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Abstract. The benefits of QoS network features are easily lost when the end-
nodes are managed by a conventional, best-effort operating system. Schedulers of
such operating systems provide only rudimentary tools (like priority adjustment)
for processor management. We present here a simple extension to a processor
management system that allows an application to reserve a share of the proces-
sor for a specified interval. The system is targeted at applications with frequently
changing resource demands or recurring, though non-periodic resource requests.
An example of such an application is a network-aware image search and retrieval
system, but other network-aware client-server applications also fall into the same
category. The admission control component of the processor management system
decides if a resource request can be satisfied. To limit the amount of time spent
negotiating with the operating system, the application can present a ranked list
of acceptable reservations. The admission controller then picks the best request
that can still be satisfied (using the Simplex linear programming algorithm to find
the best solution). If there are insufficient resources, the application must deal
with the shortage. Any possible adaptation (if the accepted request was not the
application’s first choice) is left to the application. The processor management
system has been implemented for NetBSD and been ported to Linux, and the pa-
per includes an evaluation of its effectiveness. The overhead is low, and although
reservations are not guaranteed, in practical settings the application almost always
obtains the cycles requested.

1 Introduction

Many networks include either provisions or proposals to provide network services with
defined QoS properties. Even if the QoS property cannot be guaranteed (in the sense
that the network will ensure the properties even in the presence of catastrophic failures),
nevertheless services with QoS properties aid tremendously in the construction of ap-
plications with defined timing behavior. E.g., a video conferencing system may use a
bandwidth reservation to send voice and image data.

However, network QoS is just one aspect of providing true end-to-end QoS prop-
erties. The benefits of network QoS are easily lost if the end-node operating system
does not cooperate. A conventional “best-effort” operating system (like many variants
of Unix) provides only simple tools to assign appropriate processor cycles to appli-
cations with QoS network connections. Techniques such as boosting the priority or
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over-provisioning of resources work if there is a single application, but cannot easily be
extended to realistic scenarigs [30]. Therefore, the operating system must allow an ap-
plication to request some Qo0S. Such requests are usually for processor cycles, although
other kinds of resources may be of importance as well.

This paper presents a simple extension to conventional best-effort operating sys-
tems which allows an application to request CPU resources for a time interval. Such
requests are made at the time the demand is established, not in-advance [31]. This OS
interface is geared towards applications that have recurring but non-periodic requests.
An example of such an application is a client that presents the result of some query to
the user. Queries are handled by a server and differ in the amount of data that have to be
transferred to the client. If the client wants to present the result of the server-side query
(e.g., a set of images or a video clip) within a fixed time (to offer predictable response
time), then the amount of CPU resources needed by the server will be function of the
volume and complexity of the data. Another type of applications that can benefit from
QoS processor management are network-adaptive applications that are able to trade off
one kind of resources (e.g., network bandwidth) for other resources (e.g., CPU cycles).
E.g., network-aware adaptive applications can reduce their bandwidth requirements by
transcoding (compressing) the data to be transmitted. However, such a transformation
must be done within a specific time limit — the data must be transcoded when the com-
munication subsystem is ready to transmit.

This paper is organized as follows: Sectldn 2 presents the application model and
the implications for a QoS CPU management system. Selction 3 discusses the overall
structure of the CPU management system. Sedflon 4 contains the evaluation of this
approach using three different real world applications. Related work is discussed in
Sectiori b, and Sectidnl 6 contains the conclusions.

2 Application Model and Implicationsfor CPU M anagement

2.1 Application Model

The proposed processor management system is targeted mainly at client-server type
applications and provides short-notice, recurring and dynamic resource reservations at
runtime. Applicationsiot within this domain consist of multimedia applications (peri-

odic resource requirements), real-time systems (static, hard resource requirements) and
applications from the realm of video on demand or telecommunications, where resource
reservation and allocation is typically made once at the beginning of a connection and
remains in effect for the whole life time of the session.

In the model, the application must produce its result within a (user- or system-
provided) time frame. The preparation of the result can be divided into one or several
subtasks (which have their own time constraints inferred from the overall time frame),
and there may be several algorithms (with differing resource requirements) at the appli-
cation’s disposal to carry out each subtask. Thus, reservation (and adaptation) decisions
are not made only once at the beginning of the task, but can be recurring to take fluctu-
ations of resource availability and demand into account.

If different algorithms impose different CPU requirements, then the application may
choose the best algorithm that has a CPU requirement that can be satisfied by the proces-
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sor management system. To cut down on the overhead of negotiating with the operating
system, the application presents a ranked list of CPU requirements. This list contains
the CPU demands for all possible algorithm options. The OS then decides which option
is admissible, based on the option’s resource requirements and overall system resource
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
corresponding subtask’s length, and the interval may start either “now” or sometime
in the future. The OS notifies the application which option can be admitted so that the
application can take appropriate action. As long as the OS delivers the requested cycles
in the interval, the application needs are satisfied. The OS thus is free to deliver all the
requested resources at the beginning, evenly distributed, or at the end of the interval.

2.2 Implicationsfor CPU M anagement

The precise resource requirements of the applications, as well as the number and timing
constraints of their subtasks are unknown in advance; the subtask’s resource reserva-
tions are recurring, though non-periodic in time. These details depend on many factors
known only at run-time, like user input or the details of the available network QoS. Ad-
ditionally, the application makes several reservation decisions while processing a task to
take changes in resource availability into account, and may switch between best-effort
mode for non time-critical administrative work and reserving mode for time-critical
productive work. Furthermore the number of reserving applications competing for end
system resources may vary, and even a single application may be multi-threaded. Fi-
nally, it is unrealistic to devote a whole host to support only one single application.
The thread that produces a result should be given the CPU resources it needs while
allowing other threads to proceed as far as possible. A CPU resource reservation in a
best-effort OS is a good approach to address these characteristics because reservations
provide a predictable QoS for applications that need it, yet accommodate conventional
applications without modifications. Therefore a dynamic scheduler that acesgts

vation requests at runtime, (re-)calculates the schedule on-the-fly and accommodates
best-effort processes as well is a viable method for supporting this end-system QoS.

Reserving applications are driven by a model of their network and end system re-
source requirements, and estimates of future resource availability, both of which may
not always be completely accurate. Thus, mismatches between predicted and actual
resource consumption can be expected, and the processor management system should
be able to handle such situatior@ver-reservation is not a problem for a particular
application, since it will receive the allocated resources anyway, but over-reservation
by many applications degrades the overall end system throughput noticgatiéy-
reservation, on the other hand, is more serious for an application and should be handled
gracefully.

Since applications are allowed to use all end system operating system features, they
may block on I/O or other events. The OS should be able to handle this case so that the
reserved application that has blocked is later allowed to catch up the backlog without
delaying other processes with reservations.
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3 TheR-Scheduler: A Pragmatic Approach to End System QoS

The abstraction provided by the R-Scheduler reflects the boundary conditions intro-
duced in the previous section: To make a resource reservation, the application provides
the OS with a vector of reservation requests. Each reservation rdgjuesisists of a
pair (1;,C;) wherel is an interval (defined by itStart andEnd time, whereStart can be

either “now” or in the future) an@ indicates how many cycles this application wants

to obtain in the specified interval. How and when the CPU is actually allocated within
the intervall remains opaque to the application. The submitted reservation requests are
sorted by the application in decreasing preference.

To determine which requests are feasible, the admission controller processes the
vector by solving a system of linear equations that capture the resource requests for
all time intervals, and then picks 0 or 1 of the individual reservation requesis [10].
The application is informed about the admission controller’s choice and may then take
an appropriate action, like executing the algorithm with a resource consumption that
corresponds to the granted request. A process that has been granted a reservation request
R(I,C) is referred to as an R-process.

The resource deman@sare often only estimates, and under-reservations may pose
a problem to the application. To keep the R-Scheduler simple (and low-overhead), the
R-Scheduler gives preference to R-processes with under-reservation over best-effort
processes instead of a notification of the application and a possible re-negotiation of a
reservation. On the other hand, in case of over-reservation, the R-process can yield no
longer needed resources by means of a system call and make them available for new
reservation requests. A detailed resource accounting scheme ensures that blocking R-
processes are allowed to catch up their delay at the expense of best-effort processes, but
not other R-processes.

The ability to obtain reservations is offered as an additional service to the user.
Therefore all conventional, best-effort-type applications can be run unmodified on the
system; only applications that want to take advantage of the reservations must be pro-
grammed accordingly. To ensure a minimal progress of best-effort applications in the
system, only a pre-set fraction of the CPU is made available to R-Processes.

The R-Scheduling system has been implemented for the NetBSD [16] operating
system and comprises of about 4200 lines of C code. In the actual kernel, only a few
lines needed to be modified, mainly for the introduction of miscellaneous call-backs.
In addition, the uneventful port of the R-Scheduler to Linux confirmed our assessment
that adding such a scheduler to any reasonable operating system is straightforward.

4 Practical Experience

This section presents a comprehensive comparison of the QoS-enabled operating sys-
tem (NetBSD) with the standard best-effort system. We report data for usage scenarios
of three example applications, namely a resource-aware Internet server, a distributed
image search and retrieval system, and an adaptive image decoder. All experiments
were carried out on a 200MHz Intel Pentium Pro PC with 128MByte of RAM run-
ning NetBSD version 1.3 in an out-of-the-box configuration. We chose what is today
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a low-end PC to demonstrate that it is possible also by modest platforms to provide
application-beneficial QoS. In the experiments, at most 90% of the CPU are made avail-
able for R-processes, unless stated otherwise. The graphs show the mean values of five
experiment repetitions, and error bars denpte

Microbenchmarks have shown that the overall overhead of the admission controller
and scheduler is modest even if the system is considerably loaded (h&Rbwith an
average of four requests per second submitted and calculated).

4.1 Resource-Awarelnternet Server

Description: The first example is a resource-aware Internet server. The clients submit
requests to the server and expect a reply within a certain user time limit. Given that
time limit, and the estimated RTT between server and client, the server has a request
processing window at its disposal within which to generate the reply (Figuré 1(a)).
Assuming that the client prefers a prompt request rejection notification instead of a
response later than the sum of the user time limit and a time limit tolerance, and that the
server-side reply generation is a CPU-bound task, resource reservation in the server is
a viable solution to achieve this desired quality of service. As an alternative to request
rejection, the server may redirect the request to another server and thus use the resource
reservation mechanism for predictable load balancing.

Evaluation: Upon arrival of a new request, the main server thread immediately forks
off a new child process to handle that request. Under the best-effort OS, the child always
tries to process the request. It either manages to finish before the end of the window (in
this case a “success’message is sent back to the client), or it exceeds the window,
discards the result and sends back a “fail-message. With the QoS-enabled OS, the
child tries to allocate the CPU before processing; and in case of a rejection due to
over-reservation it immediately sends back the “fail”-message to the client without any
further attempt to process the request. Under both OSes, the main server thread can
only be scheduled in best-effort mode due to the random and thus unpredictable request
arrival.

Both servers are subjected to four different request streams of 100 requests each
(with exponentially distributed interarrival time with a mean of 200 ms, 500 ms, 1000 ms
and 1500 ms respectively|[1]; a user time limit of 5g€c [5], a time limit tolerance of 10%,

a gamma distribution of RTTs according id [8] 20] and an exponentially distributed re-
quest processing time with a mean of 3000 ms (similarto [9]). The quality metric is the
number of requests processed successfully within the time limit and tolerance.

Figure[I(b) shows the number of requests processed successfully for both OSes as a
function of request interarrival time (for the QoS-enabled OS, the maximum percentage
of the CPU allotted to reservations is given in the graph; see next paragraph for expla-
nation). Performance increases with larger interarrival time because it leaves a larger
overall timeframe for the server to process the identical requests. The QoS-enabled OS
performs consistently better, but its advantage diminishes with less contention for re-
sources (i.e., increasing interarrival time).

Figure[1(c) shows the request distribution as a function of the percentage of the
CPU dedicated to R-processes, i.e., reservations, in the QoS-enabled OS. On one hand,
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Fig. 1. Resource-Aware Internet Server.

if only a small proportion of the overall resources (i.e., less than 20% of the CPU) is
allocated to reservations, the QoS-enabled OS performs worse than the best-effort OS
because the latter can use up to 100% of the CPU, whereas with such a configuration of
the QoS-enabled OS a large percentage of the CPU must not be used by reservations,
and thus too many requests are rejected. On the other hand, if too many resources (e.g.,
more than 70%) are allocated to reservations, the performance of the QoS-enabled OS
starts to decrease and eventually becomes worse than that of the best-effort OS again.
This behavior is due to the hybrid nature of the application where the main thread
accepting connections is always running in best-effort mode, whereas the child thread
actually processing the request is in reserved mode. Thus, if too many resources are
allotted to (and used by) R-processes, the main thread has hardly any chance to run.
The tasks of accepting the connection and forking off the child are delayed, and then
there may not be enough time to provide the reply in time.

The percentage of resources that should be devoted to best-effort threads depends on
the application scenario. These data, however, illustrate a subtle problem that may also
be an issue for other processor management schemes that attempt to support network
services with QoS properties. Administrative activities that establish the QoS properties
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of a connection cannot, by definition, take advantage of any special treatment given to
those threads that operate with QoS network connections.

Figure[I(d) shows the distribution of the CPU among “used” (processing of re-
guests that eventually succeed), “wasted” (processing of requests that eventually fail)
and “free” (leftover resources, e.g., for other reserving or best-effort applications) as a
function of request interarrival time; the percentage is relative to the experiment dura-
tion (i.e., between arrival of the first and processing of the last request). We note that the
QoS-enabled OS makes efficient use of the resources in the sense that it either allocates
them for useful work, or leaves them unused; but does hardly waste them for requests
that eventually fail.

Conclusions: We conclude from this experiment that the QoS-enabled OS provides
a better service by up to a factor of3Xin terms of successfully processed requests).
However, this optimum is achieved only if neither too few nor too much resources
are available for reservations. Furthermore, in this scenario where applications move
back and forth between two service modes (best-effort vs. reserving), resources should
be partitioned dynamically between the different classes depending on application be-
havior to achieve an optimal application performance. In our example, this optimum
is achieved if the share for R-processes is as high as possible, but the fraction of re-
guests exceeding their time limit is close to zero. This suggests an application feedback
mechanism to the scheduling system where applications can indicate their optimal par-
titioning ratio. However, the generalization of this dynamic partitioning, especially if
several applications with different usage scenarios are running on a single system, is
subject of future research. Finally, the QoS-enabled OS allocates a high percentage of
the resources to applications that need them.

4.2 Distributed Image Search and Retrieval System

Description: The second example is a distributed image search and retrieval system
that attempts to adapt its behavior in response to changes in network resource availabil-
ity [I7} 29]. 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 qual-
ity, considering network performance, system load, and a user-specified time limit.

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 pre-
pares (transcodes) the next object(s) for transmission. To maximize the utilization of
the available network bandwidth, the prepare thread should always have an object ready
for transmission when the transmit thread can take another object. Therefore the appli-
cation associates with each prepare step a deadline for completion that is derived from
the model’s estimate of the duration of the concurrent transmission step.

This scheme of adaptation is not limited to this particular application but can be ap-
plied successfully to many network-aware applications with request-response commu-
nication. The core mechanisms have in fact been factored into a framework for network-
aware applications [7].
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Fig. 2. Single Requests with Varying Background Loads.

Evaluation: For all experiments, the image server executes once under the best-effort
OS, and once under the QoS-enabled OS. The same request for 25 images is used.
Additionally, a varying number (0, 1, 2, 5, 10) of two different types of background
loads is imposed: The aggressive load “fork-100” forks off a child every 100 ms and
lets it run for 100ms. The lighter load “fork-invers” forks off children with a more
realistic lifetime according to [13]. The choice of forking background loads is justified
since in a typical server scenario, new processes are created to handle client requests.

Experiment 1. One Server; Single Request. For this experiment, two different time
limits are used: Request 1 specifiesdsec (which yields overall image prepare costs
corresponding to 26% average CPU usage), and Request 2 has a time limB eée5
(11% average CPU usa&).

Figure[2 plots the response time of the image retrieval system, i.e., its ability to meet
the user-specified time limit (dotted line), as a function of the number of actually im-
posed background load&ithout background load, there is no significant difference be-
tween the two OSes, because on one hand there are ample resources in the system, and
on the other hand the QoS-enabled OS does not incur any noticeable system overhead.
With background load, the situation is different. Under the best-effort OS, the server’s
performance continually degrades as the number of background loads increases. The
“fork-100" background load has a considerably more severe impact than “fork-invers”.

1 The time limits are chosen so that for Request 1 a high image reduction ratio and for Request 2
a low reduction ratio is obtained. For more details, &ée [6].



100 Hans Domjan and Thomas R. Gross
40 40
~ Best-effort ~ Best-effort
= =
() ()
E E
S5 104 5 10
£ E
Q (]
0 0
=4 =4
=] o
o o
@ @
o o
2 2
& &
1 T e
T T T T T T T T
0 1 2 5 10 0 1 2 5 10
Number of background loads (fork-100) Number of background loads (fork-invers)
40 40
~ QoS-enabled ~ QoS-enabled
= =
() ()
E E
S5 104 5 10
£ £
Q (]
0 0
=4 =4
=] o
o o
@ @
o o
2 2
T T
« = « . l
1 L= e 1fo o == bemd
T T T T T T T T
0 1 2 5 10 0 1 2 5 10

Number of background loads (fork-100) Number of background loads (fork-invers)

Fig. 3. Random Requests with Varying Background Loads; Distribution of Response
Time.

Request 2 with the tighter time limit and thus higher CPU usage is more affected than
Request 1. This is because the best-effort OS distributes the resources evenly among
all competing applications. Under the QoS-enabled OS, however, the response time
remains largely unaffected by both the kind and number of background loads, and ad-
ditionally shows little variance. Thus the QoS-enabled OS is well able to provide a
predictable service for reserving applications at the expense of best-effort applications.
An interesting observation is that using the given configuration, it would have taken
102sec to transméll the imagesntransformed, i.e., in their full size. The reason that
it takes considerably more than 102 sec in the cases of the “fork-100" background load
5 and higher is twofold: On one hand, the simple cost model does not take into account
that also the transmission of the images consumes little, albeit an under such back-
ground load not negligible amount of processing power. On the other hand, the simple
CPU availability estimator fails in the case of this background load which consumes
a disproportionate amount of CPU compared to pure compute-bound workloads. We
conclude that under the QoS-enabled OS, the image server’s working range with the
simple cost and load model can be extended to work also with aggressive background
loads.

Experiment 2: Servers with Multiple Random Requests. In this experiment, the
server is subjected to 50 randomly generated requests with an exponentially distributed
interarrival time (mean 10sec). The time limit is also exponentially distributed between
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8.5sec and 102 sec (mean@B6ec). For the given server configuration, these two values
denote the two boundary cases where all images must compressed to minimal quality,
or not reduced at all, respectively. This kind of requests produces an overall end system
load with a dynamically varying number of concurrently running servers (from O to 6)
and is designed to reflect a real server situation with bursts of requests.

Figure[3 shows the distribution of the aggregated Pagjgheved Response Timq, g,
alog-scaled y-axis). The top, bottom and line through the middle of the box correspond
to the 75th, 25th and 50th percentile, respectively. The whiskers on the bottom extend
from the 10th and top 90th percentile. Without background load, the response time
under the QoS-enabled OS is slightly better than for the best-effort OS because the
former has, due to the reservations, a more precise knowledge about the application’s
exact resource requirements and is thus better able to allocate resources at the right
time to the appropriate application. As expected, performance degrades with increasing
severity and number of the background loads. For the “fork-100" load, the QoS-enabled
OS performs better by almost an order of magnitude.

In Figure[4 the “end-user” view is presented. This figure shows the percentage of
requests that are handled on time, i.e., within the user-specified time limit plus a tol-
erances value of 10%, 20%, and 30%, respectively. Since the QoS-enabled OS does
not provide hard guarantees, it may exceed a reservation’s time limit it by a few %;
just reporting “success” or “failure” might present an inaccurate picture of the system’s
capabilities. Note that the success to meet the time limit does not only depend on the
end system OS but also on the application and its ability to adapt to changing network
conditions.

Figure4 shows that the best-effort OS is rarely able to allow the application to finish
within the limit. With the “fork-100” background load, the failure is almost complete;
for “fork-invers” there is a continuous decline as the load increases up to 5 background
processes. A higher load implies that only a few percent of the requests succeed. With
the QoS-enabled OS, however, between 43% and almost 18% (for a number of back-
ground loads between 1 and 10) of all requests do not exceed their time limit by more

2 A value X < 1 thus means that the actual delivery was finished before the user-imposed time
limit.
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than 10%. If the user tolerates a time limit miss of 30%, between 61% and 35% of all
requests are within this bound. For the “fork-invers” background load, the R-Scheduled
server performs better than the best-effort scheduled one, although the difference is less
pronounced than with “fork-100".

Conclusions. We conclude from the experiments that the QoS-enabled OS is able to
effectively shield applications from the detrimental effects of any kind of background
load. Furthermore, the image server's working range with the simple cost and load
model can be extended to work with a larger variety of adversary loads. Finally, end
user satisfaction (expressed in terms of time limit miss) is considerably better than with
the best-effort OS despite the lack of hard guarantees.

4.3 Image Decoder

Description: The third example is an adaptive image decoder based on the Berkeley
software MPEG-1 player [22]. An MPEG movie consists of three different frame types,
namely self-contained I-frames, P-frames that depend on the pervious and/or next I-
frame(s), and B-frames that depend on the previous and/or next |- and P-frames. A
simple way of adaptation to available end system resources is to decode the movie at
one of three quality levels corresponding to the decoding of all frames (IPB), IP-frames,
and I-frames only. The decoder determines the decoding resource requirements of a
future movie sequence (whose length should be on the order of seconds) in the three
different quality levels based on linear regression of the frame dizes [ 4] and submits this
vector to the scheduler that decides, based on the available CPU resources, which level
can be decoded. Subsequently, the frames are decoded into a buffer, from which they
are displayed using any periodic scheduler with the specified movie frame rate.

Due to the large variability in decoding time characteristics as well as fluctuating
end system resource availability, it makes little sense to reserve a certain bandwidth of
CPU for the whole movie in advance (this might even be impossible in case of a live
broadcast with undetermined end time), but resource reservations must continually be
reconsidered.

Evaluation: The goal of this experiment is to show that the QoS-enabled OS provides
effective support for dynamically adapting applications in a resource contention situa-
tion. The movie chosen for the experiments has a play time @5k&c, and uses an
average CPU bandwidth of 38% for decoding all frames (IPB), 17% for | and P frames,
and 4% for the | frames alone. Under the QoS-enabled OS, the decoder allocates re-
sources for an interval of 1sec with the four levels IPB, IP, | and one I. Under the
best-effort OS, the decoders run in different static adaptation configurations.

Table[d shows the quality metrics “decoding time” and “percentage of decoded
frames” for the different configurations. For two parallel decoders, both OSes perform
equally well since there are enough resources to decode both movies. With increas-
ing number of decoders, we note that to decode all frames, more time than the desired
decoding time of 185sec is needed. On the other hand, for a particular statically con-
figured quality level, the desired decoding time is met, but at the cost of dropped frames.
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Table 1. Image Decoder Results.

#Decoders OS types (static configuration) Overall time|frames decoded (%)
CPU (%)(16.35sec) | | P| B
2 Best-effort OS (IPB/IPB) 77 16.30100[{100 100
QoS-enabled OS 75 16.09100100 100
3 Best-effort OS (IPB/IPB/IPB) 100 18.45100{100 100
QoS-enabled OS 95 16.19 99| 98 76
Best-effort OS (IPB/IPB/IP) 94 16.33100{100 66
4 Best-effort OS (IPB/IPB/IPB/IPB) 100 24.37/100/100 100
QoS-enabled OS 95 16.32 97| 94 40
Best-effort OS (IPB/IPB/IP/I) 98 16.75100| 75 50
Best-effort OS (IPB/IP/IP/IP) 91 16.30100/100 25
5 Best-effort OS (IPB/IPB/IPB/IPB/IP 100 30.66100|100 100
QoS-enabled OS 88 16.05100100 0
Best-effort OS (IPB/IPB/I/1/1) 89 16.30100| 40 40
Best-effort OS (IPB/IP/IP/IP/1) 95 16.44100/ 80 20
Best-effort OS (IP/IP/IP/IP/IP) 87 16.30100{100 0
6 QoS-enabled OS 95 16.26 98| 92 0
Best-effort OS (IPB/IP/IP/IP/I/1) 95 16.50100| 67 17
Best-effort OS (IP/IP/IP/IP/IP/1) 91 16.30100| 83 0
7 QoS-enabled OS 86 16.05 99| 64 0
Best-effort OS (IPB/IP/IP/IP/I/I/T) 100 16.62100| 57 14
Best-effort OS (IPB/IP/IP/I/I/I]T) 90 16.34100| 43 14
Best-effort OS (IP/IP/IP/IP/IP/I/1) 96 16.54{100| 71 0

Conclusions: The main conclusions from this experiment are that the QoS-enabled
OS supports applications in a graceful dynamic degradation of the quality if there is re-
source contention, without prior knowledge about end system utilization. Furthermore,
the QoS-enabled OS permits applications to dynamically achieve a quality level compa-
rable to static adaptation policies. The modifications necessary to turn the static image
decoder into an adaptive one were modest, adding evidence that it is both feasible and
worthwhile to change applications to use the features of the QoS-enabled OS.

4.4 Experiment Conclusions
The experiments in this section have shown that the QoS-enabled OS

— provides a superior service for applications (in terms of end user metrics) which is
consistently visible in a number of usage scenarios with one or more QoS-aware
applications, as well as a variation of background loads.

allocates resources effectively to applications that need and can make use of them.
extends the working range of adaptive applications having simple resource models.
supports applications in dynamic adaptation in case of resource contention.

can be integrated with minimal effort, and adds negligible runtime overhead to a
best-effort OS.

— provides an easy-to-use interface for a variety of applications.
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Furthermore, we have identified the issue of dynamic application-adaptive resource par-
titioning among best-effort and reserving resource usage classes as an issue of future
research.

5 Reated Work

CPU reservations are central to real-time systems that schedule a fixed set of periodic,
independent, non-blocking tasks with known, constant execution times [[15,124, 25]. In
contrast to real-time systems, the resource requirements of the target applications are
dynamic, aperiodic and known in detail only shortly before the resources are needed,
and not necessarily contiguous. Additionally, there are a dynamically varying number
of best-effort processes and processes with reservations that have to be scheduled. Fur-
thermore, the tasks may interact or block on 1/O.

Schedulers for multimedia systems (like Processor Capacity Reséerves [17] 18, 19],
SMART [21], the Rialto Schedulef [14], ETI][3]) pose less stringent restrictions on
the scheduled process set than real-time systems and can accommodate a dynamically
changing number of processes with varying resource requirements, but they too are
mainly targeted at supporting tasks with periodic resource demands. Furthermore, some
schemes enforce adaptivity by dropping single periods — a behavior that is application-
specific and does not fit the application model considered here.

Proportional-share schedulers lilatery andstride scheduling are resource allo-
cation mechanisms providing efficient, responsive control over the relative execution
rates of computation5 12, 126,127,/ 28]. In contrast to the proportional share model, the
system presented here offers absolute, time-bounded resource reservations which can
be contracted with the system in advance.

Conventional operating systems like UNIX[23] use dynamic priorities with decay-
usage scheduling. This scheme gives high responsiveness for I/O-intensive applications
and prefers them over long-running CPU-bound processes making it a good choice for
interactive systems [2, 11, 16]. They do not, however, provide resource reservations or
other means of predictable resource availability.

6 Conclusions

This paper presents the evaluation of a low-cost, pragmatic approach to processor man-
agement based on resource reservations. The R-Scheduler consist of an interface for ap-
plications to negotiate their future needs and a reservation-based scheduling scheme that
prevents system overload. This R-Scheduler, which extends the notion of QoS from the
network into the OS, co-exists with a best-effort scheduler and has been implemented
with modest effort for NetBSD and ported to Linux.

Experiments with three different applications identify CPU scheduling as a key suc-
cess factor for the effectiveness of a QoS-enabled OS. They show that such a QoS-
enabled OS provides adequate support for resource-aware applications. Applications
that attempt to limit their response time perform considerably better when using reser-
vations than when execution is controlled by a traditional best-effort OS. Finally, the
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effort required to make applications take advantage of the features of the QoS-enabled
OS as well as to add those features to any reasonable operating system is modest.

As the importance of network-aware adaptive applications and differentiated ser-
vices increases, operating systems are challenged to provide low-cost support for the
CPU resource reservations. The scheduler presented here provides an approach that
can be easily integrated into existing systems and can co-exist with current best-effort
scheduling disciplines.
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