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Abstract—We analyse a scheduling system in which users
announce requests for information from a server some time
before they actually need this information. Each constituent of
the requested information has its own specific deadline, which
is characteristic for applications that gradually consume a
stream of information (e.g., video). For that purpose, a request
fully specifies when the requesting user needs each constituent
of this information. Since each user device is equipped with a
buffer, the server can exploit this detailed timing information
to deliver parts of the requested information upfront. The
more the requests are announced in advance, the better the
ability of the server to avoid deadline violations. We investigate
for a given server capacity via semi-analytical techniques
complemented with simulations how much the requests need
to be announced in advance to essentially avoid violating all
deadlines.

Keywords—Information streaming; Scheduling; Deadline
margin

I. INTRODUCTION

We consider a system where users can issue a request
for digital information some time before they actually need
it. In a request a user announces when he or she will
consume each constituent (e.g., bit, byte or packet) of this
information, thus explicitly assigning a deadline for each
such constituent. Specifying such a deadline profile, rather
than associating one deadline for the complete information
block the request pertains to (e.g., a file), is typical for
streamed information (e.g., audio, speech, video). In [10] an
example of such a system is described where the requests
specify a byte range (of the memory of the server) and
deadlines for the first and last byte of that range. Since
in the system of that paper a user is assumed to consume
the specified byte range at constant rate, the deadlines
for all bytes (i.e., constituents) in that byte range can be
determined by linear interpolation. In the present paper we
will provide a mathematical description applicable to any
deadline profile, but apply it to the system of [10].

Since we assume that each user has an (unlimited)
buffer to temporarily store the information constituents
until the user needs them, the server can start to serve

information constituents as soon as the request is announced
and possibly a long time before the information constituents
are actually going to be consumed by the user. Since the
server attempts to be fair to each user, it uses an EDF
(earliest-deadline-first) scheduling discipline to serve the
constituents of the already announced requests. The server
serves information at a constant rate C and tries to avoid
violating deadlines. In order to be able to avoid deadline
violations, the requests need to be known a long enough
time upfront. In fact, it is intuitively clear that if the
requests are not known upfront, the server needs to have
the capability to serve at the peak rate, while if the requests
are known a very long time in advance, the server needs
to serve only at the average rate. The question that we
set out to answer in the present paper is how much the
requests should be announced upfront for a given server
rate C between the average and the peak rate in order to
keep the probability of deadline violations below a given
(very small) target value.

The rest of the paper is structured as follows. We
review related work in Section II. Section III gives a
mathematical description of the scheduling system under
study and investigates the evolution of the deadline margin.
Numerical results in Section IV show the impact of the
time requests are announced upfront on the required server
capacity to essentially avoid deadline violations. Finally, the
paper is concluded in Section V.

II. RELATED WORK

In this section, we first point out how our paper fits
in the long tradition of applying queueing theory to model
the behaviour of traffic sources over a network. Then we
concentrate on how our paper relates to existing work
around schedulers.

Queueing models have been used for studying the mul-
tiplexing behaviour of traffic sources for a very long time.
Back in the days of circuit switching the Erlang B formula
[17] was used to assess the probability that a call would
be blocked due to a switching node spuriously running
out of circuits. With the advent of packet-based networks



various types of models were used to assess the delay or
loss probability packets experience in network nodes [8],
[17]. Models with a Markovian process as arrival process
were studied first for various types of sources (voice [11],
video [4]). Then it was discovered that for an aggregate
of some types of sources the arrival of packets exposed
self-similarity [19]. Subsequently, a model was studied
that showed that this self-similarity has a large impact
on the delay and loss characteristics [22]. All previous
models essentially model traffic produced by sources that
are not responsive to congestion signals. In the Internet of
today, these sources are referred to as UDP (user datagram
protocol) sources [23]. Congestion control was introduced
in TCP (transmission control protocol) [2] to avoid that the
Internet would collapse under congestion. A TCP source
tries to grab a maximum, but fair, amount of the available
resources by gradually increasing its rate and reacting to
congestion signals. The multiplexing behaviour of TCP
sources has been studied with queueing models as well,
in particular with the GPS (general processor sharing)
discipline [7] and with mean field theory [5]. Moreover,
models to study the required queue size under load of TCP
sources [3], [12] and AQM (active queue management)
techniques that allow for better congestion feedback were
investigated [1]. Our paper continues in this tradition: it
studies an alternative to UDP and TCP, in which the sources
(in contrast to UDP and TCP) provide timing information
to the nodes in the network related to when the constituents
of information they are requesting, are needed. In our paper
we develop a model that captures this behaviour and explore
how beneficial providing this timing information is.

The scheduler plays a central role in the system we
study. Schedulers have received lots of attention in liter-
ature, mainly in the context of traffic differentiation. Since
the traffic supported by the Internet has diverse characteris-
tics and requirements, some protocols were designed to treat
individual flows [24] or an aggregate of flows [6] differently.
In that way some traffic sources or classes could be offered
a lower delay or a smaller packet loss probability, without
being hampered by the behaviour of other traffic sources or
classes. Various schedulers were investigated in this context,
e.g., strict priority or head-of-line scheduling, proportional-
rate schedulers such as weighted round robin and weighted
fair queueing, deadline-based schedulers and reservation-
based schedulers. Overviews are given e.g. in [16] and
[26]. EDF (earliest deadline first) was also considered in
this context [25]. However, with EDF in this context the
deadlines of the packets are given at the entrance of the
network by a controller, and not by the source itself.
The idea is that a network node may introduce a certain
maximum delay, which sets the deadline the packet is given
at the entrance, and that the use of EDF guarantees that the
delay incurred in that node is smaller than that maximum
delay as much as possible. Besides this use of EDF in the
context of traffic differentiation, queues governed by an
EDF service discipline have been studied in a theoretical
context too, e.g., in [14] a system with Poisson arrivals
is studied, in [21] the optimality of EDF is investigated in
cases with exponential service times, a heavy traffic analysis
for EDF based on a decomposition result is presented in
[13] and in [18] a heavy load approximation is given in

a general context. However, in these cases reported in
literature one deadline is assigned to each arrival, which
determines the time before which the entire job needs to
be finished. This contrasts with our system as we provide a
deadline profile that sets the deadline for each constituent
of the request, rather than only one deadline for the entire
job.

III. MATHEMATICAL DESCRIPTION OF THE SYSTEM

A. Evolution equations

We consider a server with capacity C that uses the
EDF discipline. Such a server has the property that it
simultaneously serves (infinitesimal) constituents (of the
already announced requests) that have the same deadline.
At times τi, referred to as announcement times, a request
for information is announced with a deadline profile Ai(t),
where Ai(t) designates the amount of (infinitesimal) con-
stituents that the user will consume between time t and
t+dt (with dt an infinitesimal increment), and where Ai(t)
is 0 for t outside the interval [τi + ∆i, τi + ∆i + θi]. Here
∆i indicates how long the request is announced upfront
and θi is the duration of the request, see Figure 1. In this
paper, we will assume that the announcement times τi are
governed by a Poisson process and Ai(t), ∆i and θi (all
≥ 0) by statistical laws to be detailed below. Besides being
0 outside the interval [τi + ∆i, τi + ∆i + θi] the deadline
profile Ai(t) can, in principle, assume any form, while in
[10] it is constant over that interval.

τi

∆i θi

t

Ai(t)

Fig. 1. Example of a deadline profile of a request with announcement
time τi.

To analyse this system we first consider how it evolves
over a period between two announcement times and then
concentrate on what happens at an announcement time.

First, we describe the system evolution between two
announcement times, τi and τi+1. Say that just after the i-th
announcement at time τi the server is serving constituents
(of all known requests) with deadline υi. All information
constituents with a deadline earlier than υi were already
served and the remaining work has a deadline larger than υi.
Define Wi(t) as the sum of all yet to be served constituents
(of all requests known just after τi) that the users will
consume at time t. Notice that by definition Wi(t) = 0



for t ≤ υi. It will turn out to be useful to also define

ωi(υ) =
1

C

υ∫
υi

Wi(t) dt+ τi . (1)

Notice that ωi(υ) = τi for υ ≤ υi.
To see how the deadline evolves, we express that during

the interval [τi, τ [ (with τ ≥ τi) the EDF server processes all
constituents (of all known requests) with deadline between
[υi, υ(τ)[. Concretely, the amount of information served by
the server in the interval [τi, τ [, i.e., C · (τ − τi), is equal
to the information of the constituents with a deadline in
the interval [υi, υ(τ)[, i.e.,

∫ υ(τ)
υi

Wi(t) dt. This yields an
equation for the evolution of the deadline υ(τ) for τ in the
interval [τi, τi+1[:

C (τ − τi) =

υ(τ)∫
υi

Wi(t) dt ,

or, in view of definition (1),

τ = ωi(υ(τ)) . (2)

Essentially this means that

υ(τ) = ωi
−1(τ) ,

for τ in the interval [τi, τi+1[. Notice that if ωi(υ) < τi+1

for all υ, then the system becomes empty (i.e., has no more
work to do) prior to the next announcement time τi+1 (and,
it can be considered that, in some finite interval prior to that
announcement time τi+1, the server is serving constituents
with deadline infinity).

Since ωi(υ) is non-decreasing, as its derivative Wi(t) is
non-negative, and does not change as long as there are no
new requests announced, equation (2) uniquely determines
υ(τ) in the interval [τi, τi+1[. Notice that υ(τ) can assume
the value infinity over some interval prior to τi+1.

Secondly, we consider what happens when the next
request is announced at time τi+1 (≥ τi). At that time τi+1 a
new deadline profile is announced, bringing additional work
to the server, and consequently ωi(υ) needs to be updated.
Immediately prior to τi+1, all work up to the associated
deadline υ−i+1 = υ(τi+1) was already performed. At that
time the remaining work is given by W−i+1(t) = Wi(t)
for t > υ−i+1, and W−i+1(t) = 0 for t ≤ υ−i+1. Using
equation (1) it can be seen that immediately prior to τi+1

the time by which the server is serving constituents (of all
requests known just after τi) with deadline υ is given by

ω−i+1(υ) =

υ∫
υ−i+1

W−i+1(t) dt+ τi+1

= max{ωi(υ), τi+1} .

The work Ai+1(t) announced at the time instant τi+1, which
is only non-zero in an interval of length θi+1 starting at

t = τi+1 + ∆i+1, still needs to be added. Similarly as in
equation (1) we define

αi+1(υ) =
1

C

υ∫
−∞

Ai+1(t) dt . (3)

Remark that αi+1(υ) = 0 for υ < τi+1 + ∆i+1 and is
constant for υ > τi+1 + ∆i+1 + θi+1. This additional
work is added to the work that remained just prior to the
announcement time τi+1, which yields

ωi+1(υ) = max{ωi(υ), τi+1}+ αi+1(υ) . (4)

Equations (2) and (4) completely describe the system
evolution. The function ωi(υ) represents the system state:
according to equation (2), ωi(υ) is the only information
needed to describe the evolution between two consecutive
announcement times, τi and τi+1; and ωi(υ) is updated
according to equation (4) at announcement times τi+1.

Applying equation (4) recursively k times yields:

ωi(υ) = max

{
ωi−k−1(υ) +

k∑
`=0

αi−`(υ),

max
0≤m≤k

{
τi−m +

m∑
`=0

αi−`(υ)

}}
. (5)

If we assume that (e.g., for stability reasons) the system has
been empty at some time in the past, there exists a value
of k for which the first element of this set is never the
maximum, so that

ωi(υ) = sup
k≥0

{
τi−k +

k∑
`=0

αi−`(υ)

}
. (6)

This equation shows how the statistics of all announced
deadline profiles in the past and the announcement instants
prior to announcement instant τi, determine the statistics of
the system state ωi(υ).

We define the deadline margin T (τ) as T (τ) = υ(τ)−τ .
In principle the deadline margin T (τ) can take positive or
negative values, but, as we will describe below, we will
impose the restriction that the deadline margin has to remain
(essentially) positive for a well-behaving system. Notice
that the statement that the deadline margin T (τ) remains
a positive function for all τ is equivalent to the statement
that all deadlines (of all constituents) are being met.

B. Graphical illustration

Figures 2-5 illustrate the evolution of the deadline
margin graphically. The thick line represents ω(υ); a solid
thick line indicates how the system evolved in the past,
while a dotted thick line indicates how it will evolve in the
future under the currently known workload. The horizontal
difference between the diagonal and the solid thick line
indicates how the deadline margin T (τ) evolved in the
past; and between the diagonal and the dotted thick line
how it will evolve in future with the currently known work.
This dotted thick line represents the system state: 1) only
this information is needed to describe the system evolution
in the immediate future as long as no new requests are



υ

τ

τ
=
υ

ω(υ)

(υ̃k, τ̃k)

Fig. 2. The system at time τ = 0.

announced and 2) it is updated when a new request is
announced.

In the figure we illustrate the case in which requests ask
for a constant information rate over some interval. In that
case Ai(t) is constant over the specified interval and αi(υ)
is linear over that interval, while before τi + ∆i it is 0 and
it is constant after τi + ∆i + θi. As a consequence ω(υ) is
piecewise linear and can be fully specified by its inflection
points (υ̃k, τ̃k).

Figure 2 shows the system at time τ = 0. Figure 3
shows the evolution (according to equation (2)) up to, but
just prior to, the time τ1 the next request is announced.
Remark that the dotted thick line becomes solid and this
part represents the actual evolution of the deadline margin
T (τ) up to the new announcement time. At the moment τ1
a new request is announced, the remaining work needs to be
updated (according to equation (4)) and, as a consequence,
the future evolution of the deadline margin, i.e., the system
state represented by the thick dotted line, changes. Figure 4
shows the system just after the time τ1 the new request
was announced. In particular, it illustrates the case where
a new workload arrives with a start deadline smaller than
the deadline that was already served just prior to the arrival
of the announcement. Because the new workload α1(υ) is
added, the deadline margin exposes a sharp drop. After that
new announcement the deadline margin again follows the
thick dotted line until the next request is announced at time
τ2. As illustrated in Figure 5 at the announcement instant
τ2 the system was empty with an infinite deadline margin.
The system state represented by the thick dotted line is in
this case given by (see equation (4)) the sum of τ2 and
the new load α2(υ). From Figures 2-5 it can be concluded
that, in case of requests for constant information rate, the
system’s evolution (i.e., its past and its future evolution) can
be completely described by maintaining the list of inflection
points (υ̃k, τ̃k).

Figures 6-8 illustrate the closed-form solution of equa-
tion (6). Figure 6 depicts three deadline profiles that are an-
nounced at announcement times τ1, τ2 and τ3, respectively.
In particular, the figure shows the functions α1(υ) + τ1,
α2(υ) + τ2 and α3(υ) + τ3. We focus on the case where
the system was empty just before announcement time τ1

υ

τ

τ
=
υ

τ1

ω(υ)

(υ̃k, τ̃k)

Fig. 3. The system evolution up to, but just prior to, τ1.

and use equation (6) to determine ω3(υ). Figure 7 shows
the three functions τ3−k +

∑k
`=0 α3−`(υ), for k = 0, 1, 2

over which the maximum needs to be taken to determine
ω3(υ) . These functions depend solely on the announced
deadline profiles. Figure 8 shows the evolution of ω(υ) to
just after announcement time τ3, with the thick dotted line
being ω3(υ). It can be seen that the thick dotted line in
Figure 8 is indeed the maximum of the three functions of
Figure 7.

C. Comment on the used methodology

Describing a queueing system via a “state”, i.e., a
variable or a set of variables that suffice to describe the
system between two arrivals (in our paper, announcements)
and that needs to be updated at arrival times is a com-
mon analysis technique in queueing theory. The simplest
example is Lindley’s approach to tackle the G/G/1 queue
[20], [17] (Section 8.1). In this way a recursive relation
between the “state” at consecutive arrivals is obtained, in
our case given by equation (4). Solving this equation by
recursive substitution is also a well-known step, and leads
in our case to the solution of equation (6). The difference
is that in our case the state consists of a function, while
in, e.g., Lindley’s case it is one variable. For that reason
it is not straightforward in our case to write an integral

υ

τ

τ
=
υ

τ1

ω(υ)

α1(υ)

Fig. 4. The system just after announcement time τ1.
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Fig. 5. The system just after announcement time τ2.
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τ1

τ2

τ3 α1(υ) + τ1

α2(υ) + τ2

α3(υ) + τ3

Fig. 6. Illustration of equation (6): deadline profiles are announced at
times τ1, τ2 and τ3.

υ

τ

τ
=
υ

τ1

τ2

τ3

k = 0

k = 1
k = 2

Fig. 7. Illustration of equation (6): the three functions over which the
maximum needs to be taken to determine ω3(υ).

equation, analogue to Lindley’s integral, that the statistics
of the state obey. For that reason we revert to simulation to
obtain numerical results.

D. Keeping the deadline margin essentially positive

The restriction that we impose on a well-behaving
system is that the deadline margin T (τ) should hardly ever
become negative. For that purpose we mark the announced

υ

τ

τ
=
υ

τ1

τ2

τ3

ω(υ)

Fig. 8. Illustration of equation (6): the dotted thick line is ω3(υ).

requests that make the future deadline margin negative.
These marked requests are considered to be requests that
overload the system. Concretely we calculate the minimal
future deadline margin di at the i-th announcement time τi
as

di = min
τ>τi

{
ωi
−1(τ)− τ

}
(7)

and assess the probability Prob[di < 0]. The parameters of
the system should be tuned so that this marking probability
is kept smaller than a very small target value P (e.g., 10−5).

It turns out that it is instructive to acquire the CCDF
(complementary cumulative distribution function) of di for
the following reason. Suppose that all instances of Ai(t) are
horizontally shifted over a time δ (i.e., each value of ∆i is
replaced by ∆i + δ). It can be seen from equation (6) (or
alternatively from equation (4)) that, as a consequence, the
resulting ωi(υ) are horizontally shifted by δ, and hence, that
a value δ is added to all minimum deadline margins di. So,
the marking probability in case all workloads would have
been shifted over a time δ is given by Prob[di + δ < 0]
or Prob[di < −δ]. This property allows us to considerably
reduce the number of simulations we have to perform to
investigate how the required server capacity evolves in terms
of the time that requests are announced upfront.

IV. RESULTS

We have implemented the system evolution (governed
by equations (2) and (4)) in a simulator. The simulator
generates requests. Although the theory is more generic,
we consider the system with requests for a constant infor-
mation rate over some interval (see [10]). Each request is
determined by a quadruple (τi,∆i, θi, Ri), where i is the
sequence number of the request, τi is the announcement
time, τi+∆i is the deadline of the first byte and τi+∆i+θi
the deadline of the last byte and Ri is the rate at which
the user is going to consume the information. Loading
the system consists in generating a list of requests. The
simulator maintains and updates the function ωi(υ) from
announcement time to announcement time given a server
capacity C and calculates the CCDF of the minimal future
deadline margin di (see equation (7)) at each announcement
time. The (measured) CCDF of di provides enough infor-
mation to determine the additional time δ the requests need



to be known upfront to keep the marking probability below
a target value P (given the server capacity C).

A. Loading the system

We generate the announcement times τi according to a
Poisson process. The time unit is a day, such that the integer
part bτic of τi corresponds to the day of announcement
and the fractional part {τi} = τi mod 1 = τi − bτic of τi
corresponds to the time of day of the announcement. We
consider two cases. In the first case the announcement times
are generated by a stationary Poisson process with arrival
rate λ.

We also want to investigate the impact of fluctuations
that have a periodic, daily-repeating pattern besides random
fluctuations. Therefore, in the second case, we generate
announcement times according to a non-stationary Poisson
process with periodic arrival rate. In order to generate such
announcement times we first generate stationary Poisson
arrivals τi′ (with arrival rate λ). We then adjust the fractional
parts {τi′} of these announcement times according to

{τi} =

∫ {τi′}
0

f(x) dx , (8)

where the function f(x) = 1 + c1 sin(2πx) + c2 sin(4πx)
describes the diurnal pattern to be repeated. The actual
announcement times τi can then be constructed as

τi = bτi′c+ {τi} . (9)

Generating non-stationary Poisson announcement times via
this kind of time-warping was introduced in [9] (Corollary
7.8) and extended in [15].

Choosing the coefficients c1 = −0.580 and c2 =
−0.473 has the effect that the announcement times τi follow
a realistic pattern with little activity between midnight and
morning hours, moderate activity around noon and high
activity at evening times, as depicted in Figure 9. Note
that for c1 = c2 = 0, no adjustment is made to the
announcement times, such that this case boils down to a
stationary Poisson process.

x

f(x)

1

1

Fig. 9. Evolution of the arrival intensity during the course of a day.

The duration θi of each flow is set to a constant Θ equal
to 1

24 = 0.04167 day (1 hour). The rate Ri of each flow
is set to 1 unit per time unit. The capacity C is expressed

in the same units as Ri. We perform experiments with all
∆i = 0, but as explained in Section III-C the CCDF of di
allows us to determine which (constant) value ∆i should
take to yield a marking probability below a target value.

We now take a look at the effect of diurnal patterns in the
arrival process on the minimal deadline margin. Therefore,
we generated two streams of announcement times, one from
a stationary Poisson process, and one originating from a
non-stationary Poisson process as described above. In both
cases, the average arrival rate λ is set to 1000 flows per day,
the duration Θ is set to 1 hour, δ is set to 0 and the available
bandwidth allows for the simultaneous transmission of 45
flows. For the non-stationary Poisson process, the parameter
c1 is set to −0.580 whereas c2 is chosen to be −0.473.
Figure 10 then shows for each flow the announcement time
τi on the horizontal axis and the corresponding minimal
deadline margin di as described in (7) on the vertical axis.

0 2 4 6 8 10
−0.2

−0.15

−0.1

−0.05

0

τi [day]

d
i
[d
ay
]

Fig. 10. Minimal deadline margin as a function of the announcement time
for the case λ = 1000, Θ = 1

24
, R = 1 and C = 45, for a stationary

Poisson process (dotted line) and a non-stationary Poisson process (full
line).

From Figure 10, the impact of the diurnal patterns
becomes manifest. Flows created by the stationary Poisson
process (dotted line) are distributed more or less evenly in
time, resulting in modest peaks in the bandwidth require-
ment. This seldom results in a negative deadline margin and
when it does, the lag sustained by the system is small. In
case of the non-stationary Poisson process (full line), the
lag builds up during each evening time peak. This results
in a diurnal pattern for the minimal deadline margin, which
on top is much more distinct, reflecting the fact that the
peak bandwidth requirement for the non-stationary arrival
process is much larger.

In the example of Figure 10, we consider the case
where requests are not announced upfront (∆i = δ = 0).
Note that we defined the minimal future deadline margin di
only on announcement times, as we only need di at those
times to check if a new request would violate a deadline
or not. Hence, we calculated di only at those times in
the simulation. As on announcement times there is always
immediate work to do (since ∆i = 0), the minimal deadline



margin di shown in Figure 10 is never positive in this case.
We could have defined the minimum future deadline margin
for any other time, other than announcement times. In that
case the curve in Figure 10 could have become positive
in between some announcement times. We opted not to
calculate the minimum future deadline at intermediate times
as it would have considerably slowed down our simulation.

B. Time the requests need to be known upfront

1) Stationary Poisson process: We first consider the case
of a stationary Poisson process. The average arrival rate λ
is either 1000, 10000 or 100000 flows per day, the duration
Θ is set to 1

24 day, the coefficients c1 and c2 are 0 (since
it is a stationary Poisson process) and simulations are run
over 100 days. We repeated each simulation 10 times to
assess the statistical fluctuations on the time δ the requests
need to be announced upfront.

Figures 11-13 show the results. In each of the figures
we show the minimal time the requests need to be known
upfront for the marking probability to be below a target
value P = 10−5 given a certain capacity. Alternatively the
figure shows the minimal capacity that is needed to keep
the marking rate below P = 10−5 as function of the time
δ the requests are announced upfront. To be able to easily
compare the various cases, the vertical axes are scaled with
λ. It is intuitively clear that if δ = 0, the capacity is the
(1 − P )-quantile of number of requests that arrive in an
interval of duration Θ and that if δ = ∞ the required
capacity is the average arrival rate, i.e., λΘ. From the figures
we can determine the value of δ for which the capacity
is substantially lower than the peak and close enough to
the average. The figures show that, in case of a stationary
Poisson process, if the average number of simultaneous
users (i.e., λΘ) increases, the potential gain in capacity
decreases, where the capacity gain is defined as the ratio
between the required capacity when the requests are not
known upfront to the required capacity when the requests
are known an infinite time upfront. For a small number of
simultaneous users (e.g., 41.67) there is still a considerable
gain, while for a large number of simultaneous users (e.g.,
4167) the gain is marginal. In case there is a capacity gain,
in order to attain this gain, the requests need to be known
upfront a multiple of Θ (e.g., 2Θ).

2) The impact of diurnal patterns: Next we consider
the case of a non-stationary Poisson process in which the
arrival rate varies according to realistic diurnal patterns. We
use the same parameters as before, but set c1 = −0.580
and c2 = −0.473. Figures 14-16 show the results. Again
we simulated 100 days and ran each simulation 10 times
to assess the statistical fluctuation. As in the case above
we show the minimal capacity that is needed to keep the
marking rate P below 10−5 as function of the time δ the
requests are known upfront. The average rate (and hence,
the rate that the required capacity should tend to as δ →∞)
is still λΘ. The figures show that, in case of a non-stationary
Poisson process, there is a considerable gain for all values
of the average number of simultaneous users (i.e., λΘ). The
capacity gain in all cases is about the same and almost equal
to the maximal value of f(x). In order to attain this capacity
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Fig. 11. Required server capacity as a function of the time the requests
are known upfront for the case λ = 1000, Θ = 1
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and c1 = c2 = 0.
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Fig. 12. Required server capacity as a function of the time the requests
are known upfront for the case λ = 10000, Θ = 1

24
, R = 1, P = 10−5

and c1 = c2 = 0.

gain, the requests need to be known upfront a considerable
fraction of the day (e.g., 0.20 day).

V. CONCLUSIONS

We have studied a system in which users can announce
requests for information upfront by specifying a deadline
profile. In contrast to studies previously reported in litera-
ture, in which one deadline is associated with a complete
job, the deadline profile defined in this paper precisely
indicates by when a user needs each constituent of the
requested information. Specifying such a deadline profile
is typical for streaming (multimedia) services where the
information is not all needed at once, but can trickle in at a
predetermined (possibly variable) rate. The server can use
this detailed timing information provided by the clients to
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Fig. 13. Required server capacity as a function of the time the requests
are known upfront for the case λ = 100000, Θ = 1
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and c1 = c2 = 0.
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Fig. 14. Required server capacity as a function of the time the requests
are known upfront for the case λ = 1000, Θ = 1

24
, R = 1, P = 10−5,

c1 = −0.580 and c2 = −0.473.

schedule the work better. By shifting work from future busy
periods to quiet periods, the server requires less capacity. In
fact the server can operate at mean rate rather than at peak
rate, if the requests are known upfront long enough. We
described the scheduling system making use of this detailed
timing information in a mathematical way, by identifying
the system state and by providing an evolution equation
for this state. We defined a well-behaving system as a
system where practically none of the deadlines are violated.
We proved a shifting property that allowed us to calculate
the deadline violation probability for a whole range of
scenarios in one simulation, which considerably reduces
the required number of simulations. Finally, we identified
via simulations how much the requests need to be known
upfront to reduce the required capacity from peak to mean
rate in case the announcement times are governed by either
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Fig. 15. Required server capacity as a function of the time the requests
are known upfront for the case λ = 10000, Θ = 1

24
, R = 1, P = 10−5,

c1 = −0.580 and c2 = −0.473.

0 0.2 0.4 0.6 0.8 1
4,000

5,000

6,000

7,000

8,000

δ [day]

C
[#

st
re
am

s]

Fig. 16. Required server capacity as a function of the time the requests are
known upfront for the case λ = 100000, Θ = 1

24
, R = 1, P = 10−5,

c1 = −0.580 and c2 = −0.473.

a stationary Poisson process or a non-stationary Poisson
process in which the arrival rate varies according to diurnal
patterns observed in reality.
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