, the sum of the lengths
of the intenals [ty ;tg ), in which the carry-in job
of Ty executescontinuouslyis at most . Thus,
Al thita;PS AC taita; S) T2, k(@
Uk). Settingthisvglueinto (7),wegetLAG( ;tq4;S)
LAG( ;th;S)+ 1., , k(@ ). O

We now determine an upper bound on
LAG( ;tn;S), wheret, is as de ned earlier We
rst establistthefollowing

Lemma 2. lag(Tk;t; S)
andt 2 [0;tg].

X Uk + & for anytaskTy

Proof. Letdy; bethedeadlineof the earliestpending
job of Ty, T; , in the FIFO scheduleS attimet. Let
k betheamountof work Ty; performsbeforet. We
prove thelemmafor thecasedy; < t, leaving thecase
d¢; ttothereaderBy (3) andtheselectionof Ty,

lag( T Q; S)

lag(Tk:n:t; S)
i

(A(Tk;n; 05 PS)  A(Twn; Ot S)):
hoj

I
Nl

Becauseno job executes before its release time,
AT 0,6 S) = A(Tin; Tiens 6 S). Thus,

lag(T; t; S)

X

= (A(Tich; fich s & PS)
h>j
+A(Tij ;e t; P

A(Tin;Tens t S))
A(Ti;ir:6'S) (11)

By tge de nition of PS, A(Ty;;r;;t;PS) = &
and h>; A(Tk;h iNens 4 PS Uk (t dk;j ). By
e selectionof Ty, A(Tk;j;ry;;ttS) = « and
hj A(Tkn;ren;t; S) = 0. Setting thesevalues
into (11), we have
lag(Ty;t;S)  uk(t dij)+ & k! (12)
By Property(P), Ty;j hastardinessat mostx + e, SO
T+ e K dk;j + X + &. Thus,t dk;j X+ k.
From (12), we thereforehave lag(Ti;t; S) Uy (t
Oej)+ & kU X+ &. O

The lemmaabove was originally proved in [7] for
EDF, but sinceit only dependsn Property(P), it also
holdsfor FIFO.

Lemma 3 belov upper boundsLAG( ;t,;S) in
termsof two terms,E andU_ . LettingU( ;y) bethe
setof atmosty tasksof highestutilizationfrom thetask
set ,andE( ;y) bethesetof at mosty taskswith the
highestexecutioncostsfrom , E; andU_ arede ned
asfollows.

X
EL = e and U, =
Ti2E( ;m 1)

Ui (13)
Ti2U( ;m 1)

Lemma3. LAG( ;tn;S) EL +x U_.
Proof To bound LAG( ;t,;S), we sum individual
tasklagsatt,. If t, = O, thenLAG( ;t,;S) =
0 and the lemma holds trivially. So assume
that t, > 0. Consider the set of tasks
= fT; :9Ty; 2 suchthatT;; is pendingatt, g.
Becausethe instantt,, is non-tusy non-displacing,
j J  m 1. If ataskhasno pendingjobsatt, , then
lag(Ti;tn;S) 0. Thereforeby (4) and Lemma2, we
have

LAG( :tn;>§)
= lag(Ti; tn; S)
TiZ Ti;j 2
X
lag(Ti;th;S)
Ti 2

X

X u+e E_+x U O

T 2

Upper bound on LAG+ D. Thedemancyacecbyjobs
in rD afterty is clearlyD(rD;tg;S) T2 4 &
k. Sincethe tasksin y have jobsin rD, they have



periodsgreaterthan p;. From Lemmasl and 3, we
thereforehave

LAG( ;tgq;S) + D(rD;%;S)
EL+x U+ k(l
Tk%<H
EL+x U+ &: (14)
Thipk>p -

ug) + (ex )

Necessarycondition for tardinessto exceedx + e-.
We now nd the amountof competingwork for T;
thatis necessaryor T-; to missits deadlineby more
thanx + e.

Lemma 4. If thetardinessof T; exceedx + e, then
LAG(rd;tq;S) + D(rD;tgq;S) > mx + e-.

Proof. We prove the contrapositie: we assumethat
LAG(rd;tq;S) + D(rD;t4;S) mx + e holdsand
shaw thatthetardinesof T-; cannotexceedx + e . In
S, thejobsin Rd andRD do not affect the execution
of jobsin rd andrD. We canthus concentrateon the
schedulingof jobsinrd [ rD. Let - betheamountof
work T-; performsby timetq in S. Lety = x + —.
We considertwo cases.

Casel. [ty;tq + y) isabusyintervalforrd [ rD. In
this casethework performedby the systemonthejobs
inrd [ rD throughoufty;ty + y) ismy = mx +

Let W be the amountof work that can competewith
T after tg + vy, including the work due for T-; .
Then,W = LAG(rd;tq;S) + D(rD;tq;S) my

mx +e my = e Becauserd and rD
are nite, T-; eventually completes execution at
sometime t; . BecauseFIFO is work-conserving,at

least one processoris busy until T-; completes.

Thus, the amount of work performed by the
system for jobs in rd [ rD during the interval

[tg + y;t;) is at least t; t¢ y. Therefore,
tt tg y W.BecauseN e -, thisimplies
thatty tg y e -, andhencethetardinesof
Tyisty tg y+e -~=x+_-+e X+e.

Case2. [tg;tq + y) is non-kusyfor rd [ rD. Let
ts > 0 betheearliestnon-husyinstantin [tq;tg + V).
SinceFIFO is work-conservingall time instantsafter
ts arenon-tusyfor rd [ rD. Thejob T-; cannotstart
executionbeforethe precedingob T+; 1 (if it exists)
completesLett, bethe nish timeofthejob T 1, if
it exists,or 0 otherwise We considertthreesubcases.

Subcasel. T executesatts. By Claim 1, T
cannotbe preemptedafter ts, so it nishes by time
tste < tg+ty+e ‘:td+X+F +e

tg+ X+ e.

Subcase2. T-; doesnot executeatt, andt, ts.
The latesttime T-; can commenceexecution is ts
(-~ = 0 holdsin this case). By Claim 1, T-; is
not preemptedafter it commencesexecution, and
thus nishes by time tg + e. Becausdg < tgq + v,
tste<tg+ty+e =tg+x+ e (since - =0).

Subcase3. T-; doesnot executeatt, andt, > ts.
Thelatesttime T-; cancommencexecutionis t,. By
Property(P) andthe de nition of tg4, the nish time of
Ty 1istp tg p+x+e tg+x Also, - =0.
Becausd, > ts tyq andall time instantsafterts are
non-tusyfor rd [ rD, the nish timeof T-; is atmost
g+ X+ e. O

The lemmaabove was provedin [6] in the contet
of EDF and NP-EDF. However, the proof only relies
on Property (P) and the fact that jobs have job-level
restricted-dynamigoriorities so it holds for FIFO as
well.

By Lemma 4, setting the upper bound on
LAG( ;tq;S) + D(rD;tq; S) asimplied by (14) to be
atmostmx + e will ensurethatthe tardinessof T-;
is atmostx + e. By solvingfor the minimumx that
satis es the resultinginequality we obtain a value of
x thatis sufcient for ensuringa tardinessof at most
X + e . Theinequalityis asfollows.

X
X U +E_+

Thip>p -

& mx+e:

Solvingfor x, we have

P
EL + ( pk>p\ek)
m U

(15)

If x equalsthe right-hand side of (15), then the
tardinessof T-; will not exceedx + e. A value
for x that is independentof qse parametersof T
can bq,obtained by replacing e with
max- ( e e)in(15).

Pk >P\ek
Pk >p -

Theorem1. With x asde nedabove, thetardinesgor a
taskTx scheduledunderglobal FIFO is at mostx + e.

Note that, for tardinesgo be boundedunderFIFO,
the denominatorin the right-hand-sideexpressionin
(15) must not be zero. This condition is satis ed
becausdJ. < Ugm ()  m by thede nition of U_
in (13).



Example 5. Considerthe task set from Example 1.
Applying Theorem1 to the tasksin this set, we nd
thatthetardinesdoundfor eachtaskTy is 23:08 + &.
For taskT,, for example,the computedboundis 24:08.

3.3. GeneralizedTardinessBound

The proofsof the lemmaspresentedn the previous
sectionin the contet of FIFO schedulingdependonly
on Property (P), and the de nition of a carry-in job
(particularly theterm ). In particular theseproofs
do not mention the exact mannerin which jobs are
scheduled. As a result, the boundspresentedabore
canbe generalizedo apply to a wide rangeof other
global schedulingalgorithms.Suchgeneralizationsire
consideredn [11].

4. Experimental Evaluation

In this section, we present an experimental
evaluationof FIFO. In our experimentswe compared
obsered average and maximum tardiness under
FIFO, EDF, and NP-EDF, as computedfrom actual
schedules, to their respectte maximum tardiness
bounds, as establishedn this paperandin [6]. As
explained below, eachtask set had a maximum per
taskexecutioncostof enax = 10. Thetasksetswere
classi ed basedon their maximumpertaskutilization,
Umax - In inset(a) of Fig. 5, both obsered maximum
tardinesyvaluesandthosecomputedrom therespectre
boundsare plottedversusumax 2 f0:05; 0:1; 0:3g for
eachschemefor m = 4 andenax = 10. Inset(b) of
Fig. 5 is similar exceptthatobsered averagetardiness
is plotted instead of obserned maximum tardiness.
Also, for clarity, in eachinset,the barsarelistedin the
inset's legendin the sameorderasthey appearn the
graphfrom left to right.

For eachvalue of uyax in eachgraph,50 task sets
were generated.Eachsuchtask setwas generatedy
creatingtaskswith utilizations taken randomly from
[0; umax ] until total utilization exceededfour, and by
then reducing the last task's utilization so that four
processorsvere exactly required. The executioncost
of the rst taskwasthentakento been,x = 10 and
subsequentask execution costswere taken randomly
from [0; emax ]. TO determineobseredtardiness/alues
(average and maximum), a simulator was used for
each scheduling schemethat schedulestasks in a
synchronousperiodicfashionuntil time 20,000.In this
setof experimentscostsdueto schedulingandsystem
overheadsverenot considered.(SinceEDF preempts
jobs more frequently the performanceof EDF would
worsen,comparatrely, if overheadswere considered.

In addition, schedulingcostsunder FIFO should be

lower, becauserIFO-orderedpriority queuescan be

accessedn constanttime, whereasdeadline-ordered
priority queueshave linearor logarithmic accessosts,

dependingntheimplementation.)

As seenin Fig.5, obsered maximum tardiness
underFIFO is fairly closeto that given by the bound
computed in this paper Furthermore, maximum
tardinessunder FIFO (either obsened or via the
bound)is signi cantly higherthan that underthe two
EDF schemes. However, maximum tardinessunder
FIFO improves relative to the othertwo schemesas
Umax Increases. Thesetrendsare a consequencef
the fact that, under FIFO, taskswith later deadlines
can postponethe execution of tasks with smaller
deadlipes,causing high tardinessvalues. The term
max ( pesp g) in (15) describesthis effect.
Whenupmax is small,relative deadlinegendto belarger,
whichincreaseshelik elihoodof having highmaximum
tardiness.

In contrastto the maximum values considered
abore, whenaverageobsened tardinesss considered,
as plotted in inset (b) of Fig.5, a different story
emepges. As seen, average tardinessunder FIFO
is quite competitve with that under the two EDF
schemes. We concludethat FIFO is a reasonable
schedulingoptionto considerfor applicationgn which
good average-caséardinesss requiredand somevhat
higher maximum tardinessis tolerable, as long as it
is bounded. We remind the readerthat, on some
developmenplatforms,FIFO mightbetheonly option,
as other real-time schedulingapproachesre not as
widely supported.

5. Conclusion

We have shavn that the global FIFO scheduling
algorithm ensures bounded task tardiness when
schedulingsporadicsoft real-time task systemson a
symmetricmultiprocessoplatform. To our knowledge,
this paperis the rst attemptto establishsoft real-time
constraintdfor tasksscheduledn a FIFO manner(on
multiprocessorsr uniprocessors).

Several interestingavenuesfor further work exist.
They include probabilistic analysisof task tardiness
(that is, analytically determiningaveragetardiness),
considering multi-speed multicore architectures,
and extending the results to include tasks with
synchronizationrequirements. It would also be
interestingto considerworkloadsthat consistof a mix
of softreal-timeandnon-real-timaasks.
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Figure 5. Tardiness bounds and (a) obser ved maximum tardiness and (b) observed average
tardiness for EDF, NP-EDF, and FIFO vs. maxim um per-task utilization.
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