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tThe goal of a resour
e assignment problem is to sat-isfy a sequen
e of requests for a limited number ofresour
es. Traditionally, online algorithms have beenused to solve these problems, however there has beeninterest re
ently in semi-online algorithms, spe
i�-
ally lookahead algorithms. We explore the advan-tages of lookahead when applied to job s
heduling,a representative resour
e assignment problem. Weshow results in three areas. First, we develop anoriginal model for lookahead job s
heduling on multi-ple pro
essors in a real-time framework. Se
ond, weshow 
ompetitive analysis of some s
heduling algo-rithms developed using the lookahead model. Third,we des
ribe in detail a lookahead algorithm for a two-pro
essor system, show that the algorithm 
an makeea
h s
heduling de
ision in near-
onstant time, andevaluate the average-
ase performan
e of the algo-rithm through simulation. Our results demonstratethat lookahead algorithms 
onsistently produ
e betters
hedules than online algorithms with little 
ost inaddition to a built-in lookahead me
hanism.Keywords: Job S
heduling, Online Algorithms,Lookahead Algorithms1 A Lookahead ModelIn our job s
heduling problem, we have n jobs tos
hedule on m pro
essors. Asso
iated with ea
h jobJj is a pro
essing time pj and an arrival time aj . Thegoal is to 
reate a s
hedule that exe
utes all n jobs soas to minimize the total 
ompletion time, Pnj=1 Cj ,where Cj is the 
ompletion time of Jj in the s
hedule.A s
heduling algorithm must de
ide when to exe-
ute ea
h job and on whi
h pro
essor. An o�ine al-gorithm knows everything about the jobs when mak-ing de
isions. It knows when jobs will arrive and thepro
essing time of ea
h job. Using this information,an o�ine algorithm 
an 
reate an optimal s
hedule.On the other hand, an online algorithm 
onsidersthe jobs in the order of arrival and s
hedules ea
hjob without knowledge of future jobs.We are interested in algorithms that di�er fromo�ine and online algorithms in two ways. First, weutilize lookahead. Unlike an o�ine algorithm thatknows everything about future jobs or an online algo-rithm that knows nothing about future jobs, a looka-head algorithm has knowledge of some future jobs.

We feel that this middle ground represents a morerealisti
 situation. Consider a do
tor who respondsto patients' requests for an oÆ
e visit. The do
toris unable to know all su
h requests that will o

urin the future, however, she has a

ess to an appoint-ment book whi
h re
ords all requests in the near fu-ture, say, up to next month. In general, lookaheadis used to �nd out future requests and then allo
ateresour
es in su
h a way to optimize the quality of ser-vi
e. The se
ond di�eren
e relates to the algorithm'ssense of time. O�ine and online algorithms operateoutside time. Both are free to s
hedule jobs at anytime, so long as it is not earlier than the arrival timeof the job. As a result, the running time of thesealgorithms is rarely 
onsidered. However, in a real-time environment, on
e a job arrives, the time usedto make s
heduling de
isions a�e
ts the time the jobbegins exe
ution. Thus, the amount of time used tomake de
isions 
annot be ignored.Be
ause of these di�eren
es, a lookahead algo-rithm represents a more realisti
 approa
h thatfalls between overly optimisti
 o�ine algorithms andoverly pessimisti
 online algorithms. To implementa lookahead algorithm, we need a variety of 
ompo-nents. First, we require a wait queue, QW , to holdjobs that have arrived but are not yet s
heduled. Toin
orporate lookahead, we need a se
ond queue, QLAto hold information about some jobs that will arrivein the near future. An algorithm is lookahead-k if thesize of QLA is k, thus 
an hold the next k immedi-ately in-
oming jobs. The 
entral 
omponent of thealgorithm is the s
heduler whi
h is responsible formaking de
isions. When a pro
essor be
omes idle,the s
heduler de
ides, based on the 
ontents of QWand QLA at the time, whether to wait for the �rst jobin QLA to arrive or to exe
ute the �rst job in QW onthe idle pro
essor. We will dis
uss the prin
iples ofthe design of an eÆ
ient and smart s
heduler later.Although many previous s
heduling results uselookahead [1, 4℄, the de�nitions di�er. Our work isa 
ontinuation of [2℄, whi
h shows the bene�ts oflookahead on a one-pro
essor s
heduling problem.2 Competitive AnalysisCompetitive analysis 
ompares the worst-
ase per-forman
e of an online or semi-online algorithm withthat of an optimal o�ine algorithm. An algorithm1



is said to be 
-
ompetitive if for any instan
e it pro-du
es a solution that is always within 
 times theoptimal. The ratio is said to be tight if there is aninstan
e that obtains the stated value.Consider the problem de�ned earlier of s
hedul-ing n jobs on m pro
essors. We study a lookahead-kalgorithm, LAk, in whi
h the lookahead queue QLA
ontains the next k immediately arriving jobs andthe wait queue QW 
ontains jobs that have arrivedbut not yet been s
heduled in the non-de
reasing or-der of their pro
essing times. That QW is ordered bynon-de
reasing pro
essing times is based on the easyfa
t that if QLA is empty at the time the optimals
hedule is produ
ed by s
heduling the jobs in QWusing the rule of Shortest Job First.When a pro
essor be
omes idle, the s
heduler is
alled to make a de
ision, whi
h 
an be to s
hedulethe �rst job in QW on the idle pro
essor or to makethe pro
essor wait for the �rst job in QLA to arrive.To make the lo
ally best de
ision, the s
heduler as-sumes that no more jobs will 
ome other than thosealready in QLA, then determines the best remain-ing s
hedule of the jobs in QW and QLA with theminimum total 
ompletion time, and �nally make ade
ision 
onsistent with that s
hedule, i.e., the s
hed-uler will 
hoose to exe
ute the �rst job in QW if thebest s
hedule exe
utes at the same time and it will
hoose to wait if the best s
hedule waits at the sametime. Note that the naive implementation of LAkwhi
h exhausts all possible remaining s
hedules todetermine the lo
ally best de
ision is not eÆ
ient.We will present a near-
onstant implementation inthe next se
tion.We have studied the 
ompetitive performan
e ofthis LAk algorithm and proved the following:THEOREM 1. The 
ompetitive ratio for LAk isat least 2(k+1)(k+2) � nm + 12k(k + 1)�, where m is thenumber of pro
essors and n is the number of jobs.Proof: To prove a lower bound, we need to simplyshow an instan
e that a
hieves the stated ratio. Sin
ethe 
ompetitive ratio measures the worst-
ase perfor-man
e of an algorithm, an existing instan
e with agiven bound proves the lower bound.The proof uses the instan
e where m long jobswith pro
essing time L arrive at time 0, another k �mlong jobs with pro
essing time L arrive at time � andl �m short jobs with pro
essing time 1 arrive at the2�.In the optimal s
hedule, all m pro
essors waitfrom time 0 to 2� and then exe
ute all short jobsbefore exe
uting any long jobs. In the LAk s
hedule,all m long jobs with arrival time 0 will be exe
utedbefore any short jobs. The se
ond bat
h of longs jobswill be s
hedule last. It is easy to verify that the ratioof the total 
ompletion time of the optimal s
hedule

to the total 
ompletion time of the LAk s
hedule is2(k+1)(k+2) � nm + 12k(k + 1)�. 2We 
onje
ture that the established lower boundis also an upper bound, thus indi
ating that2(k+1)(k+2) � nm + 12k(k + 1)� is the tight 
ompetitiveratio for LAk. The reason for this 
onje
ture istwofold. One, when k = 0 and m = 1, LAk is in fa
tthe Shortest Job First algorithm (SJF) in a single-pro
essor system. It has been proved [3℄ that the
ompetitive ratio for the algorithm in this spe
ial
ase is n, mat
hing the general lower bound in The-orem 1 with k = 0 and m = 1. Two, when k = 1and m = 1, LAk is in fa
t a lookahead-1 algorithmin a single-pro
essor system. It has been proved [2℄that that the 
ompetitive ratio for the algorithm inthis spe
ial 
ase is 13 (n + 1), mat
hing the generallower bound in Theorem 1 with k = 1 and m = 1.Although these 
onsisten
ies do not prove the upperbound, they do provide strong eviden
e to supportour 
onje
ture.Assuming the bound for LAk is tight, an inter-esting fa
t 
omes out of the mathemati
s. First,note that in general, the bigger the size of k, thesmaller the 
ompetitive ratio. Intuitively, as k ap-proa
hes in�nity, we have the optimal o�ine algo-rithm. In fa
t, when k � q 2
�1 � nm for some �xed
onstant 
, we get 2(k+1)(k+2) � nm + 12k(k + 1)� �2(k+1)(k+2) � 12 (
� 1)k2 + 12k(k + 1)� = k2(k+1)(k+2) (
�1) + kk+2 < (
 � 1) + 1 = 
. This indi
ates that the
ompetitive ratio for LAk be
omes bounded by the
onstant 
 for large k.3 The LA1 Algorithm for theTwo-Pro
essor SystemThe most important 
omponent of our lookaheadmodel is the s
heduler. In this se
tion, we des
ribean eÆ
ient s
heduler for the LA1 algorithm for a sys-tem with two pro
essors, P1 and P2. As mentionedearlier, the s
heduler is responsible for making de
i-sions and is 
alled in two situations, when a pro
essorbe
omes idle, and when a job arrives and there is al-ready an idle pro
essor. If either of QW and QLA isempty, the de
ision to be made by the s
heduler istrivial. Now assume that both QW and QLA are notempty. Spe
i�
ally, we assume that� The wait queue QW 
ontains l jobs, J1; : : : ; Jl, allof whi
h have arrived but have not been s
heduled,with p1 � � � � � pl.� The lookahead queue, QLA, 
ontains the next in-
oming job Jl+1 (
alled the lookahead job) withpro
essing time pl+1 and arrival time al+1.As pointed out earlier, when the s
heduler has tomake a de
ision, it always assumes that no jobs willarrive other than the lookahead job and then tries2



to make the lo
ally best de
ision at the time, withthe hope that a series of lo
ally optimal de
ision willeventually lead to an optimal s
hedule at the end.In the previous se
tion, we des
ribed a naive but ex-pensive method that exhausts all possible remainings
hedules of the jobs in QW and QLA to make ea
hde
ision optimally. Here we are interested in an eÆ-
ient algorithm, ideally 
onstant-time, that 
an makea de
ision based on the 
ontents in QW and QLA, thestatus of P1 and P2, and the 
urrent time.We �rst 
onsider some 
ases in whi
h the 
hoi
eto s
hedule J1, the shortest and �rst job in QW , isobvious. Without loss of generality, assume P1 is idleat time t and we need to make a s
heduling de
ision.Also, let t0 be the time when P2 be
omes idle andlet � = al+1 � t > 0 be the amount of time beforethe lookahead job arrives. In ea
h of the following
ases, the s
heduler exe
utes J1 rather than waitingfor Jl+1 to arrive.� t � t0: When both pro
essors are idle, it does notmake sense to make both wait.� p1 � �: J1 
an �t into � without in
reasing the
ompletion times of other jobs.� al+1 � t0: In this 
ase, Jl+1 will arrive after t0. IfP1 is kept idle, then at time t0 both pro
essors areidle and we have the �rst 
ase.� pl+1 � p1: If the algorithm waits, then when Jl+1arrives, it will be pla
ed in the queue somewherebehind J1. Therefore, the jobs will be s
heduledin the same order regardless of whether or not thealgorithm waits. It follows that starting the se-quen
e of jobs earlier produ
es a better s
hedule.� pl+1 < p1 and � + pl+1 � p1: We leave the rea-soning for this 
ase to the reader to �gure out.When none of the above hold, we have t < t0,p1 > �, al+1 < t0, pl+1 < p1, and � + pl+1 < p1.The de
ision whether or not to wait requires further
onsideration. We break the remaining possibilitiesinto four 
ases:� Case 1: t+ p1 > t0 and t+�+ pl+1 < t0.� Case 2: t+ p1 > t0 and t+�+ pl+1 � t0.� Case 3: t+ p1 � t0 and t+�+ pl+1 + p1 � t0.� Case 4: t+ p1 � t0 and t+�+ pl+1 + p1 < t0.We de�ne three job sets based on the waitings
hedule, whi
h is the s
hedule leaving P1 idle fromt to al+1. Set A 
ontains all jobs on P1 whi
h startafter al+1 and 
omplete before t0. Note that A maybe empty. Set B 
ontains jobs on P1 following A.Let Jb be the �rst, and therefore the shortest job inB. Finally, set C 
ontains jobs on P2 whi
h startafter t0. Note that be
ause the jobs are s
heduledin the order of non-de
reasing pro
essing times, jobsB = fJb; Jb+2; Jb+4 : : :g will be s
heduled on P1 andjobs C = fJb+1; Jb+3; Jb+5 : : :g will be s
heduled onP2. It follows that we have jBj = jCj or jBj = jCj+1.

The following four lemmas (one for ea
h 
ase)show that even in these more 
omplex situations,the s
heduling de
ision 
an be made by only 
on-sidering a small portion of the known jobs. Ea
hlemma assumes t < t0, p1 > �, al+1 < t0, pl+1 < p1,and � + pl+1 < p1. In the omitted proofs, the dif-feren
e between the waiting s
hedule (the remain-ing s
hedule of jobs in QW and QLA that makes P1wait at t) and the non-waiting s
hedule (the remain-ing s
hedule of jobs in QW and QLA that s
hed-ules a job on P1 at t) is 
al
ulated. If the di�er-en
e is non-negative, the s
heduler should 
hoose tos
hedule, otherwise it should 
hoose to wait. De-�ne A to be the largest set of the �rst few 
onse
u-tive jobs in the sequen
e Jl+1; J1; J2; : : : ; Jl su
h thatPA pj � t0�al+1, and identify the next job followingthe longest job in A in the sequen
e to be Jb. Letx = jAj, y = jBj = d l+1�x2 e, and z = jCj = b l+1�x2 
.LEMMA 1. Suppose t+p1 > t0 and t+�+pl+1 < t0.The s
heduler 
hooses to s
hedule J1 on P1 at t if andonly if (1+ y)�+ (y� z� 1)minft0� t; p1� pl+1g+(y � z)(t+ pl+1 � t0) � 0.
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Figures 1 through 4 
orrespond to Lemmas 1through 4. Ea
h shows the s
hedule produ
ed whenthe s
heduler waits for Jl+1 to arrive. The sets A,B, and C are labeled in ea
h �gured as well as therelevant jobs. When 
onsidering the possible non-waiting s
hedules, an important fa
t (not provenhere) is that all the jobs in A and B ex
ept the �rststay together (in most 
ases the �rst job remains aswell). That is, the jobs keep the same order and arenot split up on di�erent pro
essors. This fa
t allowsus to 
al
ulate the di�eren
e between the waiting andnon-waiting s
hedules.Together, these four lemmas and the �ve \obvi-ous" 
ases spe
ify the algorithm used by the s
hed-uler. In the pseudo-
ode that follows, \s
hedule"means that J1 will be exe
uted on the idle pro
es-sor starting at time t. A

ordingly, \wait" meansthat the pro
essor will be idle from t to al+1.Algorithm for ea
h de
ision making step in LA1if QW is empty then returnif QLA is empty then s
heduleelse if t � t0 or p1 � � or al+1 � t0 or pl+1 � p1or � + pl+1 � p1 then s
heduleelse if Lemma 1 holds then s
heduleelse if Lemma 2 holds then s
heduleelse if Lemma 3 holds then s
heduleelse if Lemma 4 holds then s
heduleelse wait4 Analysis of AlgorithmAn important feature of our algorithm is that itmakes ea
h s
heduling de
ision in near-
onstanttime. This allows the s
heduler to operate in a real-time 
ontext be
ause it 
an make instantaneous de-
isions and not delay the exe
ution of any waitingjobs.The �rst �ve \obvious" 
ases 
an be 
al
ulated byonly 
onsidering the �rst job in QW , the lookaheadjob and the 
ompletion times on the two pro
essors,t and t0. Further, in the �rst three lemmas jAj iszero or one and all the parameters in the 
onditions
an be obtained easily. Therefore, the 
onditions ofthese lemmas 
an be evaluated in 
onstant time. Inthe fourth lemma, jAj is some unknown value greaterthan 1 that we need in order to 
ompute y and z. Inthe worst 
ase, A may 
ontain all the jobs in QWand QLA. Therefore, jAj = O(l + 1) = O(n), wheren is the number of jobs to be s
heduled. Given thispessimisti
 result, we are interested in the averagesize of A, or E[jAj℄.THEOREM 2. E[jAj℄ � 3.Proof: We assume that the average job inter-arrivaltime is �a and the average job pro
essing time is �p.Suppose pro
essor P1 is idle at time t. Let J0 be the

last job s
heduled on P2 with starting time t0 and
ompletion time t0 = t0 + p0. Without loss of gener-ality, assume t0 > t. Consider the waiting s
hedulein Figure 5.
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0 Figure 5Note that 0 � jAj � l + 1. Also, for the moment,we ignore Jl+1 and 
onsider only those jobs from QWthat �t in the time span t0� t. Let this set of jobs beA0. We wish to 
onstru
t a set of jobs larger than A0.First, we will look at how many of the individual jobswould �t between t0 � t. Clearly this number is atleast as large as jA0j. Se
ond, we will maximize thetime available. If jA0j is large, we would expe
t t0� tto be large as well. For a given p0, this time span ismaximized when t = t0. However, note that at timet0, J0 was the smallest job in QW . Therefore, anyjob in A0 must have arrived after time t0 (and beforetime t). Consequently, as t approa
hes t0, we mini-mize the amount of time for jobs to arrive. Ratherthan 
onsidering some average position of t, assumethat jobs 
an arrive at any time between t0 and t0, asthough t = t0. Let X be the number of jobs that ar-rive between t0 and t0. Also, assume these jobs musthave pro
essing time smaller than t0 � t0, as thought = t0. These assumptions in
lude at least as manyjobs as those in A0. Therefore,E[jA0j℄ � Prfpj < t0 � t0g �E[X ℄Re
all that p0 = t0 � t0. Any job 
ould be J0,and therefore the average size of p0 is �p. Sin
e theinter-arrival times are on average �a, we haveE[jA0j℄ � Prfpj < �pg � �p�aNow 
onsider Jl+1 and the original set of interest,A. Note that if al+1+pl+1 � t0, Jl+1 
ompletes aftert0 and jAj = 0. Otherwise, we have at most 1 + jA0jjobs that will �t in the time span t0 � t. Therefore,E[jAj℄ � Prfal+1 + pl+1 < t0g h1 + Prfpj < �pg � �p�a iNote that � = �p=�a is the traÆ
 intensity of thesystem. In a realisti
 two-pro
essor system we ex-pe
t � � 2, otherwise jobs arrive faster than they
an be exe
uted. Therefore, the average size of A isless than the probability Jl+1 will a �t in the timespan t0 � t0 plus a fra
tion of the traÆ
 intensity. Itfollows that E[jAj℄ � 3. 2Be
ause jAj is relatively small, the 
ondition inLemma 4 
an be 
he
ked in near-
onstant time.Sin
e this is the most time 
onsuming 
ase in thealgorithm, we 
on
lude that any s
heduling de
ision
an be made in near-
onstant time.5 Simulation ResultsWith the goal of gaining quantitative information4



about the performan
e of a lookahead algorithm, wemodeled our two-pro
essor system using next-eventsimulation. The two algorithms used in the simula-tions were SJF (or equivalently, LA0), as a ben
h-mark for 
omparison, and LA1. The SJF algorithmmaintains the wait queue sorted by pro
essing timewith the shortest job at the head of the queue. Whena pro
essor be
omes idle, the �rst job in the queueis s
heduled on that pro
essor. The LA1 algorithmis as des
ribed earlier.For all simulations, inter-arrival times were as-sumed to be Exponentially distributed. Results weregathered when the pro
essing times were taken fromUniform, Triangle, Erlang, Exponential and Hyper-Exponential distributions. For most results, n = 25but we also 
onsidered 
ases where n was as large as200. Finally, the traÆ
 intensity, or ratio betweenthe arrival rate and the servi
e rate, was varied be-tween 1.5 and 2.5 (with a traÆ
 intensity of 2 repre-senting system saturation).

16

17

18

19

20

21

22

23

24

25

10 12 14 16 18 20 22

Pe
rc

en
t I

m
pr

ov
em

en
t

µ

Hyperexponential(1, µ, 0.8)

Figure 6Figure 6 shows the per
ent improvement of theLA1 algorithm over the SJF algorithm when servi
etimes were taken from a Hyper-Exponential distri-bution. When � = 10 the traÆ
 intensity is 1.5 andwhen � = 22 the traÆ
 intensity is 2.5. Thus thesimulation 
onsiders 
onditions from under utiliza-tion to overly saturated.
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In order to meaningfully 
ompare the various ser-vi
e time distributions, we use the unit-less 
oeÆ-
ient of variation, the standard deviation over themean. In the 
ontext of job lengths, larger values ofthe 
oeÆ
ient imply an in
rease in the likelihood thata long job is followed by a short job. Figure 7 sum-marizes our simulation results. From left to right,the servi
e time distributions are Erlang, Triangle,Uniform, Exponential and Hyper-Exponential. Forall runs, the lookahead algorithm produ
ed betters
hedules, but when the variation of job sizes wasthe largest, the most improved s
hedules were pro-du
ed. This implies that the greatest improvemento

urs when long jobs are delayed by short jobs.We also studied the state of the system whenlookahead o

urred. We found that� The number of times lookahead is utilized is di-re
tly proportional to the per
ent improvement.� TraÆ
 intensity a�e
ts the average queue sizewhi
h in turn determines the frequen
y that looka-head is utilized.� The longer the algorithm is willing to wait, thebetter the improvement.� Long jobs followed by short jobs 
reate opportu-nities for lookahead to be utilized.� In general, larger 
oeÆ
ients of variation produ
elarger per
ent improvements.6 Future Resear
hFor future resear
h, we are interested in provingthe tight 
ompetitive ratio for LAk, applying looka-head to other resour
e assignment problems, anddeveloping alternative performan
e analysis meth-ods suitable for lookahead algorithms.Referen
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