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Abstract

An important class of adaptive applications can trade off
one kind of resources (e.g., network bandwidth) for requests
of other resources (e.g., CPU cycles). They create new
challenges for operating systems: their processor demands
change rapidly based on external factors, and resource re-
quests are recurring, though non-periodic. However, these
applications share some of the characteristics of “soft real-
time” tasks and are often resilient with regard to un- or
under-availability of resources.

This paper presents a comprehensive approach to pro-
cessor management for adaptive applications, the R-
Scheduler. It co-exists with a best-effort scheduler and
has been implemented for NetBSD and ported to Linux.
The runtime costs of admission control and scheduling are
modest (below1%). For realistic usage scenarios, the R-
Scheduler allows the application to meet its time limits,
whereas the traditional (default) best-effort scheduling dis-
cipline fails to allocate the CPU resources effectively.

Keywords: Processor Scheduling, Operating Systems,
Resource Management, Adaptive Applications, Network-
Aware Applications.

1. Introduction

Adaptive applications have lately received considerable at-
tention. Many applications that involve the Internet have
to deal with the wide range of possible network perfor-
mance: when connectivity is good, the application provides
rapid responses, but congestion forces the user to wait. An
adaptive application is able to tradeoff network resources
(bandwidth) with local CPU cycles: If there is congestion,
the application transcodes (compresses) the data that must
be transmitted. A network-aware adaptive application is
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thus able to provide predictable service (i.e., predictable
response time) over a much larger range of network con-
ditions, but such adaptivity may come at a cost in content
quality.

Although the network conditions may drive in this sce-
nario the adaptation decisions, the processor of the host sys-
tem plays a crucial role, because adaptive applications trade
off local computation (e.g., transcoding) for network re-
sources (e.g., bandwidth). Therefore such applications cre-
ate new challenges for schedulers in operating system: the
CPU demands of these applications change rapidly (based
on external factors, such as bandwidth availability) and the
demands are non-periodic. On the other hand, the appli-
cations exhibit a high degree of resiliency, similar to “soft
real-time” tasks. If for some reason the application is
granted only a fraction of the desired CPU resources to per-
form a transcoding step, then such a “failure” is not catas-
trophic. The quality of the delivered content may be low-
ered, but most network-based applications are able to tol-
erate some degree of network bandwidth variation. Such
tradeoff situations may also occur without a network: con-
sider a system that renders scenes or replays a movie that
is read from some storage device. If there is a shortage of
CPU resources, adaptation through quality reduction allows
the system to maintain a smooth flow of images.

Such adaptive application may also have some free-
dom in picking the order of processing objects, or they
can choose different algorithms for a computation (e.g.,
transcoding or rendering). If there are options, the appli-
cation presents the OS with a ranked list of CPU resource
requests (corresponding to the costs of the operations) and
allows the OS to satisfyoneof these requests. The order
of the requests in the list implicitly reflects the application’s
preference. The ability of adaptive applications to decide
at runtime, based on resource availability, which processing
option to take next provides a degree of flexibility that is not
found in other situations.

There exist several approaches to implement adaptivity;
adaptivity may be integral to the application [25] or may be
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provided by a transcoding proxy [7]. This paper concen-
trates on the OS support that is needed for adaptive applica-
tions. The solution presented here consists of an admission
controller, a scheduler, and a wide interface between appli-
cation and admission controller. It has been implemented
for NetBSD and ported to Linux.

2. Processor demands

We start with a brief summary of an exemplary network-
aware adaptive application [25] to illustrate the OS mecha-
nisms and concepts for supporting adaptive applications.

2.1. Application example

The example application is a distributed image search and
retrieval system that attempts to adapt its behavior in re-
sponse to changes in network resource availability [4, 25].
A client formulates a query for images, the system’s search
engine identifies matching images, and the adaptive servers
deliver the images in the best possible quality, consider-
ing network performance, system load, and a user-specified
time limit. The core mechanism of the server is a soft-
ware feedback loop that tries to bridge the gap between
an estimated delivery time and the time left for the image
transfer by making appropriate adaptation decisions (e.g.,
transcoding images, retrieving a different version). The
server-initiated adaptation decisions are driven by amodel
of the expected delivery time [4], which includes estimates
of future network bandwidth [5], the size of the transcoded
images, and the CPU costs of transcoding steps (which de-
pend on the size of the object, coding format, compression
factor, and processor capabilities).

The goal of the adaptation is to meet the user-specified
limit on delivery time while maximizing the content quality
of the images delivered. Content is correlated with size, so
the system attempts to use its available bandwidth as well as
possible. Therefore, while one thread transmits an object,
concurrently a different thread prepares (transcodes) the
next object(s) for transmission. Transmission and prepara-
tion are controlled by a decision phase driven by the model
mentioned above. To maximize the utilization of the avail-
able network bandwidth, the prepare thread should always
have an object ready for transmission when the transmit
thread can take another object. Therefore the application
associates with each prepare step a deadline for completion
that is derived from the model’s estimate of the duration of
the current transmission step.

This scheme of adaptation can be applied success-
fully to many network-aware applications with request-
response communication. The core mechanisms have in
fact been factored into a framework for network-aware ap-
plications [4].

2.2. Application and operating system interaction

In our model of adaptive applications, the application must
produce its result (delivery of all requested images) within
a (user-provided) time frame. Upon transmitting an image,
the application determines the resource needs and availabil-
ity for the transmission of the next image (model evalua-
tion). If more data must be transmitted than there is band-
width capacity, the application can use the CPU to transcode
some objects. Thus, adaptation decisions are not only made
once at the beginning of the task but are made repeatedly
(upon transmission of an image, or more frequently) to take
fluctuations of resource availability and demand into ac-
count.

Adaptation decisions are made at so-calledadaptation
points (AP). A new AP is reached after the previous subtask
completes. At every AP, the application must estimate the
availability of network and end-system resources and de-
termine its resource needs until the next AP (the estimated
completion of the next transmit phase) and must then choose
one of the (potentially multiple) options (transcoding algo-
rithms, choices of image to transcode) to complete the next
subtask.

When the application identifies options with different
CPU requirements, then a “good” option is the one that can
actually be realized given the availability of CPU resources.
Therefore the CPU requirements of all possible options
(transcoding algorithms, choice of image to transcode) are
presented to the OS. The OS then decides which option is
admissible, based on resource requirements and overall re-
source availability. The CPU requirements are expressed as
a request for a number of cycles within a specific interval.
The length of the interval is determined by an estimate of
the next AP. The OS notifies the application of the option
it has chosen, so that the application has the opportunity
to take appropriate action. As long as the OS delivers the
requested cycles in the interval, the application needs are
satisfied.

2.3. Implications for CPU management

The precise resource requirements of adaptive applications,
as well as the number and interarrival spacing of the APs
are unknown in advance; APs are non-periodic in time.
These details depend on many factors known only at run-
time, like the transmission order for a sequence of objects,
or the (fluctuating) bandwidth. Additionally, the applica-
tion makes several adaptation decisions while processing a
task to take changes in resource availability into account.
Furthermore the number of adaptive applications compet-
ing for end system resources may vary, and even a single
application may be multi-threaded. Finally, it is unrealis-
tic to devote a whole host to support the prepare activity of

500



Wallclock
time

Start End

C

C
um

ul
at

iv
e

C
P

U
 c

on
su

m
pt

io
n Objective

function
F

I

Actual
consumption

It1 t2

Figure 1. A reservation R(I ;C).

only a single server. The prepare thread should be given
the CPU resources it needs while allowing other threads to
proceed as far as possible. A CPU resource reservation is a
good approach to address the characteristics of the prepare
step because reservations prevent overbooking. Since sev-
eral parameters (resources required, future bandwidth, time
till next AP) are based on estimates, guarantees would not
be appropriate. So a dynamic scheduler that acceptsreser-
vation requests at runtime and (re-)calculates the schedule
on-the-fly is a reasonable compromise between the conflict-
ing demands.

Since our adaptive applications are allowed to use all end
system operating system features, they may block on I/O or
other events. Our CPU management system should be able
to handle this case so that the application that has blocked
is later allowed to catch up the backlog if this is possible
without delaying other processes with reservations.

Last but not least, both best-effort processes as well as
adaptive applications with reservations should be supported
within one single system.

3. A comprehensive solution

The abstraction provided by our processor management sys-
tem reflects the boundary conditions introduced in the pre-
vious section: At anAP, the application provides a vector
of reservation requests. Each reservation requestRconsists
of a pair(Ii ;Ci) whereI is an interval andC indicates how
many cycles this application wants to obtain in the specified
interval. The interval is defined by itsStartandEnd time,
expressed in wallclock time, andC is expressed inµsec,
with C < α(End�Start), as shown in Figure 1.α denotes
the fraction of the overall CPU dedicated to processes with
reservations. The submitted reservation requests are sorted
by the application in decreasing preference.

This request vector is processed by the admission con-
troller (Section 4.2), which picks 0 or 1 of the individual
reservation requests. The application is informed about the
admission controller’s choice and may then take appropri-
ate action (like executing the transcoding algorithm with a
resource consumption that corresponds to the granted re-

quest). A process that has been granted a reservation request
Rk(Ik;Ck) is referred to during the intervalIk as a process
with a valid reservationR, or as an R-process for short.

The semantics of a granted reservationR(I ;C) are as fol-
lows: BetweenStartandEnd, at leastC µsec of CPU time
is provided to the holder of the reservation. How and when
the CPU is actually allocated within the intervalI remains
opaque to the application. The scheduler is thus free to, e.g.,
allocate allC cycles at the very beginning, or at the very end
of the interval, or to distribute the allotment over the whole
interval. The resource delivery process can thus be modeled
by using a monotonic objective function for cumulative re-
source consumption, as shown in Figure 1. To allow for
this flexibility, R-processes must be always runnable during
the complete interval for which they obtained a reservation.
Section 4.1 presents a solution to the problems caused by
processes that voluntarily sleep or block.

Each R-process can hold one reservation. Additionally,
a 1! N relationship between a single (granted) reserva-
tion and multiple R-processes is allowed, e.g., for piped
processes that jointly execute a task.

The resource demandsCi are often only estimates, and
under-reservations may pose a problem to the application.
To keep the R-Scheduler simple (and low-overhead), we do
not provide for a notification of the application and a possi-
ble re-negotiation of a reservation. Instead, the R-Scheduler
gives preference to R-processes with under-reservation over
best-effort processes. On the other hand, in case of over-
reservation, the R-process can yield no longer needed re-
sources through a system call and make them available for
new reservation requests.

The ability to obtain reservations is offered as an addi-
tional service to the user. Therefore all conventional, best-
effort-type applications can be run unmodified; only appli-
cations that want to take advantage of the reservations must
be programmed accordingly.

4. R-Scheduler design and implementation

4.1. R-Scheduler

The R-Scheduler uses anobjective function for cumula-
tive resource consumptionin conjunction with areactive
scheduling discipline. Figure 1 depicts an objective func-
tion (black line) and the actual resource consumption (gray
line). We use compositions of linear functions to simplify
both the R-Scheduler and the admission controller that cal-
culates the objective functions. AllF must fulfill the equa-
tion F(End)�F(Start) =C, and the gradients of each part
of F must be� α. No additional restrictions are placed on
F ; F can be composed out of an arbitrary number of parts.

The cumulative resource consumptionof an R-process
is expected not to fall below its objective functionF but
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can precedeF if there are ample resources available, like
betweenStart andt1 in Figure 1. Thereactive scheduling
disciplinetakes action if the cumulative resource consump-
tion of one of the R-processes has fallen below itsF. It then
arranges those R-processes to be scheduled immediately, as
happens at timet2 in Figure 1. Otherwise, the scheduling of
all processes is left to the built-in best-effort scheduler.

If an R-processRP sleeps or blocks and becomes
runnable thereafter, it has the largest backlog relative to its
objective functionF when compared to other R-processes
(which were able to run meanwhile). Therefore the R-
Scheduler would keep selectingRP, but this decision would
prevent those other R-processes from running, thus caus-
ing them to miss their reservations. To avoid this prob-
lem, a detailed resource utilization measurement scheme is
used that accounts separately for actual CPU usage (On-
CPUTime), block time (BlockTime, involuntary preemption
or being blocked on I/O) and sleep time (SleepTime, volun-
tary CPU yield). This scheme ensures on one hand that an
R-process that voluntarily yields its resources has no right
to reclaim them later at the cost of other R-processes. On
the other hand, if an R-process has been involuntarily pre-
empted from running, it is given the chance to catch up its
backlog later if possible at the expense of best-effort appli-
cations, butnotother R-processes.

The R-Scheduler is invoked periodically1 and calculates
for every R-processRPi the value∆i =Fi�(OnCPUTimei +
SleepTimei)�BlockTimei . A large∆i thus corresponds to a
large backlog ofRPi relative to its objective functionFi ; a
∆i < 0 means thatRPi has a workahead relative to itsFi .
Note that we account for the sleep time as if the process
was running during that time.

To select the next eligible R-process, the list of all pro-
cesses is traversed in decreasing order of∆i until either a
runnable one is found or∆i < 0. If, during the traversal, a
blocked process is found, itsBlockTimeis incremented by
the R-Scheduler period. If a runnable R-process is found, it
is made eligible for immediate execution. It is then execut-
ing until either it blocks or is preempted, or until the next
invocation of the R-Scheduler decides to schedule another
R-process.

If, during the first traversal of the list of all R-processes,
no eligible R-process is found, then for every R-process
RPi its ∆i is recalculated as∆i = Fi � (OnCPUTimei +
SleepTimei), and the above outlined search step is repeated
with the new∆i to find R-processes that want to catch up
a delay that stems from an involuntary preemption. If as a
consequence an R-process obtains the CPU, itsBlockTime
is decremented by its actual CPU usage.

If there are still no R-processes found, then the schedul-

1In the current implementation every 50 ms for a good trade off be-
tween minimizing scheduling overhead and maximizing reservation accu-
racy.

ing of all processes, i.e., both R-processes as well as best-
effort processes, is left to the built-in best-effort operating
system scheduler.

This accounting scheme ignores the processing costs for
interrupts. Other researchers have already proposed solu-
tions to this problem [2], which is not severe for our appli-
cation domain (less than 2% overhead).

The objective functions bear some resemblance to value
functions in real-time systems as introduced by Locke [13].
However, the objective functions used in the R-Scheduler
express the cumulative resource consumption a process is
to follow, whereas Locke’s value functions describe the con-
tribution of completing a job by its deadline to the overall
system value as a function of elapsed job execution time.

4.2. Admission control and objective functions

The admission controller determines whether a new request
for a reservation can be satisfied along the already granted
ones, and it calculates and optimizes the objective functions
of both the new and the previously granted reservations.

Its operation is best described using an example.
Figure 2(a) shows the granted reservationsR1(I1 =
[Start1;End1];C1) andR2(I2 = [Start2;End2];C2) of two R-
processesRP1 andRP2, together with their objective func-
tions F1 andF2. RP1 has already started its work, and its
actual resource consumption–as denoted by the grey line–is
ahead of the objective functionF1.

At wallclock time “now”, a new requestR3(I3 =
[Start3;End3];C3) arrives, and the admission controller
must decide whether this new request is satisfiable along the
already granted onesR1 andR2 (Figure 2(b)). The union of
all intervalsI =

S
Ii is divided intosegmentsalong theStarti

andEndi times ofall reservations, i.e. the granted ones and
the new request under consideration, as shown by the verti-
cal lines. For every reservationRi , its objective functionFi

is composed of linear functions with individual per-segment
gradients. For each reservationRi(Ii ;Ci), there are thus seg-
mentsSi = hsi1;si2; : : : ;si j(i)

i. If Ts(sik) denotes the start
time of segmentsik andTe(sik) its end time, there is the nat-
ural constraint that8i : Te(sik) = Ts(sik+1);1� k< j(i) and
Te(si j(i)

) = Endi . If Starti < now (as is the case forRP1 in
the example), we haveTs(si1) = now, andTs(si1) = Starti
otherwise. Thus only segments “in the future” are consid-
ered when recalculating the objective functions.

When processing a new request, the admission controller
tries to recalculate all gradients under the following bound-
ary conditions:

For all segments with the same start time, the sum of
the gradients of the objective functions within that segment
must be smaller thanα:

8k; l : ∑
8i; j :Ts(si j )=Ts(skl

)

Gradient(si j )� α (1)
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Figure 2. Admission control.

Equation 1 ensures that–at any time–the scheduling system
does not contract out more CPU resources than are avail-
able.

For each reservationRi(Ii ;Ci) this equation must hold:

8i :
j(i)

∑
k=1

Duration(sik)�Gradient(sik) = Ki (2)

Equation 2 ensures that each R-process is granted its re-

source request by the end of its interval. For a reservation
Ri that has not yet started its interval (i.e.,Starti > now),
we let Ki := Ci (ReservationsR2 and R3 in Figure 2(b)).
For a reservationRi that has already started its interval (i.e.,
Starti < now), we letKi :=C0

i , whereC0
i is equal to the not-

yet delivered part ofCi . This is the case forR1 in the exam-
ple, thus a potential workahead ofRi is accounted for when
recalculating the objective functions.

The above boundary conditions, applied to all reser-
vations (i.e., the granted ones as well as the new one
under consideration), yield a set of in/equations. These
in/equations may not have a solution, and if a solution ex-
ists, it may not be unique. The Simplex Linear Program-
ming method [18] solves such a set under the additional
condition of maximizing an arbitrary function. We max-
imize the overall utilization between “now” and the next
(future)End(End1 in Figure 2(b)) since a new request may
arrive at that point from the R-process that held the just ex-
pired request, and we want to give the R-Scheduling sys-
tem as much freedom as possible by “using up” whatever
resources it can until then. Figure 2(c) shows the final sit-
uation with the recalculated objective functions of allRPi

after the R-requestR3 has been admitted.
Since by the API definition a request vector can be sub-

mitted, the above algorithm is carried out for each of the re-
quests in the vector until a satisfiable reservation is found or
all requests have been examined. Using linear programming
in the admission controller of an operating system may raise
concerns about response time, but as is shown in Section 5,
today even low-end processors provide enough computing
power to make this solution practical.

4.3. Admission policy

The admission controller decides solely on a “technical” ba-
sis whether to admit a new request or not. If several pro-
cesses are competing for reservations, one of them may mo-
nopolize the processor and starve other processes.

To avoid this unwanted situation, an admission policy
module is consulted before executing the actual admission
controller. The policy module has knowledge of how many
processes are competing for reservations (processes can
register a (long) time interval during which they will request
several (shorter) reservations), and possibly the request his-
tory of each process. Based on that information, it can re-
move those requests from the reservation vector that do not
match the current admission policy.

4.4. Implementation details

The R-Scheduler and admission controller are implemented
as a loadable kernel module for the NetBSD [14] operat-
ing system. A user-level library serves as the application
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interface and performs the actual system calls into the R-
Scheduler. Together with a standard textbook implemen-
tation of the Simplex Linear Programming package, the
whole implementation comprises about 4’200 lines of C
code (including whitespace and extensive comments).

The built-in scheduler is modified to accommodate two
new priority levels above and in addition to the best-effort
priorities, namely a “very high” and a “high” priority. Both
levels are above the best-effort priorities and cannot be
reached by those processes; additionally, priority aging for
these two priority levels is disabled. The “very high” pri-
ority is used for R-processes selected by the R-Scheduler.
The “high” priority is used for R-processes that have under-
reserved resources and now are given preference over best-
effort processes.

Whenever the built-in scheduler is called, it first checks
whether the R-Scheduler must be called before doing its
own work. If so, the R-Scheduler is called and, if it se-
lects an R-processRP to run, adjustsRP’s priority to the
“very high” level before allowing the built-in scheduler to
continue. This step ensures that the built-in scheduler will
selectRP. Deselecting an R-process works by re-setting its
priority to a value in the range used for best-effort processes.

In the actual kernel, only a few lines were modified,
mainly for the introduction of a call-back that invokes the
R-Scheduler from the built-in scheduler. Other modifica-
tions consist of disabling the process aging for R-processes
and of adding up-calls to the system callsexit andfork .

5. Evaluation

All experiments were carried out on a 200MHz Intel Pen-
tium Pro PC with 128MByte of RAM running NetBSD ver-
sion 1.3 in an out-of-the-box configuration. We chose what
is today a low-end PC to demonstrate that the R-Scheduler
works also on modest platforms. For all experiments, at
most 90% of the CPU are made available for R-processes
(α = 0:9).

5.1. Synthetic microbenchmarks

Two experiments with different workloads are run: The first
experiment simulates a lightly loaded system with few re-
quests for reservations; the second experiment simulates a
highly loaded system with many reservation requests.

The first workload uses random requests; each request
vector consists of five requests. The length of the request
intervalsI is uniformly distributed between 0:5 and 20sec.

The second workload (infinitely) replays a trace captured
from the image server of the adaptive application described
in Section 2.1. A run consists of a total of 25 reservation
requests. The first request submits a vector of 25 options,
the second one a vector of 24 reservation requests, and so

Workload Random requests Image server trace
µ σ µ σ

Experiment Duration 3687sec 2:22 3608sec 0:49
Requests submitted 1554 72 16754 88
Requests granted 1452 63 15858 316
Over/under-reservation
(X=delivered–requested)
X <�50ms 0:00% 0:00 0:04% 0:01
�50ms� X < 0 8:10% 0:92 8:81% 1:94
0� X < 50ms 91:89% 0:92 91:14% 1:93
50ms< X 0:00% 0:00 0:00% 0:00
Relative overhead:
– Admission controller 0:102% 0:014 0:574% 0:019
– R-Scheduler 0:023% 0:001 0:026% 0:001
– Best-effort scheduler 0:026% 0:004 0:035% 0:004

Table 1. Synthetic workload.

on. This behavior models an image server that attempts to
exploit reordering of object delivery.

Table 1 shows the results of the two experiments, each
repeated five times. In a lightly loaded system, the R-
Scheduler is able to deliver almost all (99:99%) of the
granted reservations within�50ms. In the heavily loaded
system, 99:95% are within this range. Since the R-
Scheduler’s resolution is 50ms, these are good results. For
both experiments, the overhead incurred by the admission
controller (including the linear programming) as well as the
R-Scheduler is well below 1% of the total experiment du-
ration and thus close to negligible. The overhead of the R-
Scheduler (written in C) is of the same order as the overhead
by the built-in best effort scheduler (coded in assembler).

Both experiments were repeated with a R-Scheduler in-
vocation period of 10msand yielded similar percentages of
requests granted within a�10mswindow.

Instead of submitting a whole vector, an application
could also repeatedly submit single requests until one of
them is granted. Measurements have shown that, while the
overhead of preparing a whole vector compared to a single
request is not measurable, the vector interface performs bet-
ter by a factor of two in case the 10th request in the vector
is granted, and by a factor of three for the 20th request.

5.2. Real-life workload

Evaluations with the system-aware image retrieval system
have shown that in a number of scenarios (one server, single
request; multiple servers with same requests; and servers
with multiple random requests) the R-Scheduler is very well
able to shield applications from the detrimental effect of
various background load. Furthermore, the image retrieval
system with the R-Scheduler delivers a noticeably larger
percentage of requests on time than when operating with
the best-effort scheduler [6].
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6. Related work

This section reviews some work from the area of CPU
scheduling and compares it with the R-scheduler.

CPU reservations are central to real-time systems that
schedule a fixed set of periodic, independent, non-blocking
tasks with known, constant execution times [12]. Subse-
quent work relaxed those assumptions to allow for either
aperiodic tasks [21] or for dependencies between tasks [20].
Neither the periodic nor the aperiodic approach to real-time
scheduling can completely fulfill the needs of adaptive ap-
plications:i) it is questionable to map aperiodic tasks to the
periodic model;ii) in both periodic and aperiodic cases it is
possible to devise cases where one blocking task (i.e., wait-
ing for I/O) causes another task to miss its deadline;iii) due
to the dynamic runtime behavior of adaptive applications, it
is impossible to calculate a feasible schedule off-line; and
iv) pure real-time schemes are not designed to handle best-
effort processes. The last item becomes obsolete with a
combined best-effort/real-time scheduling system, but even
with such a scheme the other drawbacks remain.

The scheduling scheme of [12] has also been deployed
in a more dynamic environment: Mercer introduced the
Processor Capacity Reservesabstraction [15] for measur-
ing and controlling processor usage of real-time and mul-
timedia applications under a microkernel architecture [23].
One goal of the work was to provide the predictability of
real-time systems while retaining the flexibility of a time-
sharing system. While Mercer’s and our goals are similar,
we go several steps beyond his approach: First, since Pro-
cessor Capacity Reserves are being scheduled using real-
time scheduling, they have the aforementioned disadvan-
tages as far as adaptive applications are concerned. Sec-
ond, Reserves have no end time specified in advance, and
might result in over-reservation. Third, Mercer’s dynamic
QoS-server [11] is specifically tailored to multimedia appli-
cations requiring them to specify different predefined adap-
tation policies in advance. We, however, allow applications
to decide at runtime about adaptation decisions.

Waldspurger introducedlottery andstride schedulingas
novel resource allocation mechanisms providing efficient,
responsive control over the relative execution rates of com-
putations [24]. Subsequent work has applied proportional
share scheduling to real-time tasks [22] or extended it to
hierarchical partitioning of CPU bandwidth among various
application classes that use their own scheduler [8]. In
contrast to the proportional share model, which provides
applications with a certain share of the CPU correspond-
ing to a user-specified weight, the R-scheduler offers abso-
lute, time-bounded resource reservations which can be con-
tracted with the system in advance. We furthermore grace-
fully handle the case of blocking processes, which are not
dealt with in Waldspurger’s work at all.

Nieh and Lam presentedSMART, a scheduler for multi-
media applications [17] motivated by the observation that
multimedia applications cannot be scheduled reasonably
well with the real-time extensions of a standard time-
sharing Unix scheduler [16]. In case of overload, SMART
degrades conventional applications, and selectively drops
slices of real-time applications, and notifies the applications
thereof. In contrast to Nieh, the R-scheduler offers time-
bounded reservations and prevents overload situations be-
fore they occur due to admission control; the negotiation
and adaptation process takes placebeforethe resources are
used.

Jones et al. combined CPU reservations (“reserve X units
of time out of every Y units”) and time constraints (task
must be run to completion between start time and its dead-
line) in the Rialto System [9]. From the conceptual point
of view, time constraints are similar to our reservations.
However, their scheduler’s main domain are periodic ap-
plications. Additionally, a precomputed scheduling graph
is used which does not allow for any flexibility regarding
work-ahead or catch up.

Baker-Harvey presented a multiple-choice resource
management scheme targeted primarily at periodic real-
time applications [1]. Applications can submit a list of re-
source requests and associated functions that are called ev-
ery period. Depending on the overall system load and a
global policy, the Resource Manager decides for each ap-
plication which of its resource requests can be satisfied. In
contrast to Baker-Harvey, our approach is targeted at aperi-
odic applications with reservations that coexist with tradi-
tional best-effort applications on one single system.

Conventional operating systems like UNIX [19] use dy-
namic priorities with decay-usage scheduling. This scheme
gives high responsiveness for I/O-intensive applications and
prefers them over long-running CPU-bound processes mak-
ing it a good choice for interactive systems [14]. There have
been various approaches to augment the basic scheme with
scheduling functionality for real-time processes [3, 10], but
it has also been shown that even for a static set of processes
with different computational requirements, it is very hard
if not impossible to find the right assignment of jobs to
scheduling classes (e.g., either time-sharing or real-time)
and within each class of jobs to priorities (real-time) or
nice -values (time-sharing) [16].

7. Conclusions

This paper presents a comprehensive approach to processor
management for adaptive applications. It consists of(i) an
interface for an application to negotiate its future resource
needs with the system by submitting avectorof resources
reservation requestsR(C; I) whereI is an interval andC de-
notes how many cycles are requested withinI ; (ii) an ad-
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mission controller using the Simplex Linear Programming
method; and(iii) a reactive scheduling mechanism based
on objective functions for cumulative resource consumption
which enforces the granted reservations.

Experiments with a network-aware applications under
varying usage scenarios and background loads provide
strong evidence that the R-Scheduler allows adaptive appli-
cations to perform considerably better than with traditional
best-effort scheduling and thus justifies the deployment of
the R-Scheduler in operating systems.

As the importance of adaptive applications increases, op-
erating systems are challenged to provide low-cost support
for the adaptive CPU requests. The scheduler presented
here – although using linear programming in the admission
controller – provides an approach that can be easily inte-
grated into existing systems and can co-exist with current
best-effort scheduling disciplines.
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