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Abstract

FIFO schedulingis oftenconsidered to be inappropriate
for scheduling workloads that are subject to timing
constraints.However, FIFO is implementedin manygeneral-
purpose OSs, and is more widely supported than other
priority-basedschedulingmethods. In this paper, we show
that, when the global FIFO scheduling algorithm is used
to schedule sporadic real-time tasks on a multiprocessor,
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) schedulingwas
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 schedule tasks with high
priority [1]. FIFO is inferior to other methodsas
a meansfor schedulingrecurringactivities with hard
timing constraints[9]. UnderFIFO, tasksstartmissing
deadlineson a uniprocessorwhen total utilization is
approximately45% in the averagecase,and 5% in
the worst case[4]. In contrast, the EDF (earliest-
deadline-�rst) algorithm correctly schedulesany task
setwith totalutilizationatmost100%onuniprocessors.
Nonetheless,FIFO is a starvation-freepolicy, i.e., no
pendingjob is deniedexecution,andthus is of usein
time-sharingandpacket-processingsystems[1, 10].

In thispaper, weconsidertheproblemof 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 dismissive attitude is
warranted. Second,with the emergenceof multicore
technologies,the common platform in the future in
many settingswill beamultiprocessor. Theseplatforms
will likely be deployed in many settingswhere soft
real-time constraintsare required[2]. On multicore
platforms,taskmigrationcostsareusuallymuchlower
than on conventional SMPs, due to the presenceof
sharedon-chip caches.Thus, as kernelsevolve to be
more“multicore-aware,” astrongcasecanbemadethat
global schedulingpoliciesshouldbe supported.As in
thepast,weexpectFIFO schedulingto bemorewidely
deployed (at least,in general-purposeOSs)thanother
priority-basedpolicies. FIFO is betterunderstoodby
many systemdesigners,and other policies that have
beenproposedfor schedulingsoft real-timeworkloads
on multiprocessors(e.g. [12, 6]) would requiremore
effort to integrateinto existingkernels.

In this paper, we show thatglobalFIFO scheduling
(henceforth, referred to simply as FIFO) ensures
boundeddeadlinetardinesswhen schedulingsporadic
real-timetasksystemson a multiprocessor. The term
tardinessrefersto the extent by which deadlinesmay
be missed. If boundedtardinesscanbe ensuredfor a
sporadictask, then its long-termprocessorsharecan
be guaranteed— such guaranteesare suf�cient for
many soft real-time applications. Under FIFO, jobs
with earlierreleasetimesaregivenhigherpriority, and
as such, executenon-preemptively. Non-preemptive
execution has an advantage of simplifying WCET
analysis.

Like global EDF [6, 7, 13], FIFO doesnot require
restrictive 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
scheduledvia partitioningon m processors.Although



this weaknessis counterbalancedby the avoidanceof
taskmigrations,underFIFO, taskscanonly migrateat
job boundaries,andoverall utilizationcanbeashighas
m (if tardinessis allowed).

Prior work. In [9], George and Minet considered
the useof FIFO in hard real-timedistributedsystems
with consistency constraints.They presenteda pseudo-
polynomialtime necessaryandsuf�cient conditionfor
the feasibility of a sporadic task system scheduled
under FIFO. They also showed that FIFO with
deadline-monotonictie-breaksis optimalin theclassof
uniprocessorFIFO schedulingalgorithms.

The analysisof FIFO in our paperusesideasfrom
two prior papersby Devi andAnderson[6, 7]. In [6],
tardinessboundsfor preemptive and non-preemptive
global EDF (henceforthreferredas to EDF and NP-
EDF, respectively) areestablished.Theseboundsapply
to any sporadictask systemwith total utilization at
mostm scheduledin 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 releasetimes. In all threealgorithms,thepriority
of a job doesnot changethroughoutits existence.This
type of job prioritization is called job-level restricted
dynamic[8]. Hence,resultsobtainedfor EDF andNP-
EDF areof relevanceto ourwork.

Summary of contributions. The main contribution
of this paper is to establish tardinessbounds for
FIFO. We also presentan experimentalevaluationof
FIFO's effectivenessin limiting tardinesscomparedto
EDF and NP-EDF. In the workloads consideredin
theseexperiments,maximumtardiness(both observed
and via theoreticalbounds)was higher under FIFO
than under EDF and NP-EDF. However, the three
schemesexhibited comparableaverage tardiness. To
our knowledge, this paper is the �rst to show that
tardinessfor sporadictasksscheduledunderFIFO is
bounded(onmultiprocessorsor uniprocessors).In what
follows, we �rst presentsomenecessaryde�nitions in
Sec.2, and then presentour formal and experimental
resultsin Secs.3–4.

2. SystemModel

We consider the problem of schedulinga set �
of sporadictaskson m � 2 unit-speedprocessors.
(Tardinessis boundedfor m = 1, but due to space
constraints, we only consider the case m � 2.)
We assumethat � consistsof n independenttasks,
T1; : : : ; Tn . Eachtaskis invokedor releasedrepeatedly,
with eachsuch invocation called a job. Associated
with eachtask Ti are two parameters,ei and pi : ei

gives the maximumexecutiontime of one job of Ti ,
while, pi , calledthe period of Ti , gives the minimum
time betweentwo consecutive job releasesof Ti . For
brevity, Ti 's parametersare sometimesdenotedusing
the notationTi = (ei ; pi ). We assumethat eachjob
of eachtaskTi executesfor exactlyei time units. This
assumptioncanbeeasedto treatei asanupperbound,
at the expenseof more cumbersomenotation. The
utilization of taskTi is de�ned asui = ei =pi , andthe
utilizationof thetasksystem� asUsum =

P
T i 2 � ui .

Thekth job of Ti , wherek � 1, is denotedTi;k . A
task's �rst job may be releasedat any time at or after
time zero. The releasetime of the job Ti;k is denoted
r i;k andits (absolute)deadlinedi;k is de�ned asr i;k +
pi . If a job Ti;j with a deadlineat di;j completesat
time t, thenits tardinessis de�ned asmax(0; t � di;j ).
A task's tardinessis the maximumof the tardinessof
any of its jobs. We requireui � 1 andUsum � m.
Otherwise,tardinesscan grow unboundedly. When a
job of a taskmissesits deadline,thereleasetime of the
next job of that task is not altered. This ensuresthat
eachtaskreceivesa processorsharein accordancewith
its utilization in thelong term(if tardinessis bounded).
Eachtaskis sequential,soatmostonejob of ataskmay
executeatany time,evenif deadlinesaremissed.

Weassumethatreleasedjobsareplacedinto asingle
global readyqueueandareprioritized by their release
times,with deadline-monotonictie-breaking. That is,
Ti;j has higher priority than Tk ;l if (r i;j < r k ;l ) _
(( r i;j = r k ;l ) ^ (pi < pk )) . We furtherassumethat if
two jobshave equalpriority andoneis executing,then
the tie is broken in its favor. Finally, (as reiteratedin
Def. 3 below) a job is readyfor executionif it hasbeen
releasedand its predecessorhascompletedexecution.
When choosinga new job to schedule,the scheduler
selects(anddequeues)thereadyjob of highestpriority.

3. TardinessBound

In thissection,wederiveatardinessboundfor FIFO
usingtechniquespresentedin [6, 7] for EDF andNP-
EDF. Someresultsprovedin thesetwo priorpapersalso
hold for FIFO.

3.1. De�nitions

The systemstart time is assumedto be zero. For
any time t > 0, t � denotesthe time t � � in the limit
� ! 0+ .

De�nition 1. (active jobs) A taskTi is activeat time t
if thereexistsa job Ti;j (calledTi 'sactivejob at t) such
thatr i;j � t < di;j . By our taskmodel,every taskhas
atmostoneactive job atany time.



De�nition 2. (pending jobs) Ti;j is pendingat t in
a scheduleS if r i;j � t and Ti;j hasnot completed
executionby t in S.

De�nition 3. (readyjobs) A pendingjob Ti;j is ready
at t in a scheduleS if t � r i;j andall prior jobsof Ti

have completedexecutionby t in S.

Claim 1. UnderFIFO, jobsexecutenon-preemptively.

Proof. Supposethat job Ti;j begins executionat time
t. Then,at that time, at mostm � 1 taskshave ready
jobs with priority higherthanTi;j . We claim that this
property remainstrue until Ti;j completesexecution,
which impliesthatit executesnon-preemptively. To see
that this propertyholds,notethatany job thatbecomes
readyaftert doessoeitherbecauseit wasjust released,
or its predecessorjob hasjust completedexecution. In
the formercase,thenew job clearlyhaslower priority
than Ti;j , since it has a later release. This same
reasoningholdsin thelattercaseaswell, unlessthenew
job is releasedbeforeTi;j . However, in this case,the
new job'spredecessoralsohasanearlierrelease,sothe
numberof taskswith jobs of higherpriority thanTi;j

remainsunchanged.

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

Example1. Considerataskset� to bescheduledunder
EDF, NP-EDF, and FIFO that is comprisedof four
tasks: T1 = (1; 2), T2 = (2; 6), T3 = (2; 8), and
T4 = (11; 12). The �rst jobs of T1, T2, T3, and T4

arereleasedat times2, 1, 0, and0, respectively. Total
utilization is two, so this systemcanbe scheduledon
two processors.Considerthe threeschedulesin Fig. 1
for � . In theEDF andFIFO schedules,in insets(a)and
(c), respectively, deadlinemissesoccur. For example,
the job T4;1 missesits deadlineat time 12 by onetime
unit underEDF becauseit cannotexecutein parallel,
and hence,cannotbene�t from the spareprocessing
capacityin thesystemduringtheintervals[3; 4), [5; 6),
[7; 8), and[9; 10). UnderFIFO, T1;1 missesits deadline
at time 4 by one time unit becauseit cannotpreempt
T2;1 andT4;1, whichhaveearlierreleasetimesandlater
deadlines.

A tasksystemis concreteif the releasetimesof all
jobs are speci�ed, and non-concrete, otherwise. The
tardinessbound establishedfor FIFO is derived by
comparingtheallocationsto aconcretetasksystem� in
an ideal processor-sharing(PS) scheduleto thosein a
FIFO schedule.In aPSschedule, eachjobof ataskTi is
executedataconstantrateof ui betweenits 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,considerFig. 2, which shows
the PS schedulefor the task system� in Example1.
Notethat,in aPS schedule,eachjob completesexactly
at its deadline.Thus,if a job missesits deadline,thenit
is “lagging behind”thePS schedule— this conceptof
“lag” is instrumentalin the analysisandis formalized
below.

So that we may compare allocations in
different schedules, let A(Ti;j ; t1; t2; S) denote
the total allocation to the job Ti;j in an
arbitrary schedule S in [t1; t2). Similarly, let
A(Ti ; t1; t2; S) =

P
j � 1 A(Ti;j ; t1; t2; S) denote

thetotal timeallocatedto all jobsof Ti in [t1; t2) in S.

Since,in aPS schedule,Ti executeswith therateui
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Figure 2. PS schedule for � in Example 1.

ateachinstantwhenit is active in [t1; t2), wehave

A(Ti ; t1; t2; PS) � (t2 � t1)ui : (1)

Thedifferencebetweentheallocationsto a job Ti;j

up to time t in a PS scheduleandanarbitraryschedule
S, termedthelag of job Ti;j at timet in scheduleS, is
givenby

lag(Ti;j ; t; S) = A(Ti;j ; 0; t; PS) � A(Ti;j ; 0; t; S):
(2)

Thelag of a taskTi at timet in scheduleS is de�ned
by

lag(Ti ; t; S) =
X

j � 1

lag(Ti;j ; t; S)

= A(Ti ; 0; t; PS) � A(Ti ; 0; t; S):(3)

Finally, the lag for a �nite job set	 at timet in the
scheduleS is de�ned by

LAG(	 ; t; S)

=
X

T i;j 2 	

lag(Ti;j ; t; S)

=
X

T i;j 2 	

(A(Ti;j ; 0; t; PS) � A(Ti;j ; 0; t; S)) :(4)

SinceLAG(	 ; 0; S) = 0, thefollowing hold for t0 �
t .

LAG(	 ; t; S)

= LAG(	 ; t0; S) + A(	 ; t0; t; PS) � A(	 ; t0; t; S)

(5)

lag(Ti ; t; S)

= lag(Ti ; t0; S) + A(Ti ; t0; t; PS) � A(Ti ; t0; t; S)

(6)

In essence,theconceptof lagis importantbecause,if
it canbeshown thatlagsremainbounded,thentardiness

is boundedaswell.

De�nition 4. (busy and non-busy intervals) A time
interval [t1; t2), wheret2 > t1, is said to be busy for
any job set 	 if all m processorsareexecutingsome
job in 	 ateachinstantin theinterval, i.e., noprocessor
is ever idle in theinterval or executesajob not in 	 . An
interval [t1; t2) that is not busyfor 	 is saidto benon-
busyfor 	 . An interval [t1; t2) is saidto bemaximally
non-busyif it is non-busyat every instantwithin it and
eithert �

1 is abusyinstantor t1 = 0.

We are interestedin non-busy intervals (for a job
set) becausetotal lag (for that job set) can increase
only acrosssuchintervals. Suchincreasescanleadto
deadlinemisses.This factis provedin Lemma2 in [6].
The following exampleillustrateshow lag canchange
acrossbusyandnon-busyintervals.

Example 2. Considertaskset� from Example1. Let
	 = f T1;1; : : : ; T1;5; T2;1; T3;1; T4;1g be the set of
jobs with deadlinesat most12. The interval [4; 7) in
Fig. 1(c) is a busy interval for 	 . We will show that
theLAG for 	 at theendof this interval is equalto the
LAG for 	 at the beginning of the interval. By (5),
LAG(	 ; 7; S) = LAG(	 ; 4; S) + A(	 ; 4; 7; PS) �
A(	 ; 4; 7; S), where S is the FIFO schedule. The
allocationof 	 in the PS scheduleduring the interval
[4; 7) is A(	 ; 4; 7; PS) = 3=2+ 6=6+ 6=8+ 33=12 = 6.
Theallocationof 	 in S throughout[4; 7) is also6.

Now let 	 = f T1;1g bethesetof jobswith deadlines
at most 4. Becausethe jobs T2;1 and T4;1, which
have deadlinesafter time 4, executewithin the interval
[2; 4) in Fig. 1(c), this interval is non-busy for 	 in S.
By (4), LAG(	 ; 4; S) = A(	 ; 0; 4; PS) � A(	 ; 0; 4; S).
The allocation of 	 in the PS schedulethroughout
the interval [0; 4) is A(	 ; 0; 4; PS) = 2 � 1=2 = 1.
The allocationof 	 in S is A(	 ; 0; 4; S) = 0. Thus,
LAG(	 ; 4; S) = 1 � 0 = 1. Fig. 1(c) shows that
at time 4, T1;1 from 	 is pending. This job hasunit
executioncost,which is equalto theamountof pending
work givenby LAG(	 ; 4; S).

3.2. TardinessBound for FIFO

Givenanarbitrarynon-concretetasksystem� N , we
want to determinethe maximumtardinessof any job
of any task in any concreteinstantiationof � N . The
approachfor doingthis is takenfrom [6, 7]. Let � bea
concreteinstantiationof � N . Let T`;j bea job of a task
T` in � , let td = d`;j , andlet S bea FIFO schedulefor
� with thefollowing property.

(P) The tardinessof every job of every task Tk in �
with deadlinelessthantd is at mostx + ek in S,



wherex � 0.

Our goal is to determinethe smallestx suchthat the
tardinessof T`;j remainsat most x + e` . Such a
resultwould by inductionimply a tardinessof at most
x + ek for all jobs of every task Tk 2 � . Because
� is arbitrary, the tardinessboundwill hold for every
concreteinstantiationof � N .

The objective is easilymet if T`;j completesby its
deadline,td, soassumeotherwise.Thecompletiontime
of T`;j then dependson the amountof work that can
competewith T`;j aftertd. Hence,a valuefor x canbe
determinedvia thefollowing steps.

1. Computeanupperboundon thework pendingfor
tasksin � (includingthatfor T`;j ) thatcancompete
with T`;j aftertd.

2. Determinetheamountof suchwork necessaryfor
thetardinessof T`;j to exceedx + è .

3. Determinethesmallestx suchthatthetardinessof
T`;j is at mostx + è usingthe upperboundand
thenecessaryconditionabove.

To reasonabout the tardinessof T`;j we needto
determinehow other jobs delay the executionof T`;j .
We classify jobs basedon the relation betweentheir
releasetimesanddeadlinesto thoseof T`;j , asfollows.

rd = f Ti;k : (r i;k � r `;j ) ^ (di;k � td)g

Rd = f Ti;k : (r i;k > r `;j ) ^ (di;k � td)g

rD = f Ti;k : (r i;k < r `;j ) ^ (di;k > td)g

RD = f Ti;k : (r i;k � r `;j ) ^ (di;k > td)g

In this notation,d denotesdeadlinesat mosttd, and
D denotesdeadlinesgreaterthan td. Also, r denotes
releasetimes at most or strictly lessthan r `;j , and R
denotesreleasetimesatleastor strictly greaterthanr `;j .
For any td, thesetsrd, Rd, andrD are�nite. Notealso
thatT`;j 2 rd.

Example 3. Consider the task set � = f T1(1; 2);
T2(4; 7); T3(8; 9)g andthePS schedulefor it in Fig. 3.
Jobs T1;1 and T2;1 are releasedat time 1, and job
T3;1 is releasedat time 0. Considerjob T`;j = T2;1,
which hasa deadlineat time 8. With respectto T2;1,
the four setsmentionedabove are rd = f T1;1; T2;1g,
Rd = f T1;2; T1;3g, rD = f T3;1g, and RD =
f T1;4; T1;5; T2;2; T3;2g. (RD would also include any
jobsreleasedafterthoseshown in the�gure.)

The setof jobs with deadlinesat most td is further
referredto as	 = rd [ Rd. We areinterestedin this
set of jobs becausethesejobs do not executebeyond
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Figure 3. Job set par titioning.

td in the PS schedule.Becausejobs in rd [ rD have
priority at leastthatof T`;j , theexecutionof T`;j will be
postponed(in theworstcase)until thereareat mostm
readyjobsin 	 includingT`;j with priority at leastthat
of T`;j .

So thatwe cananalyzethe impactof jobs from rD,
let the carry-in job Tk ;j of a taskTk be de�ned asthe
job, if any, for which r k ;j � td < dk ;j holds. At most
onesuchjob couldexist for eachtaskTk .

Determining an upper bound on competing work.
Becausejobsin rd [ rD havepriority atleastthatof T`;j ,
thecompetingwork for T`;j beyondtd is upperbounded
by thesumof (i) theamountof work pendingat td for
jobs in rd, and (ii) the amountof work D(rD; td; S)
demandedby jobsin rD thatcancompetewith T`;j after
td.

For thependingwork mentionedin (i), becausejobs
from 	 have deadlinesat mosttd, they do not execute
in thePS schedulebeyondtd. Thus,thework pending
for jobsin rd is givenby LAG(rd; td; S), whichmustbe
positive in orderfor T`;j to missits deadlineat td. We
�nd it moreconvenientto reasonaboutLAG(	 ; td; S)
instead. Note that LAG(Rd; td; S) is non-negative
becausethe jobs in Rd cannot perform more work
by time td in S than they have performedin the PS
schedule. Hence, LAG(rd; td; S) � LAG(	 ; td; S)
Thus, the desired upper bound on the amount of
competing work for job T`;j after td is given by
LAG(	 ; td; S) + D(rD; td; S). We are left with
determining upper bounds on LAG(	 ; td; S) and
D(rD; td; S).

Upper bound on LAG(	 ; td; S). In deriving this
bound,we assumethatall busyandnon-busy intervals
consideredarewith respectto 	 andtheFIFO schedule
S unlessstatedotherwise. As mentionedabove, LAG
canincreaseonly throughoutanon-busyinterval. Thus,
LAG(	 ; td; S) � LAG(	 ; t0; S), wheret0 is theendof
thelatestmaximallynon-busyinterval ator beforetd. If
sucha non-busy interval doesnot exist, thentheentire
interval [0; td) is busy. Hence,LAG(	 ; td; S) � 0, so



all jobs in 	 completeby td, which is contraryto our
assumptionthatT`;j missesits deadlineat td.

An interval couldbenon-busyfor two reasons:

1. Therearenotenoughreadyjobsin 	 to occupy all
availableprocessors.In this case,it is immaterial
whetherjobs from rD or RD executeduring this
interval. We call suchan interval non-busynon-
displacing.

2. Jobs in rD occupy one or more processors
(becausethey haveearlierreleasetimes),andthere
arereadyjobsin 	 . We call suchaninterval non-
busydisplacing.

Example 4. In theFIFO schedulein Fig. 1(c), for the
taskset� from Example1, the interval [2; 4) is a non-
busydisplacinginterval for 	 = f T1;1g. Thereadyjob
T1;1, which hasa deadlineat time 4, doesnot execute.
JobsT2;1 andT4;1, whichhavedeadlinesat times7 and
12, respectively, executebecausethey are releasedat
time0.

The displacementof jobs in 	 is causedby jobs in
rD, whichhavehigherpriority thanT`;j . rD consistsof
carry-injobs,which have a releasetime beforer `;j and
a deadlineafter td. As notedearlier, only onecarry-in
job canexist for eachtask.

De�nition 5. Let � H be thesetof tasksthathave jobs
in rD.

De�nition 6. Let � k betheamountof work performed
by acarry-injob Tk ;j in thescheduleS by time td.

In much of the rest of the analysis,we focus on
a time tn de�ned as follows: if there exists a non-
busy non-displacinginterval before td, acrosswhich
LAG for 	 increases,then tn is the end of the latest
suchinterval; otherwise,tn = 0. In Lemma1 below,
we establisha relationshipbetweenLAG(	 ; td; S) and
LAG(	 ; tn ; S). We thenupperboundLAG(	 ; tn ; S) in
Lemma3 by a functionof thetaskparametersandx.

Lemma 1. LAG(	 ; td; S) � LAG(	 ; tn ; S) +P
Tk 2 � H

� k (1 � uk ).

Proof. By (4),

LAG(	 ; td; S)

� LAG(	 ; tn ; S)

+ A(	 ; tn ; td; PS) � A(	 ; tn ; td; S): (7)

We split [tn ; td) into b non-overlapping intervals
[tpi ; tqi ) 1 � i � bsuchthattn = tp1 , tqi � 1 = tpi , and
tqb = td. Eachinterval [tpi ; tqi ) is eitherbusy, non-busy
displacing,or non-busynon-displacing(seeFig. 4). We

P1

Pm

m

.........

PS
FI

F
O

jobs inrDjobs not inrD

non-busy
non-displacing

non-busy
displacingbusy

... ...

t =tn t t t t t  =tdp1 pi pj qbqiq1

... ...

...
tqj

Figure 4. Splitting the inter val [tn ; td) into
subinter vals [tpi ; tqi ).

assumethatany displacinginterval [tpi ; tqi ) is de�ned
sothat if a taskTk 2 � H executesat somepoint in the
interval, then it executescontinuouslythroughoutthe
interval. Note thatsucha taskTk doesnot necessarily
execute continuously throughout [tn ; td). For each
displacinginterval [tpi ; tqi ), wede�ne a subsetof tasks
� i � � H thatexecutecontinuouslythroughout[tpi ; tqi ).
Theallocationdifferencefor 	 throughoutthe interval
[tn ; td) is thus A(	 ; tn ; td; PS) � A(	 ; tn ; td; S) =

bX

i =1

A(	 ; tpi ; tqi ; PS) � A(	 ; tpi ; tqi ; S).

We now bound the differencebetweenthe work
performedin the PS scheduleandthe FIFO schedule
S acrosseachof theseintervals [tpi ; tqi ). The sumof
theseboundsgives us a boundon the total allocation
differencethroughout[tn ; td). Dependingon thenature
of theinterval [tpi ; tqi ), threecasesarepossible.

Case1. [tpi ; tqi ) is busy. Becausein S all processors
areoccupiedby jobsin 	 , A(	 ; tpi ; tqi ; S) = m(tqi �
tpi ). In PS, A(	 ; tpi ; tqi ; PS) � Usum (tqi � tpi ). Since
Usum � m, wehave

A(	 ; tpi ; tqi ; PS) � A(	 ; tpi ; tqi ; S) � 0: (8)

Case2. [tpi ; tqi ) is non-busy non-displacing. By the
selectionof tn , LAG doesnot increasefor 	 across
[tpi ; tqi ). Therefore,from (5), wehave

A(	 ; tpi ; tqi ; PS) � A(	 ; tpi ; tqi ; S) � 0: (9)

Case 3. [tpi ; tqi ) is non-busy displacing. The
cumulative utilization of all tasks Tk 2 � i ,
which execute continuously throughout [tpi ; tqi ), isP

Tk 2 � i
uk . The carry-in jobs of thesetasksdo not

belongto 	 , by thede�nition of 	 . Therefore,by (1),
the allocationof jobs in 	 during [tpi ; tqi ) in PS is at
mostA(	 ; tpi ; tqi ; PS) � (tqi � tpi )(m �

P
Tk 2 � i

uk ).



All processorsare occupiedat every time instant in
the interval [tpi ; tqi ), becauseit is displacing. Thus,
A(	 ; tpi ; tqi ; S) = (tqi � tpi )(m � j� i j). Therefore,
the allocationdifferencefor jobs in 	 throughoutthe
interval is

A(	 ; tpi ; tqi ; PS) � A(	 ; tpi ; tqi ; S)

� (tqi � tpi )

 

(m �
X

Tk 2 � i

uk ) � (m � j� i j)

!

= (tqi � tpi )
X

Tk 2 � i

(1 � uk ): (10)

To �nish the proof, de�ne � i = ; for all
intervals[tpi ; tqi ) thatareeitherbusyor non-busynon-
displacing. Then, summingthe allocationdifferences
for all theintervals[tpi ; tqi ) givenby (8), (9), and(10),
wehave

A(	 ; tn ; td; PS) � A(	 ; tn ; td; S)

�
bX

i =1

X

Tk 2 � i

(tpi � tqi )(1 � uk ):

For each task Tk 2 � H , the sum of the lengths
of the intervals [tpi ; tqi ), in which the carry-in job
of Tk executescontinuously is at most � k . Thus,
A(	 ; tn ; td; PS) � A(	 ; tn ; td; S) �

P
Tk 2 � H

� k (1 �
uk ). Settingthisvalueinto (7),wegetLAG(	 ; td; S) �
LAG(	 ; tn ; S) +

P
Tk 2 � H

� k (1 � uk ).

We now determine an upper bound on
LAG(	 ; tn ; S), where tn is as de�ned earlier. We
�rst establishthefollowing

Lemma 2. lag(Tk ; t; S) � x � uk + ek for anytaskTk

andt 2 [0; td].

Proof. Let dk ;j be the deadlineof the earliestpending
job of Tk , Tk ;j , in theFIFO scheduleS at time t. Let

 k be the amountof work Tk ;j performsbeforet. We
prove thelemmafor thecasedk ;j < t, leaving thecase
dk ;j � t to thereader. By (3) andtheselectionof Tk ;j ,

lag(Tk ; t; S)

=
X

h� j

lag(Tk ;h ; t; S)

=
X

h� j

(A(Tk ;h ; 0; t; PS) � A(Tk ;h ; 0; t; S)) :

Becauseno job executes before its release time,
A(Tk ;h ; 0; t; S) = A(Tk ;h ; r k ;h ; t; S). Thus,

lag(Tk ; t; S)

=
X

h>j

(A(Tk ;h ; r k ;h ; t; PS) � A(Tk ;h ; r k ;h ; t; S))

+ A(Tk ;j ; r k ;j ; t; PS) � A(Tk ;j ; r k ;j ; t; S) (11)

By the de�nition of PS, A(Tk ;j ; r k ;j ; t; PS) = ek

and
P

h>j A(Tk ;h ; r k ;h ; t; PS) � uk (t � dk ;j ). By
the selectionof Tk ;j , A(Tk ;j ; r k ;j ; t; S) = 
 k andP

h>j A(Tk ;h ; r k ;h ; t; S) = 0. Setting thesevalues
into (11),wehave

lag(Tk ; t; S) � uk (t � dk ;j ) + ek � 
 k : (12)

By Property(P), Tk ;j hastardinessat mostx + ek , so
t + ek � 
 k � dk ;j + x + ek . Thus,t � dk ;j � x + 
 k .
From (12), we thereforehave lag(Tk ; t; S) � uk (t �
dk ;j ) + ek � 
 k � uk � x + ek .

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

Lemma 3 below upper boundsLAG(	 ; tn ; S) in
termsof two terms,EL andUL . Letting U(� ; y) bethe
setof atmosty tasksof highestutilizationfrom thetask
set� , andE(� ; y) bethesetof at mosty taskswith the
highestexecutioncostsfrom � , EL andUL arede�ned
asfollows.

EL =
X

T i 2 E ( � ;m � 1)

ei and UL =
X

T i 2 U ( � ;m � 1)

ui (13)

Lemma 3. LAG(	 ; tn ; S) � EL + x � UL .

Proof. To bound LAG(	 ; tn ; S), we sum individual
task lags at tn . If tn = 0, then LAG(	 ; tn ; S) =
0 and the lemma holds trivially. So assume
that tn > 0. Consider the set of tasks
� = f Ti : 9Ti;j 2 	 suchthatTi;j is pendingat t �

n g.
Becausethe instant t �

n is non-busy non-displacing,
j� j � m � 1. If a taskhasno pendingjobsat t �

n , then
lag(Ti ; tn ; S) � 0. Therefore,by (4) and Lemma2, we
have

LAG(	 ; tn ; S)

=
X

Ti : Ti;j 2 	
lag(Ti ; tn ; S)

�
X

Ti 2 �
lag(Ti ; tn ; S)

�
X

Ti 2 �
x � ui + ei � EL + x � UL :

Upper bound on LAG+ D. Thedemandplacedby jobs
in rD after td is clearlyD(rD; td; S) �

P
Tk 2 � H

ek �
� k : Sincethe tasksin � H have jobs in rD, they have



periodsgreaterthan pl . From Lemmas1 and 3, we
thereforehave

LAG(	 ; td; S) + D(rD; td; S)

� EL + x � UL +
X

Tk 2 � H

� k (1 � uk ) + (ek � � k )

� EL + x � UL +
X

Th :pk >p `

ek : (14)

Necessarycondition for tardiness to exceedx + e` .
We now �nd the amountof competingwork for T`;j

that is necessaryfor T`;j to miss its deadlineby more
thanx + è .

Lemma 4. If thetardinessof T`;j exceedsx + è , then
LAG(rd; td; S) + D(rD; td; S) > mx + è .

Proof. We prove the contrapositive: we assumethat
LAG(rd; td; S) + D(rD; td; S) � mx + è holdsand
show thatthetardinessof T`;j cannotexceedx + e` . In
S, the jobs in Rd andRD do not affect the execution
of jobs in rd andrD. We canthusconcentrateon the
schedulingof jobsin rd [ rD. Let 
 ` betheamountof
work T`;j performsby time td in S. Let y = x + 
 `

m .
Weconsidertwo cases.

Case1. [td; td + y) is a busyinterval for rd [ rD. In
thiscase,thework performedby thesystemonthejobs
in rd [ rD throughout[td; td + y) is my = mx + 
 ` .
Let W be the amountof work that cancompetewith
T`;j after td + y, including the work due for T`;j .
Then, W = LAG(rd; td; S) + D(rD; td; S) � my �
mx + è � my = è � 
 ` . Becauserd and rD
are �nite, T`;j eventually completes execution at
sometime t f . BecauseFIFO is work-conserving,at
least one processor is busy until T`;j completes.
Thus, the amount of work performed by the
system for jobs in rd [ rD during the interval
[td + y; t f ) is at least t f � td � y. Therefore,
t f � td � y � W . BecauseW � è � 
 ` , this implies
thatt f � td � y � è � 
 ` , andhence,thetardinessof
T`;j is t f � td � y+ è � 
 ` = x + 
 `

m + è � 
 ` � x + è .

Case 2. [td; td + y) is non-busy for rd [ rD. Let
ts > 0 be the earliestnon-busy instantin [td; td + y).
SinceFIFO is work-conserving,all time instantsafter
ts arenon-busy for rd [ rD. The job T`;j cannotstart
executionbeforethe precedingjob T`;j � 1 (if it exists)
completes.Let tp bethe�nish timeof thejob T`;j � 1, if
it exists,or 0 otherwise.Weconsiderthreesubcases.

Subcase1. T`;j executesat t �
s . By Claim 1, T`;j

cannotbe preemptedafter ts, so it �nishes by time
ts + è � 
 ` < td + y+ è � 
 ` = td + x + 
 `

m � 
 ` + è �

td + x + è .

Subcase2. T`;j doesnot executeat t �
s and tp � ts.

The latest time T`;j can commenceexecution is ts

(
 ` = 0 holds in this case). By Claim 1, T`;j is
not preemptedafter it commencesexecution, and
thus �nishes by time ts + è . Becausets < td + y,
ts + è < td + y + è = td + x + è (since
 ` = 0).

Subcase3. T`;j doesnot executeat t �
s and tp > ts.

Thelatesttime T`;j cancommenceexecutionis tp. By
Property(P) andthede�nition of td, the �nish time of
T`;j � 1 is tp � td � p` + x + è � td + x. Also, 
 ` = 0.
Becausetp > ts � td andall time instantsafter ts are
non-busyfor rd [ rD, the�nish time of T`;j is at most
td + x + è .

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

By Lemma 4, setting the upper bound on
LAG(	 ; td; S) + D(rD; td; S) asimplied by (14) to be
at mostmx + è will ensurethat the tardinessof T`;j

is at mostx + è . By solving for the minimum x that
satis�es the resultinginequality, we obtain a value of
x that is suf�cient for ensuringa tardinessof at most
x + è . Theinequalityis asfollows.

x � UL + EL +
X

Th :pk >p `

ek � mx + è :

Solvingfor x, wehave

x �
EL + (

P
pk >p `

ek ) � è

m� UL
: (15)

If x equalsthe right-hand side of (15), then the
tardinessof T`;j will not exceed x + e` . A value
for x that is independentof the parametersof T`

can be obtained by replacing
P

pk >p `
ek � è with

max ` (
P

pk >p `
ek � è ) in (15).

Theorem1. With x asde�nedabove, thetardinessfor a
taskTk scheduledunderglobalFIFO is at mostx + ek .

Note that, for tardinessto be boundedunderFIFO,
the denominatorin the right-hand-sideexpressionin
(15) must not be zero. This condition is satis�ed
becauseUL < Usum (� ) � m by the de�nition of UL

in (13).



Example 5. Considerthe task set from Example1.
Applying Theorem1 to the tasksin this set, we �nd
thatthetardinessboundfor eachtaskTk is 23:08+ ek .
For taskT1, for example,thecomputedboundis 24:08.

3.3. GeneralizedTardinessBound

Theproofsof the lemmaspresentedin theprevious
sectionin thecontext of FIFO schedulingdependonly
on Property(P), and the de�nition of a carry-in job
(particularly, the term � k ). In particular, theseproofs
do not mention the exact mannerin which jobs are
scheduled. As a result, the boundspresentedabove
can be generalizedto apply to a wide rangeof other
globalschedulingalgorithms.Suchgeneralizationsare
consideredin [11].

4. Experimental Evaluation

In this section, we present an experimental
evaluationof FIFO. In our experiments,we compared
observed average and maximum tardiness under
FIFO, EDF, and NP-EDF, as computedfrom actual
schedules, to their respective maximum tardiness
bounds,as establishedin this paperand in [6]. As
explained below, eachtask set had a maximum per-
taskexecutioncostof emax = 10. The tasksetswere
classi�ed basedon their maximumper-taskutilization,
umax . In inset(a) of Fig. 5, both observed maximum
tardinessvaluesandthosecomputedfromtherespective
boundsareplottedversusumax 2 f 0:05; 0:1; 0:3g for
eachscheme,for m = 4 andemax = 10. Inset(b) of
Fig. 5 is similar exceptthatobservedaveragetardiness
is plotted instead of observed maximum tardiness.
Also, for clarity, in eachinset,thebarsarelistedin the
inset's legendin the sameorderas they appearin the
graphfrom left to right.

For eachvalueof umax in eachgraph,50 tasksets
weregenerated.Eachsuchtasksetwasgeneratedby
creating taskswith utilizations taken randomly from
[0; umax ] until total utilization exceededfour, and by
then reducing the last task's utilization so that four
processorswere exactly required. The executioncost
of the �rst taskwas then taken to be emax = 10 and
subsequenttask executioncostswere taken randomly
from [0; emax ]. To determineobservedtardinessvalues
(average and maximum), a simulator was used for
each scheduling schemethat schedulestasks in a
synchronous,periodicfashionuntil time20,000.In this
setof experiments,costsdueto schedulingandsystem
overheadswerenot considered.(SinceEDF preempts
jobs more frequently, the performanceof EDF would
worsen,comparatively, if overheadswere considered.

In addition, schedulingcostsunder FIFO should be
lower, becauseFIFO-orderedpriority queuescan be
accessedin constanttime, whereasdeadline-ordered
priority queueshave linearor logarithmicaccesscosts,
dependingon theimplementation.)

As seen in Fig.5, observed maximum tardiness
underFIFO is fairly closeto that given by the bound
computed in this paper. Furthermore, maximum
tardiness under FIFO (either observed or via the
bound)is signi�cantly higher than that underthe two
EDF schemes. However, maximum tardinessunder
FIFO improves relative to the other two schemesas
umax increases. Thesetrendsare a consequenceof
the fact that, under FIFO, taskswith later deadlines
can postpone the execution of tasks with smaller
deadlines,causinghigh tardinessvalues. The term
max(

P
pk >p l

ek � el ) in (15) describesthis effect.
Whenumax is small,relativedeadlinestendtobelarger,
whichincreasesthelikelihoodof having highmaximum
tardiness.

In contrast to the maximum values considered
above, whenaverageobserved tardinessis considered,
as plotted in inset (b) of Fig.5, a different story
emerges. As seen, average tardinessunder FIFO
is quite competitive with that under the two EDF
schemes. We conclude that FIFO is a reasonable
schedulingoptionto considerfor applicationsin which
goodaverage-casetardinessis requiredandsomewhat
higher maximum tardinessis tolerable,as long as it
is bounded. We remind the reader that, on some
developmentplatforms,FIFO mightbetheonly option,
as other real-time schedulingapproachesare not as
widely supported.

5. Conclusion

We have shown that the global FIFO scheduling
algorithm ensures bounded task tardiness when
schedulingsporadicsoft real-time task systemson a
symmetricmultiprocessorplatform.To ourknowledge,
this paperis the �rst attemptto establishsoft real-time
constraintsfor tasksscheduledin a FIFO manner(on
multiprocessorsor 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
synchronization requirements. It would also be
interestingto considerworkloadsthat consistof a mix
of soft real-timeandnon-real-timetasks.
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Figure 5. Tardiness bounds and (a) obser ved maxim um tardiness and (b) obser ved average
tardiness for EDF, NP-EDF, and FIFO vs. maxim um per-task utilization.
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