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Abstract. Recent advances in storage and communication technologies have
spurred a strong interest iideo-on-Demand (VOD) services. Providing the
customers of VOD servers with time of service guarantees offers tvjor rad-
vantages. First, it makes VOD services more attractive by improvingeies-
perceived quality of service (QoS). Second, it improves througtipotugh the
enhanced resource sharing attained by motivating the customers torwiis |
paper, we propose a new class of scheduling policies, cihligidSchedule Time
First (NSTF), which provides customers with schedule times and perforinesist
ing based on these schedule times. NSTF guarantees that customeses seil b
viced no later than scheduled and ensures that the schedule timesyaaeai@er
rate estimates of the actual times of service. We present alternative iemiem
tions of NSTF and show through simulation that NSTF works as expectéd an
delivers outstanding performance benefits.

1 Introduction

Multimedia information has become an integral and an ersdqart of the World Wide
Web (WWW). Multimedia data differ significantly from textualdnumeric data in two
main ways. First, they require high storage capacity ant hignsfer rates. Second,
they consist of media quanta, which convey meaningful mégion only when pre-
sented continuously in time. Multimedia networking apations can be classified into
three main classedfideo-on-Demand (VOD), Live Streaming, and Interactive Real-
time (such as Internet telephony and video conferencing).

The application of interest in this paper is VOD. By contnagh broadcast-based
systems such as cable TV, VOD servers enable customersah thatvideos they want
at the times of their choosing and allow them to apply VCR-ldperations. Besides
its use for entertainment, VOD has been of great importameliication and distant
learning in particular.

The number of customers that can be serviced concurrently YD server is
highly constrained by the stringent requirements of thetige playback and the high
transfer rates. Thus, a wide spectrum of techniques hasdme&toped to enhance the
performance of VOD servers, includimgsource sharing andscheduling [5], [10], [20],



[1], [11], [22], [16], admission control [21], disk striping [19], [3], data replication [8],
[4], disk head scheduling [14], anddata block allocation and rearrangement [8], [15].

The performance of VOD servers can be significantly imprdwedervicing mul-
tiple requests from a common set of resources. The mainedasfsresource sharing
strategies for VOD servers inclutbatching [5], [7], [20], [1], [16], patching [11], [18],
pigay-backing [10], broadcasting [12], [13], andinterval caching [6], [17]. Batching
off-loads the storage subsystem and uses efficiently sbamdwidth and network re-
sources by accumulating the requests to the same videosaridiig them together
by utilizing the multicast facility. Patching expands theltitast tree dynamically to
include new requests, thereby reducing the request waiting and improving re-
source sharing, but it requires additional bandwidth arifitbapace at the client. Piggy-
backing offers similar advantages to patching, but it adjtie playback rate so that the
request catches up with a preceding stream, resulting iweriquality presentation of
the initial part of the requested video and leading to sigaift implementation difficul-
ties. Broadcasting techniques divide each video into mleltsegments and broadcast
each segment periodically on dedicated server channeddnigiroved resource sharing
and the fixed waiting times for the playbacks of popular vileome at the expense of
requiring relatively very high bandwidth and buffer spattha client. Interval caching
caches intervals between successive streams in the mailomefthe server. This
technique shortens the request waiting time and increasesrshroughput without in-
creasing the bandwidth or the space requirement at the dbetit increases the overall
cost of the server.

The exploited degrees of resource sharing depend greathoanVOD servers
schedule the waiting requests. Through intelligent sclieglua server can support
more concurrent customers, can reduce their waiting timesefrvice, and/or can meet
some other objectives. Batching systems rely entirely ¢redaling to boost up their
performance. VOD systems that employ other resource sheahniques also benefit
from intelligent scheduling. (Note that only the most p@wideos are broadcasted
when a broadcasting technique is used.) This paper focus¥©® servers that em-
ploy batching as the primary resource sharing techniqueoarttforcing any minimum
waiting times and assumes that the multicast facility islalggd. Multicast is already
employed or can be easily employed in most enterprise aatidoea networks (LANS),
and it has incrementally been deployed over the Internéadina ubiquitous wide-scale
deployment of native (non-tunneled) multicast across titerhet is becoming a reality
(9]

Scheduling policies for VOD servers includérst Come First Serve (FCFS) [5],
Maximum Queue Length (MQL) [5], and Maximum Factored Queue Length (MFQL)
[1]. To facilitate scheduling, a VOD server maintains a wajtqueue for every video
and services all the requests in a selected queue togethgrardy one stream. FCFS
selects the queue with the oldest request, whereas MQLts¢hexlongest queue, and
MFQL selects the queue with the largéttored length. The factored length of a queue
is equal to its length divided by the square root of the acitegsiency of its correspond-
ing video.

Providing time of service guarantees through schedulingerghance customer-
perceived QoS and can influence customers to wait, therebgaring server through-



put. Unlike most other policies, FCFS is believed to provides of service guarantees
[20]. In contrast, we show that FCFS may violate these gueesrbecause it considers
only the waiting times in scheduling decisions, and not afitomers continue to wait
for services. We also show that FCFS is incapable of proguaaturate time of ser-
vice guarantees. Specifically, the average deviation oatheal times of service from
the time of service guarantees ranges frzinseconds to more thah5 minutes! Cus-
tomers, however, would appreciate receiving accurateagiees so that they can plan
accordingly.

We propose a new class of scheduling policies, caNedt Schedule Time First
(NSTF), which eliminates the shortcomings of FCFS and alswiges outstanding
performance benefits. NSTF provides customers with scheuinés, and it guarantees
that they will be serviced no later than and accurately at gsehedule times. The ba-
sic idea of the NSTF is to assign schedule times to incomiggests and to perform
scheduling based on these schedule times rather than ived eimes. In the absence of
VCR-like operations, a VOD server knows exactly when resesiwill become avail-
able for servicing new requests because each running stexgrires a fixed playback
time. Hence, when a new request calls for the playback of aovigith no waiting
requests, NSTF assigns the request a new schedule timestegual to the closest
unassigned completion time of a running stream. If the neyuest, however, is for
a video that has already at least one waiting request, ther=NiSsigns it the same
schedule time assigned to the other waiting request(s)ulseaal requests for a video
can be serviced together using only one stream. Applying MidRoperations, which
are typically supported by using contingency channelsl§&ds to early completions
and thus servicing some requests earlier than scheduled.

When all customers waiting for the playback of a video defieet,(cancel their re-
quests), their schedule time become available and can beoysether customers. This
leads to two variants of NSTINSTFn andNSTFo. NSTFn assigns freed schedule times
to incoming requests, whereas NSTFo assigns them to existguests with waiting
time guarantees beyond a certain threshold, and thus likedgfect. We also present
three variants of NSTFANSTFo-FCFS, NSTFo-MQL, andNSTFo-MFQL, which dif-
fer in the selection criterion of existing requests that Wwé assigned better schedule
times. These variants select requests on a FCFS, a MQL, oiGL\dBsis, respectively.
NSTFo-MQL and NSTFo-MFQL combine the advantages of FCFI\QU/MFQL.

We show the effectiveness of the proposed policies througgmsive simulation.
We consider five performance metrics: the overall custoemeging (defection or turn-
away) percentage, the average request waiting time, thdeuaof violations of time
of service guarantees, the average deviation from the tinservice guarantees, and
unfairness. The reneging percentage is the most importatitaibecause it translates
to the number of customers serviced concurrently and tesénvoughput. Unfairness
measures the bias against unpopular videos. All other adioce metrics signify QoS.
We also study the impacts of customer waiting tolerance anges capacity (or server
load) on the results.

The results demonstrate that NSTF achieves outstandifigrpemce benefits, es-
pecially in terms of server throughput and accuracy of timgeovice guarantees. The
main results can be summarized as follows. (1) The propo&JHYbolicies meet their



time of service guarantees and provide accurate schedwds tiln particular, the av-
erage deviations of the actual times of service from the dudieetimes produced by
NSTFn and NSTFo are withihseconds anf.2 second, respectively. (2) NSTFo-MQL
is the clear winner among the four variants of NSTF becausis sfiperiority in both
throughput and waiting times. (3) NSTFo-MQL achieves higheoughput and, in cer-
tain situations, shorter request waiting times than FCBR&rtay provide limited time of
service guarantees. (4) NSTFo-MQL generally outperforngd.Mnd MFQL (both of
which cannot provide time of service guarantees) in ternterolughput, especially for
high server capacities, but MQL and MFQL achieve shortetimgitimes. (5) NSTFo-
MQL is fairer than MQL and MFQL for high server capacities dese schedule times
are assigned on a FCFS basis.

The rest of the paper is organized as follows. In Section 2diseuss the main
scheduling objectives and policies and explain why FCFSviagte its time of service
guarantees. We then present NSTF and its variants in S&:tinisection 4, we discuss
the simulation platform, the workload characteristics] #me main simulation results.
Finally, we draw conclusions in the last section.

2 Scheduling Objectives and Policies

Let us now discuss the major scheduling objectives andipsliend then explain why
FCFS may violate its time of service guarantees.

2.1 Objectives

Scheduling for VOD differs from that for processors and otieats of general-purpose
computer systems. In particular, a VOD server maintains iingagueue for every
video, routes incoming requests to their correspondingigsieand applies a scheduling
policy to select an appropriate queue for service whenéhasian availablehannel. A
channel is a set of resources (hetwork bandwidth, I/O baditiwvetc.) needed to deliver
a multimedia stream. All requests in the selected queue eaetviced together using
only one channel. The number of channels is referred serasr capacity.

All scheduling policies are guided by one or more of the fwolly primary objec-
tives.

1. Minimize the overall customer reneging probability.
Minimize the average request waiting time.

Provide time of service guarantees.
Minimize unfairness.

a s~ D

Eliminate starvation.
6. Minimize the implementation complexity.
The reneging probability is the probability that a new custo leaves the server with-

out being serviced because of a waiting time exceeding thesumlerance. It is the
most important metric because it translates to the nhumbeustfomers that can be



serviced concurrently and to server throughput. The sedbird, and fifth objectives

are indicators of customer-perceived quality of service¥) By providing time of

service guarantees, a VOD server can also encourage custtoneait, thereby in-

creasing server throughput. It is also usually desirakdé MOD servers treat equally
the requests for all videos. Unfairness measures the biagoficy against cold (i.e.,
unpopular) videos and can be obtained by the following éguatn fairness =

\/va:”l(ri —7)2/(N, — 1), wherer; is the reneging probability for the waiting queue
1, T is the mean reneging probability across all waiting queaed )V, is the number of
waiting queues (and number of videos as well). Finally, miring the implementation
complexity is a secondary issue in VOD servers because thkdDB memory are not
performance bottlenecks.

2.2 Existing Policies
The following is a description of the common scheduling giek for VOD servers.

— First Come First Serve (FCFS) [5] - This policy selects the queue with the oldest
request.

— FCFSn [5] - With this policy, the server broadcasts periodicalig i most com-
mon videos on dedicated channels and schedules the refurettts other videos
on a FCFS basis. When no request is waiting for the playbackybae of then
most common videos, the server uses the correspondingadedichannel for the
playback of one of the other videos.

— Maximum Queue Length (MQL) [5] - This policy selects the longest queue.

— Maximum Factored Queue Length (MFQL) [1] - This policy attempts to minimize
the mean request waiting time by selecting the queue withdtgest factored
length. The factored length of a queue is defined as its length diMigethe square
root of the relative access frequency of its correspondidgos MFQL reduces
waiting times optimally only if the server is fully loaded dicustomers always
wait until they receive service (i.e. no defections).

— Group-Guaranteed Server Capacity (GGSC) [20] - This policy preassigns server
channel capacity to groups of requests in order to optinhieertean request waiting
time. It groups objects that have nearly equal expectechtmies and schedules
requests in each group on a FCFS basis on the collective elsaassigned to each

group.

FCFS is the fairest and the easiest to implement. MQL and MF&luce the av-
erage request waiting time but tend to be biased againstviddéidbs, which have rel-
atively few waiting requests. Unlike MQL, MFQL requires fmalic computations of
access frequencies. FCFS can prevent starvation, wher@asavid MFQL cannot.
GGSC does not perform as well as FCFS in high-end serversg@@ye will not con-
sider it further in this paper. Similarly, we will not analyECFS-n because [20] shows
that it performs either as well as or worse in certain sitretithan FCFS. A detailed
investigation of scheduling policies can be found in [16].



2.3 Time of Service Guarantees Through FCFS

In this subsection, we show that FCFS may violate its timeeofise guarantees be-
cause it only considers waiting times in scheduling densidVe have also observed
violations of time of service guarantees during simulatitmat use the same model of
waiting tolerance used in [20]. Let us discuss first how aesemvay provide time of
service guarantees and let us assume, just for now, the@be€W CR-like operations
(pause, resume, fast forward, and fast rewind). In the alesehthese operations, a
VOD server knows exactly when each running stream will catgplA channel be-
comes available whenever a running stream completes, ssether can assign com-
pletion times of running streams as time of service guaeante incoming requests.
Obviously, the server should assign the closest compléeties first. Thus, when a
request comes and joins an empty waiting queue, the seramatsgthat request a new
time of service guarantee. If the incoming request, howgears a queue that has at
least one request, then the new request can be given the isaenef service guarantee
as the other request(s) waiting in the queue because of bahgduling. Let us now
discuss the impact of VCR-like operations. Applying a paastkast forward, or a fast
rewind can be considered as an early completion if the qooreding client is the only
recipient of the stream because VOD servers typically stppteractive operations
by using contingency channels [7]. Early completions leadervicing some requests
earlier than their time of service guarantees.

The following example explains why with FCFS, the server mmmfate time of
service guarantees. Let us assume thak ¢2 < t3 < t4 < t5 < t6 and that
i # j. Let us also assume that at the current state of the seébvesrthe next stream
completion time that has not yet been assigned, #@nid the completion time that
immediately follows. At timeg 1, a new requesi?1, arrives and joins the empty waiting
gueuei. Thus, the server giveB1 the time of service guaranteég. At time ¢2, a new
request,R2, arrives and joins the empty waiting quejieHence, the server give’2
the time of service guarante6. At time ¢3, a new requestR3, arrives and joins the
waiting queue;, which already has the requdsi. So, the server assigr#3 the time
of service guarantets. Assume that at time4, R1 defects (probably because it was
given a far time of service guarantee). Thus, using FCFSséneer will serviceR2
beforeR3, althoughR3 was given a better time of service guarantee. (Note that FCFS
by definition continues to select the queue with the oldeptiest and thus ignores the
potential impact of request defections on the time of sergigarantees.) Assuming that
the time of service guarantegis precise (i.e., equal to the actual time of service for the
request(s) granted this guarantee), the server will \édla¢ time of service guarantee
of R3!

3 Next Schedule Time First (NSTF)

We propose a new class of scheduling policies, called Schedule Time First (NSTF),
which eliminates the shortcomings of FCFS. In particul&8TN assigns schedule times
to incoming requests, and it guarantees that they will beéicedt no later than sched-
uled. In addition, it ensures that these schedule timesegedlose to the actual times
of service. NSTF, therefore, improves both QoS and servaughput. Improving



throughput is attained by influencing the waiting toleran€eustomers. In the ab-
sence of any time of service guarantees, customers are ikelsetb defect because of
the uncertainty of when they will start to receive servidasother desirable feature of
NSTF is the ability to prevent starvation (as FCFS).

NSTF selects for service the queue with the closest scheuuée The schedule
times are assigned as follows. When a new request for a vidbowwiwaiting requests
arrives, NSTF assigns that request a new schedule timesthédule time is equal to
the closest unassigned completion time of a running str&necontrast, when a new
request joins a waiting queue that has at least one reqU83E Bssigns the new request
the same schedule time assigned to the other request(s)deeathrequests in a queue
can be serviced together. Note that a schedule time es8rttadime when the server
starts to deliver a stream and not the time when the pregemtattually starts. Thus, it
does not include the network latency or the buffering timéhatclient for smoothing
out the delay jitter.

As discussed in the previous section, VCR-like operati@mdead only to servicing
requests earlier than scheduled and thus will not resulninwéolations of time of
service guarantees.

NSTF can be implemented in different ways. When all waitirguests for a video
are canceled, their schedule time becomes available andecased by other requests.
This leads to two variants of NSTRSTFn andNSTFo. NSTFn assigns the freed sched-
ule times to incoming requests, whereas NSTFo assigns thewidting requests with
waiting time guarantees beyond a certain threshold, ansl ltkely to defect without
being assigned better schedule times. Hence, requestr¢hassigned schedule times
that require them to wait beyond a certain threshold shoelddtified that they may be
serviced earlier. This notification may influence them totwall other requests, how-
ever, should be given hard time of service guarantees. N&I&impler than NSTFo,
but it is more biased against old requests.

Let us now discuss how NSTFo works. NSTFo assigns each frgeztale time
to an appropriate waiting queue that meets the followingehronditions. (1) It is
nonempty. (2) Its assigned schedule time is worse than e fschedule time. (3)
Based on its assigned schedule time, the expected waitivegftir each request in it is
beyond a certain threshold. This threshold is sét toinutes in this paper because of
the studied waiting tolerance models (Subsecti@). If no candidate is found, NSTFo
grants the freed schedule time to a new request. In conifragire than one queue meet
these conditions, it selects the most appropriate one. Wepglesent three variants of
NSTFo:NSTFo-FCFS, NSTFo-MQL, andNSTFo-MFQL. These variants differ in the se-
lection criterion of existing requests that will be assigbetter schedule times. NSTFo-
FCFS selects the queue with the longest waiting time, wisét&aFo-MQL selects the
longest queue, anNISTFo-MFQL selects the queue with the largest factored length.
NSTFo-MQL and NSTFo-MFQL combine the benefits of FCFS and MMHQL by
assigning schedule times on a FCFS basis and re-assigeieg $chedule times on a
MQL/MFQL basis.

The next section demonstrates that NSTF not only provided time of service
guarantees but also yields outstanding performance gains.



4 Performance Evaluation

We analyze the effectiveness of the proposed policies giraimulation. In the anal-
ysis, we refer to FCFS that may provide time of service guees (which may be
violated as shown earlier) 8CFSg, and to FCFS that provides no guarantees sim-
ply asFCFS We start our discussion with the simulation environmertt aorkload
characteristic, and then we present the main results.

4.1 Simulation Platform

We have developed a simulator for a VOD server that suppartews scheduling poli-
cies. The simulated server starts with a state close to daalgtstate of the common
case to accelerate the simulation. In that state, the seeligers its full capacity of run-
ning streams, whose remaining times for completion areoumify distributed between
zero and the normal video length. We have validated manyesktinesults against those
generated by simulating an initially unloaded server. Timukation stops after a steady
state analysis witB5% confidence interval is guaranteed.

4.2 Workload Characteristics

Like most prior studies, we assume that the arrival of theiests to a VOD server
follows a Poisson Process with an average arrival katdence, the inter-arrival time
is exponentially distributed with a meah = 1/\. We also assume as in previous
work that the accesses to videos are highly localized ahalif@ Zipf-like distribution
[2]. With this distribution, the probability of choosingem!" most popular video is
C/n'~% with a parametef and a normalized consta@t The parametef controls the
skewness of video access. Note that the skewness reacpeakts/hert = 0, and that
the access becomes uniformly distributed when 1. In accordance with prior studies,
we assume that = 0.271.

We characterize the waiting tolerance of customers by twdetso InModel A, cus-
tomers who receive time of service guarantees will wait ovige if their waiting times
will be less than or equal to five minutes; the waiting timealbbther customers follow
an exponential distribution with a mean®minutes Model B is used in [20] and is the
same as Model A except that a truncated normal distributiim amean of minutes
and a standard deviation 67 minutes is used in place of the exponential distribution.
Truncation excludes the waiting times that are negativereatgr tharl2 minutes. In
both these models, we assume that the customers who ardexaccording to their
time of service guarantees) to wait longer ti@minutes will defect immediately. Al-
though they differ significantly, both normal and exponairdistributions were used in
previous studies.

We study a VOD server with20 videos, each of which i$20-minute long. We
examine the server at different loads by fixing the requastadrate at40 requests
per minute and varying the number of channels (server cpamnerally from500
to 1750. VCR-like operations can be supported using contingenayicéls [7]. Thus,
the relative performance of various scheduling policieeims of reneging probability,
waiting times, and unfairness does not depend on thesetaperas long as the fraction



of server channels used for these operations is kept the &ahieh is typically the
case). Therefore, we will not consider VCR-like operatigmghis simulation study
in favor of keeping the analysis focused. The results in $eofireneging probability,
waiting times, and unfairness can be generalized by asgutimitt the number of server
channels excludes the contingency channels. The accurachedule times, however,
is likely to change because VCR-like operations lead toyeayipletions and thus to
servicing requests earlier than scheduled. The changedses with the frequency of
these operations.

4.3 Result Presentation and Analysis

Let us now compare the performance of various NSTF policiéls @ach other, with
FCFSg, and with policies that do not provide time of servioargntees: FCFS, MQL,
and MFQL. We consider five performance metrics: the numberatétions of time of
service guarantees, the average deviation from thesergeas the overall customer
reneging percent, the average request waiting time, aradroebs.

Table 1 compares FCFSg, NSTFn, and the three variants of biBiTEerms of the
number of violations of time of service guarantees and tlezame deviation of these
guarantees from the actual times of service. (The schetnkstgiven by NSTF act
as time of service guarantees.) The results are shown famhenodels of customer
waiting tolerance. The numbers of violations are collegied1000 requests, and the
arrows show the variations as the server capacity incrdem®s500 to 1500. For ex-
ample, with FCFSg under Model A, an averagelof6 out of 1000 time of service
guarantees are violated when the server capaciiyiscompared with).03 violations
when the capacity i$500. The number of violations decreases with the server capac-
ity as expected. The results demonstrate that FCFSg magteidk time of service
guarantees, but these violations happen very occasiofedpecially for high server
capacities) because FCFSg tends to overestimate sigtljitaese guarantees. In fact,
overestimating these guarantees is the most critical proluf FCFSg. With FCFSg,
the actual times of service differ from the time of serviceuiguntees by0 seconds
to more thamd.5 minutes on the average! The inaccuracy of time service gteea
leads to uncertainty of when customers will start to receemvices. Customers would
greatly appreciate receiving accurate schedule timesasthity could plan accordingly.
Moreover, customers are more likely to defect if their wagttimes are overestimated.
In contrast with FCFSg, NSTF produces accurate scheduéstand services requests
no later than scheduled. The average deviations of the laitues of service from
the schedule times given by NSTFn and NSTFo are within 6 skcand 0.2 second,
respectively.

Let us now discuss the performance of the three variants aGfAgSn terms of
throughput, waiting times, and unfairness, and then we mbe the best performer
among them in the subsequent analysis. Figures 1 and 2 certipaperformance of
these variants under Model A and Model B of the waiting tateeg respectively. The
results indicate that NSTFo-MQL performs the best in terfbath throughput and
waiting times, followed by NSTFo-MFQL. Despite that NSTMSL is not the fairest,
it stands out as the clear winner because fairness is famggstant than throughput
and waiting times.



Table 1.Violations of Time of Service Guarantees and Average Deviations frogetBeiarantees
(Violations are collected per000 requests)

Model A Model B
[Policy Violations [Deviation (sec}|Violations [Deviation (sec
FCFSg 11.6 — 0.03 226 — 19.6{|4.6 — 0.09| 272.9 — 26.2
NSTFn 0 3.8 —0.29 0| 6.03— 1.01
NSTFo-FCFS 0| 0.12 —0.05 0| 0.14 — 0.16
NSTFo-MQL 0 0— 0.04 0 0 — 0.07
NSTFo-MFQL 0 0 — 0.05 0 0— 0.05
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Figures 3 and 4 compare the performance of FCFSg, NSTFn, &TddMQL.
The results demonstrate that NSTFo-MQL achieves betteutfivput and waiting times
than NSTFn under both tolerance models, but NSTFn is felmmong the three poli-
cies, NSTFo-MQL delivers the highest throughput under loterance models. We
expect the NSTF policies to perform even better in real systbecause customers
are more likely to defect with FCFSg, which tends to oveneate the waiting times.
Unfortunately, the increased likelihood of defection WRBFSg is not captured very
accurately by the tolerance models. In both models, themngatiblerance of customers
does not depend on the assigned time of service guarantbesvhiting times (accord-
ing to these guarantees) may be greater tharinutes. This suggests that we are not
entirely fair to the proposed policies. NSTFo-MQL also gailig achieves the shortest
waiting times when the tolerance follows Model B. In the cab®lodel A, however,
FCFSg generally achieves the shortest waiting times, aridS3/1QL performs a little
worse. Under both tolerance models, FCFSg is the fairest.
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Figures 5 and 6 compare the performance of NSTFo-MQL witfcigd that do not
provide time of service guarantees: FCFS, MQL, and MFQL eNbat NSTFo-MQL
leads to the highest throughput under Model A. It also adsdkie highest throughput
under Model B but only when the reneging percent is less #lamvhich is the most
likely operating region as much larger reneging percentaldvbe unacceptable. As
expected, MQL and MFQL perform the best in terms of waitimges, and FCFS is the
fairest.
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Fig. 5. Comparison of NSTFO-MQL with FCFS, MQL, and MFQL (Model A)

5 Conclusions

We have proposed a new class of scheduling policies for VOResg calledNext
Schedule Time First (NSTF), which provides customers with hard time of servigarg
antees and with very accurate schedule times. We have pedderm variants of NSTF:
NSTFn andNSTFo. NSTFn assigns freed schedule times to incoming requebtseas
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NSTFo assigns them to existing requests. We have presdmamiariants of NSTFo:
NSTFo-FCFS, NSTFo-MQL, andNSTFo-MFQL, which differ in the selection criterion
of existing requests that will be assigned better schedulkest

We have demonstrated the effectiveness of NSTF throughaiion. We have con-
sidered five performance metrics: the number of violatiohsime of service guar-
antees, the average deviation of the actual times of sefrooe the time of service
guarantees, the overall customer reneging percentagayéhage request waiting time,
and unfairness. We have studied the impacts of customeingadlerance and server
capacity (or server load) on the results.

The main simulation results can be summarized as folloWSNETF always meets
the time of service guarantees and produces very accultaedse times. The average
deviations of the actual times of service from the schednoied are withirD.2 second
(when any implementation of NSTFo is used) @&gkconds (when NSTFn is used). In
contrast, FCFS may violate its time of service guarantess tdese guarantees differ
from the actual times of service 2 seconds to more thah5 minutes on the average!
(2) NSTFo-MQL is the clear winner among the variants of NSTHewall performance
metrics are considered. (3) NSTFo-MQL achieves higherutinput and, in certain
situations, shorter waiting times than FCFS that may peVichited time of service
guarantees. (4) By motivating customers to wait, NSTFo-M@tperforms MQL and
MFQL (both of which cannot provide time of service guarasjée terms of throughput
for one of the models of waiting tolerance. For the other nhod&TFo-MQL also
achieves the highest throughput but only within the mostljikoperating region of
the server. NSTFo-MQL is also fairer than MQL and MFQL fortnigerver capacities
because schedule times are assigned on a FCFS basis. AteelN&TFo-MQL leads
to longer waiting times than MQL and MFQL.

NSTF, therefore, not only can provide hard time of servicargntees and very
accurate schedule times, but also can deliver outstandirfigrmance benefits.
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