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Message from the Program Chairs

Research in real-time systems has gone very far from the initial seminal pa-
pers back in the 70s. Many algorithms, design methodologies, techniques
and tools have been proposed, spanning several application areas, from Real-
Time Operating Systems to distributed systems, from safety critical to soft
real-time systems. However, unlike other research areas (e.g., networking)
there are no widely recognized reference tools or methodologies for compar-
ing different research works in the area.

In fact, the comparison among results achieved by different research
groups becomes non-trivial or impossible due to the lack of common tools
or methodologies by means of which the comparison is done. For example,
different authors use different algorithms for generating random task sets,
different application traces when simulating dynamic real-time systems, dif-
ferent simulation engines when simulating scheduling algorithms. Therefore,
research in the field of real-time and embedded systems would greatly ben-
efit from the availability of well-engineered, possibly open tools, simulation
frameworks and data sets which may constitute a common metrics for evalu-
ating simulation or experimental results in the area. Also, it would be nice to
have a possibly wide set of reusable data sets or behavioural models coming
from realistic industrial use-cases over which to evaluate the performance of
novel algorithms. Availability of such items would increase the possibility to
compare novel techniques in dealing with problems already tackled by oth-
ers from the multifaceted viewpoints of effectiveness, overhead, performance,
applicability, etc.

The ambitious goal of the International Workshop on Anaysis Tools and
Methodologies for Embedded and Real-time Systems (WATERS) is to start
creating a common ground and a community to collect methodologies, soft-
ware tools, best practices, data sets, application models, benchmarks and
any other way to improve comparability of results in the current practice
of research in real-time and embedded systems. People from industry are
welcome to contribute with realistic data or methods coming from their own
experience.

The WATERS Workshop collects original contributions on methods and
tools for real-time and embedded systems analysis, simulation, modelling
and benchmarking. In particular, areas of interest include, but are not
limited to:

e Simulation of real-time, distributed and embedded systems
e Tools and methodologies for real-time analysis
e Instrumentation of Operating Systems

e Tracing methods and overhead analysis
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e Power consumption models and experimental data for real-time power-
aware systems

e Realistic case studies and reusable data sets
e Comparative evaluation of existing algorithms

We would like to thank the Euromicro organization for having allowed us
to organize this event, and particularly Gerhard Fohler for his prompt and
ready support. We would like to thank all the authors for having submitted
their work to the workshop for selection, the Program Committee members
for their effort in reviewing the papers, the presenters for ensuring interesting
sessions, and the attendees for participating into this event. We hope that
interesting ideas and discussions will come out of the presentations, demos
and the questions that will alternate along the day. We hope you will find
this day interesting and enjoyable.

The WATERS 2010 Chairs
Giuseppe Lipari and Tommaso Cucinotta

Real-Time Systems Laboratory
Scuola Superiore Sant’Anna, Pisa (Italy)
{g.lipari, t.cucinotta} @ sssup.it
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Mark Bartlett (University of York, UK)
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Ian Broster (Rapita Systems Ltd, York, UK)

Anton Cervin (Lund University, Sweden)

Michael Gonzalez (Universidad de Cantabria, Spain)
Damir Isovic (Mlardalen University, Sweden)

Julio Medina (Universidad de Cantabria, Spain)
Luigi Palopoli (University of Trento, Italy)

Luigi Rizzo (University of Pisa, Italy)

Rodrigo Santos (Universidad Nacional del Sur, Bahia Blanca, Ar-
gentina)

Simon Schliecker (Technische Universitaet Braunschweig, Germany)
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Techniques For The Synthesis Of
Multiprocessor Tasksets

Paul Emberson
Rapita Systems Ltd
IT Centre, York Science Park, York, YO10 5DG
paule@rapitasystems.com

Abstract—The selection of task attributes for empirical eval-
uations of multiprocessor scheduling algorithms and associated
schedulability analyses can greatly affect the results of experi-
ments. Taskset generation algorithms should meet three require-
ments: efficiency, parameter independence, and lack of bias.
Satisfying these requirements enables tasksets to be generated in
a moderate amount of time, allows effects of specific parameters
to be explored without the problem of confounding variables, and
ensures fairness in comparisons between different schedulability
analysis techniques. For the uniprocessor case, they are met by
the UUniFast algorithm but for multiprocessor systems, where the
total desired utilisation is greater than one, UUniFast can produce
invalid tasksets. This paper outlines an algorithm, Randfixedsum,
for the underlying mathematical problem of efficiently generating
uniformly distributed random points whose components have
constant sum. This algorithm has been available via a MatLab
forum for a number of years; however, this is the first time it has
been formally published. This algorithm has direct application
to multiprocessor taskset generation. The importance of period
generation to experimental evaluation of schedulability tests is
also covered.

[. INTRODUCTION

To address demands for increasing processor performance,
silicon vendors no longer concentrate on increasing processor
clock speeds, as this approach is leading to problems with high
power consumption and excessive heat dissipation. Instead,
there is now an increasing trend towards using multiprocessor
platforms for high-end real-time applications. As a result,
multiprocessor task allocation and scheduling has become an
important and popular area of research.

While optimal algorithms and exact schedulability tests are
known for uniprocessor scheduling, multiprocessor scheduling
is intrinsically a much more difficult problem due to the
simple fact that a task can only use one processor at a
time, even when several are free. As a result, no efficient
algorithms are known that can optimally schedule general
sporadic tasksets (without restrictions on deadlines). Much
of the research into multiprocessor scheduling has therefore
involved the analysis of heuristic scheduling policies, and the
development of sufficient schedulability tests.

A number of different performance metrics can be used
to assess the effectiveness of multiprocessor scheduling al-
gorithms and their analyses. These include: optimality, com-
parability (or dominance) [1], utilisation bounds [2], resource

Roger Stafford
CA, USA

Robert 1. Davis
Department of Computer Science
University of York, York, YO10 5DD
robdavis@cs.york.ac.uk

augmentation or speedup factors [3], and empirical measures
such as the number of tasksets that are deemed schedulable.

The research in this paper is motivated by empirical ap-
proaches to evaluating scheduling algorithm and schedula-
bility test performance. A systematic and scientific study
of the effectiveness of different scheduling algorithms and
analyses requires a method of synthesising tasksets to which
the scheduling algorithms and tests can be applied. We can
identify three key requirements of this taskset generation
problem: efficiency, independence, and bias.

1) Efficient — in order to achieve statistically significant
sample sizes, large numbers of tasksets need to be
generated for each taskset parameter setting (or data
point) examined in experiments.

2) Independent — it should be possible to vary each
property of the taskset independently. For example,
experiments might examine the dependency of schedu-
lability test effectiveness on the number of tasks, on
taskset utilisation or on the range of task periods. The
parameter of interest must be varied independent of other
parameters which are held constant.

3) Unbiased — the distribution of tasksets generated should
be equivalent to selecting tasksets at random from the
set of all possible tasksets, and then discarding those
that do not match the desired parameter setting.

We assume the sporadic task model commonly used in
real-time systems research. A sporadic taskset comprises n
tasks with the following attributes: period or minimum inter-
arrival time T;, worst-case execution time C; and deadline
D;. The utilisation of a task is defined as U; = C;/T;.
Two important taskset parameters used for understanding the
behaviour of scheduling algorithms and their analyses are the
taskset cardinality n and the total taskset utilisation u. Hence
we are interested in taskset generation algorithms that select
utilisation values U; so that:

S U= (M
i=1

for n tasks where the target total utilisation is u. Once periods
have also been generated, worst-case execution times can then
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Fig. 1. 2-10% tasksets generated by UUniFast with total utilisation 0.98

be set with the formula:
C; = U;T; (2)

Task deadlines must also be selected. These can be set equal
to 7; or randomly generated based on a proportion of the
task’s period or execution time. This paper focuses mainly
on selecting utilisation values though a method of task period
generation is given in section III.

II. RELATED WORK
A. Uniprocessor Taskset Generation

In 2005, Bini and Buttazzo [4] created an algorithm called
UUniFast that efficiently generates task utilisation values for
tasksets with a chosen number of tasks and total utilisation.
The distribution of utilisation values in tasksets generated
by UUniFast are equivalent to uniformly sampling each task
utilisation value and then only keeping those tasksets with the
correct total utilisation. A taskset containing n tasks can be
plotted in an n dimensional space where the utilisation of each
task gives the distance from the origin in each dimension. If
this is done for a set of tasksets all having the same total
utilisation, then the tasksets will lie in an n — 1 dimensional
plane. Tasksets generated by the UUniFast algorithm will be
evenly separated in this plane. Figure 1 shows 20000 tasksets
containing 3 tasks generated by UUniFast all having a total
utilisation of 0.98.

Bini and Buttazzo considered experiments which evaluated
how many tasksets could be scheduled using rate monotonic
fixed priority scheduling versus other scheduling policies.
They noted that, if periods are uniformly sampled, tasksets
are more often schedulable when the difference between the
greatest and least task utilisation is large. This phenomenon is
shown by figure 2. The plot shows the subset of 10° tasksets,
again generated by UUniFast with a utilisation of 0.98, deemed
schedulable using rate monotonic fixed priority scheduling

06

0.8

Fig. 2. Subset of 10° tasksets which can be scheduled by rate monotonic
fixed priority scheduling (approx 1.8 - 10* tasksets)

with periods uniformly sampled between 10 and 10%. 17953
tasksets are contained within this subset, i.e. a similar number
of tasksets as shown in figure 1. The points in figure 2 appear
more densely packed towards the edges of the plane whereas
those in figure 1 are evenly distributed.

The motivation for Bini and Buttazzo’s work was that pre-
vious evaluations of scheduling policies, such as by Lehoczky
et al. [5], had biased results by concentrating on the area in
the centre of the plane shown in figure 2 where fewer tasksets
can be scheduled by rate monotonic fixed priority scheduling.

The UUniFast algorithm is efficient, allows variable inde-
pendence, and generates unbiased utilisation values. UUniFast
has been widely used by researchers interested in investigating
the performance of scheduling algorithms and schedulability
tests for single processors [6], [7].

B. Multiprocessor Taskset Generation

In the multiprocessor domain, the UUniFast algorithm has
not been widely used. Researchers recognised that the algo-
rithm cannot generate tasksets with total utilisation v > 1
without the possibility that some tasks will have individ-
ual utilisations that are invalid (i.e. > 1). Instead, many
researchers [8], [9], [10], [11] have used an approach to
taskset generation based on randomly generating an initial
taskset of cardinality |P| 4 1 for the set of processors P and
then repeatedly adding tasks to it until the total utilisation
exceeds the available processing resource. This approach has
the disadvantage that it confounds two variables, utilisation
and taskset cardinality, and does not necessarily result in an
unbiased distribution of utilisation values.

Recently, Davis and Burns [12] observed that UUniFast can
be used in the multiprocessor domain, at least for some values
of n and w, provided that tasksets containing invalid tasks
are simply discarded. We give more details of this modified
UUniFast algorithm, referred to as UUniFast-Discard in sec-
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tion IV-B. While UUniFast-Discard addresses a proportion of
the parameter space of n and wu, there are values of n and u
where this approach becomes infeasible, due to the very high
ratio of invalid to valid tasksets produced.

This paper addresses the problem of generating tasksets
for multiprocessor systems. Stafford’s Randfixedsum algo-
rithm [13] is used to generate unbiased sets of utilisation
values for any values of n and w.

The remainder of the paper is broken into two main
sections. Section III discusses the associated issue of task
period selection. Section IV explains why existing algorithms
for generating tasksets with total utilisation greater than 1
are inadequate and suggests the use of the Randfixedsum
algorithm. Section V concludes with a summary of the main
contributions of the paper.

ITII. TASK PERIOD SELECTION

In this section, we discuss task period selection. In commer-
cial real-time systems, it is common for systems to have tasks
operating in different time bands [14] (e.g. 1ms — 10ms, 10ms
— 100ms, 100ms — 1s). For example, a temperature sensor will
likely sample at a lower rate than a rotation speed sensor [15].

Davis et al. [6] showed that schedulability test efficiency
can be heavily dependent on the number of order of magnitude
ranges of task periods (effectively the ratio between the small-
est and largest task period), and that bias can result if studies
do not fully explore appropriate distributions of task periods.
For example, choosing task periods at random according to
a uniform distribution in the range [1, 10°] results in 99% of
tasks having periods greater than 10%, thus the effective ratio
of maximum to minimum task period is far less than might
be expected (closer to 102 than 10° for small tasksets).

To avoid these problems, a log-uniform distribution of task
periods can be used, with tasksets generated for different ratios
of the minimum (75,,;,,) to the maximum (7},,4,) task period.
The parameter T, defines the granularity of the periods chosen
(which are all multiples of T).

Ty~ U(log T’min7 log(Tmax + Tg)) (3)
exp(r;)

T = |2 g 4

=5 @

The uniform random values r; produced are assumed to lie in
the range [1og Thin,10g(Tmaz + Ty)). Tmin and Tryq, should
be chosen as multiples of T},.

Note that when applying equation (2) the worst-case execu-
tion time is usually rounded to the nearest integer which will
affect the distribution of actual utilisations in the generated
taskset. Changing the unit of time to use larger numeric values
will decrease this loss of accuracy.

The effects of different period sampling algorithms were
examined with some simple experiments. In each case 1000
tasksets were generated and tested using exact schedulability
analysis for fixed priority pre-emptive scheduling on a unipro-
cessor [16]. Periods were sampled from either a uniform or
log-uniform distribution within a certain range. The correct
total utilisation for a chosen number of tasks was achieved
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Fig. 3. Comparison of taskset schedulability for different size uniprocessor
tasksets generated with uniform and log-uniform period distributions
in the range [10,10000].
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Fig. 4. The effect of changing the range of periods on taskset schedulability

for tasksets of size 20 generated with uniform and log-uniform period
distributions.

with the UUniFast algorithm. Taskset deadlines were set equal
to their periods and priorities assigned according to rate
monotonic priority ordering.

Figure 3 shows the proportion of schedulable tasksets for
varying taskset cardinality and total utilisation. The period
range was set to [10, 1000] for all experiments. The plot shows
that many more tasksets are schedulable when taskset periods
are sampled from a log-uniform distribution for all utilisation
levels up to 0.98. The difference in the number of schedulable
tasksets is also much smaller at lower utilisation values over
the different taskset sizes when using log-uniform sampling.

Lehoczky [5] calculated that tasksets with a greater range of
periods would be easier to schedule using exact rate monotonic
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analysis. Lehoczky assumed periods were sampled from a
uniform distribution. This is supported by the results shown
in figure 4. The graph shows the proportion of schedulable
tasksets for different period ranges and total utilisations. All
tasksets were of size 20. These results show the phenomenon
described by Davis [6] that, when a uniform distribution of
periods is used, the number of schedulable tasksets does not
continue to increase for large period ranges because nearly all
period values will be of the same magnitude. The period range
has a much larger effect on schedulability of periods sampled
from a log-uniform distribution. In fact, for uniform period
sampling, there is no significant increase in schedulability as
the range widens to more than a factor of 100 and many results
overlap on the graph. Even a range whose maximum is only
10 times greater than its minimum produces more schedulable
tasksets with a log-uniform period distribution than ranges
over 4 orders of magnitude when uniform sampling is used.

IV. TASK WORST CASE EXECUTION TIME GENERATION

Rather than generate worst case execution time (WCET)
values directly, it is more common to generate task utilisation
values then calculate WCET values from equation (2). This
is done since the total taskset utilisation is an often used
covariate in experiments with schedulability tests. This total
taskset utilisation value is written as « in this paper. The other
common covariate is taskset cardinality and this should be
possible to control independently from taskset utilisation.

A. UUniFast

Motivated by the need for an unbiased distribution of
tasksets, Bini and Buttazzo [4] decided that task utilisation
values should be sampled from a uniform distribution but with
the constraint that they summed to a constant desired total
taskset utilisation. An algorithm for doing this is to randomly
select utilisation values z1,...,2,-1 ~ U(0,1) and then set
Ty, =1-— Ef’;ll x;. However, if the sum term is greater than
1, the set must be discarded and the operation repeated. If
successful, utilisation values are set according to U; = ux;.
Bini and Buttazzo call this algorithm UUniform and explain
that it is infeasible in practice since the probability that the
sum of the first n — 1 values is less than w is 1/(n — 1)! [4].

The UUniFast algorithm [4] is an efficient equivalent of
the above algorithm. The principle of the algorithm is to
first sample a value which represents the sum of n — 1 task
utilisation values and then set a task utilisation value to the
difference between the required total and this sampled value.
This is then repeated for each task with the sampled value in
the previous iteration acting as the required total.

The probability density function for the sum of m indepen-
dent random variables uniformly selected from [0, 1] is

=]
UniSumPdf (x;m) = ﬁ Z(—l)k <TZ> (x — k)™ 1

k=0

&)

We refer to this distribution as the UniSum distribution. It is
adapted from Hall’s derivation for the density of the mean of m

0.6
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Fig. 5. UniSum probability density function which could be used to sample
the sum of n — 1 values.

independent uniform random variables [17]. It is a piecewise
function where each region [a,a+ 1] fora=0,...,m —1is
defined by a different polynomial of degree m — 1. Therefore,
if we wish to sample a value which represents the sum of
n — 1 utilisation values as required for UUniFast, m is set
to n — 1. The graph of this probability density function is
shown in figure 5. The domain which must be sampled from
for UUniFast is [max(u — 1,0), u]. For uniprocessor tasksets,
w < 1. The relevant area of the graph is highlighted in
figure 5. The cumulative distribution function in this region is
proportional to ™ = 2™~ ! and is easily invertible. UUniFast
makes use of this fact to perform inverse transform sampling
in order to obtain values for the sum of n — 1 values. The
UUniFast algorithm is given below.

Let r1,...,7p—1 ~ U(0,1)
Sp = U
Si—1 = S; *T’i_ll/(iil) fori=mn,.. .,2 and sg = 0.

U; = 8 — Si—1

There are a few points of note regarding extending UUniFast
for total taskset utilisation values u > 1. The distribution given
by equation (5) is symmetrical about (n—1)/2. If an algorithm
can sample values for 0 < u < n/2 then sampling values for a
total utilisation ' > n/2 can be obtained by sampling values
with w = n — «’ and then using w, = 1 — u; for each task
utilisation value.

The complex piecewise nature of the UniSum distribution
makes it difficult to sample from in the general case. The sum
of n independent random variables will approach a normal
distribution but the accuracy of the approximation is heavily
dependent on the number of tasks and region of the distribution
being sampled from. Saddlepoint approximations [18], [19]
are more accurate. However, in either case, sampling from a
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Fig. 6. Tasksets generated with UUniFast-Discard for n = 3,4 = 1.5

truncated section of the distribution is difficult to do efficiently
since it usually requires rejecting a number of samples as well
as calculating the distribution itself.

B. UUniFast-Discard

UUniFast-Discard is a simple extension to UUniFast sug-
gested by Davis and Burns [12]. This algorithm applies
UUniFast unchanged for values of v > 1 and then discards
any tasksets which contain an individual task utilisation greater
than 1. The issue with this algorithm is that it becomes
increasingly inefficient as the value of u approaches n/2.
Figure 6 shows this effect for n = 3 and w = 1.5. The valid
tasksets lie inside the marked hexagon but the area of the
plane within which tasksets are generated is 50% larger than
this meaning 1/3 of tasksets will be discarded in this case.
The algorithm becomes extremely inefficient for large values
of n with values of u close to n/2.

Davis and Burns [12] used a pragmatic discard limit of 1000
to avoid UUnifast-Discard making intractable attempts to find
valid tasksets. This limit restricts the maximum number of
attempts at taskset generation to 1000 times the number of
tasksets required.

C. Randfixedsum Algorithm

Stafford’s Randfixedsum [13] was designed to efficiently
generate a set of vectors which are evenly distributed in
n — 1 dimensional space and whose components sum to a
constant value. The key to its efficiency is that it does not
require any random samples to be rejected. It can be applied
directly to the problem of task utilisation generation with a
chosen constant total taskset utilisation. This algorithm was
made public with an open source Matlab implementation
accompanied by a document explaining the theory behind the
algorithm. However, it has not been formally published before.

10

1 u'g, 1"—a 0

Fig. 7. Triangular axes for plotting triplets with sum 1

To explain how the Randfixedsum algorithm works, we will
first turn to the case of n = 3 and u = 1. All valid tasksets
with cardinality 3 and total utilisation 1 can be plotted on
triangular axes, each of length 1. Such a set of axes is shown
in figure 7. As noted by Stafford [13], if the points in the
triangle are evenly distributed then the number of points inside
any area within the triangle will be proportional to that area.
A smaller triangle can be created as shown in figure 7 by
drawing a line between (a,0,1 — a) and (0,a,1 — a). The
area of the large triangle is 73 and the area of the smaller
shaded triangle is @cﬂ. For the correct proportion of points
to lie inside the shaded triangle compared to the whole, the
probability of a point being inside the shaded triangle should
be a?. This is equivalent to requiring P(uz > (1 — a)) =
P((1 — u3z) < a) = a?. This can be done by selecting a
uniform random value ry and then setting uz = 1 — r%/ * as
is done in UUniFast. Following this, a value us is selected
between 0 and 1 — ug along a line. Any segment of this line
should contain a number of points proportional to its length.
This is done in UUniFast by setting us = (1 —u3) — 71 where
r1 is another uniform random value.

Extending the concept above to several dimensions, it can
be seen that UUniFast will evenly distribute points inside an
n — 1 dimensional simplex. Stafford’s algorithm divides up
the valid region of points into multiple » — 1 dimensional
simplexes and then applies an algorithm similar to UUniFast
to select points within a randomly chosen simplex. By making
the probability of selecting each simplex proportional to its
volume, points are evenly distributed throughout the entire
valid region. The remainder of this section describes how the
simplexes are generated.

To divide the valid region into simplexes, the centre point at
(u/n,u/n,...,u/n) is chosen. From here, we select a point
by moving to 1 or 0 in one of the dimensions and then move to
the centre of the boundary that was hit. For example the point
(0,u/(n —1),...,u/(n — 1)) or the point (1,(u —1)/(n —
1),...,(u—1)/(n—1)). This is done repeatedly until we reach
a point where the sum of Os and 1Is is exactly k = |[u]. At
this stage, if another 0 or 1 is selected, then the only way to
maintain the constant sum is to pick a point outside the valid
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Fig. 8. Two types of simplex generated by Stafford’s algorithm for n = 3,
u=1.75

region. The 1s can be selected for any k of n — 1 dimensions
and the sequence of points (including the initial centre point)
used to construct the simplex can be ordered in n! ways. This
creates (";1)71! different simplexes.

Figure 8 shows the @) = 2 types of simplex for n = 3
and v = 1.75. 3! = 6 of each type of simplex are needed to
cover the entire valid region. Stafford’s algorithm calculates
the hypervolume of each type of simplex and uses this for
its probability of selection. Points are then evenly distributed
inside each simplex. The final stage of Stafford’s algorithm is
to randomly permute the order of dimensions within each point
to get coverage of the whole valid region. Stafford’s algorithm
is available online [13] written in the Matlab language. We
aim to implement the algorithm within a taskset generation
tool which will be made publicly available.

V. CONCLUSION

The research described in this paper was motivated by the
need for taskset generation algorithms to support the study of
scheduling algorithm and schedulability test effectiveness for
multiprocessor real-time systems.

The main contributions of the paper are as follows:

« Investigation of how sampling periods from uniform and
log-uniform distributions affects the schedulability of
tasksets running on a single processor using fixed priority
scheduling.

o The application of Stafford’s Randfixedsum algorithm to
the selection of task utilisation values for tasksets with a
total utilisation greater than 1. This algorithm generates
an unbiased distribution of task utilisation values, and
is capable of doing so for any valid values of taskset
utilisation and taskset cardinality.

If the experimental region of interest is where the total

taskset utilisation is either very small or large compared to the
taskset cardinality then UUniFast-Discard is efficient is simple

11

to implement. As the taskset utilisation approaches n/2 from
either above or below, the algorithm is much less efficient and
impractical for larger tasksets.

The existing Matlab implementation of Randfixedsum is
highly efficient in all regions of the parameter space. We there-
fore recommend its use in multiprocessor taskset generation.
We aim to make implementations of this algorithm in other
languages available shortly.
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Abstract

Simulation-based analysis methods make few restric-
tions on the system design and scale to very large and
complex systems, therefore they are widely used in timing
analysis of complex industrial embedded systems. This pa-
per presents a statistical approach to validation of tem-
poral simulation models extracted from complex real-time
embedded systems, by introducing existing mature statisti-
cal methods to the context. The proposed approach first
collects sampling distributions of response time and execu-
tion time data of tasks in both the modeled system and the
model, based on simple random samples (SRS). The sec-
ond step of the approach is to compare the sampling dis-
tributions, regarding interesting timing properties, by using
the non-parametric two-sample Kolmogorov-Smirnov test.
The evaluation using a fictive system model inspired by a
real robotic control system with a set of change scenarios,
shows a promising result. The proposed algorithm can iden-
tify temporal differences between the target system and its
extracted model, i.e., the algorithm can assess whether the
extracted model is a sufficiently accurate approximation of
the target system.

1 Introduction

To date, most existing embedded real-time software sys-
tems have been developed in a traditional code-oriented
manner, over extended periods of time, sometimes spanning
decades. As a result, many such systems become large and
increasingly complex. Further, to maintain, verify and reuse
these systems is difficult and expensive. There are many in-
dustrial embedded systems having a very complex runtime
behavior, due to that they are highly configurable and event-
triggered. Such systems consist of millions of lines of C
code, and contain 50 - 100 tasks or more, out of which many
tasks have real-time constraints. One example of such sys-

tems is the robotic control systems developed by ABB [1].
Further, the temporal dependencies between tasks in such
systems vary the execution time and response time of tasks
radically. We refer to such systems as Complex Real-Time
Embedded Systems (CRTES).

Simulation-based analysis of CRTES has the potential
of not only allowing for response-time analysis of such sys-
tems [2], [3], but also facilitating migration toward a com-
ponent based real-time system by e.g., analyzing the timing
properties of the existing code and wrapping it into com-
ponents. Moreover, simulation-based methods can also be
used in timing impact analysis [4], i.e. to analyze the im-
pact of changes on a system’s temporal behavior, before in-
troducing changes to the system.

A major issue when using simulation-based timing anal-
ysis is how to obtain the necessary analysis model, which
should be a subset of the original software program focus-
ing on behavior of significance for task scheduling, commu-
nication and allocation of logical resources. For many sys-
tems, manual modeling would be far too time-consuming
and error-prone. Two methods for automated model extrac-
tion are proposed in [5]. A tool for automated model extrac-
tion is in development, named MXTC - Model eXtraction
Tool for C. The MXTC tool targets large implementations
in C, consisting of millions of lines of code, and is based
on program slicing [6]. The output of MXTC is simulation
models for the RTSSim simulation framework [7].

However, there is one important issue to be raised, i.e.
model validity, which is defined as the process of deter-
mining whether a simulation model is an accurate repre-
sentation of the system, for the particular objectives of the
study [8]. As a model is an abstraction of the system, some
system details may be omitted in the model, for instance
when using probabilistic execution time modeling. Thus,
the results from a simulation of such models may not be
identical to the recordings of the system, e.g., with regard
to the exact task response time. In order to convince system
experts to use simulation-based methods, the models should
reflect the system with a satisfactory level of significance,
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i.e., as a sufficiently accurate approximation of the actual
system. Moreover, other threats to model validity are the
configuration of the model extraction tool and bugs in the
model extraction and analysis tools. Therefore, an appro-
priate validation process should be performed before using
the models.

In this paper, we present a statistical approach for valida-
tion of temporal simulation models extracted from real in-
dustrial control systems containing intricate task execution
dependencies. That is, to consider this particular problem as
a statistical problem, then, which could be solved by using
existing, mature methods from the field of statistics.

The proposed method StatiVal collects sampling distri-
butions by combining using simple random samples (SRS)
[9] with our presented mechanism to eliminate dependen-
cies among raw Response Time (RT) and Execution Time
(ET) data caused by task execution dependencies in the sys-
tem. Next, our method will produce results concerning
whether the model is a sufficiently accurate approximation
of the target system, from the perspective of relevant tim-
ing properties such as response time and execution time of
tasks in the modeled system and the extracted model, by us-
ing the non-parametric two-sample Kolmogorov-Smirnov
test [10]. Since our tool for model extraction (MXTC) is
not yet ready, in this work, we evaluate StatiVal by using a
manually created simulation model inspired by an industrial
robotic control system. Then, the original model is com-
pared with different variants of the model, each of which
variant corresponds to a particular change scenario. Our
evaluation of this method shows the promising results, i.e.,
StatiVal can identify timing differences between the mod-
eled system and models, and should be applicable in a non-
trivial industrial evaluation and deployment of our frame-
work for simulation-based analysis.

The remaining part of the paper is organized as follows:
Section 2 introduces the simulation model used in this work.
Section 3 presents the related work about model valida-
tion at first, and then gives problem formulation, descriptive
statistics of raw RT and ET data of tasks in the evaluation
model, and the problems with using parametric statistics,
respectively. Section 4 and Section 5 introduce our pro-
posed method and evaluation results, and finally, Section 6
concludes the paper and discusses future work.

2 RTSSim Simulation Models

The proposed validation method primarily targets simu-
lation models for the RTSSim simulation framework, which
is quite similar to ARTISST [11] and VirtualTime [12].
An RTSSim simulation model consists of a set of tasks,
sharing a single processor. Each task in RTSSim is a
C program, which executes in a “sandbox” environment
with similar services and runtime mechanisms as a nor-

13

mal real-time operating system, e.g., task scheduling, inter-
process communication (message queues) and synchro-
nization (semaphores). The default scheduling policy of
RTSSim is Fixed-Priority Preemptive Scheduling (FPPS)
and each task has scheduling attributes such as priority, pe-
riod, offset and jitter. RTSSim allows for three types of
selections which are directly controlled by simulator input
data: Selection of execution times in execute statements;
Selection of task jitter; Selection of task behaviors, depend-
ing on the system environment, e.g., random number of
external events generated by sensors. In RTSSim, Monte
Carlo simulation is realized by providing randomly gener-
ated input data. A more thorough description of RTSSim
can be found in [7].

3 Model Validation
3.1 Related Work

For the sake of space, we only briefly introduce the re-
lated work concerning the model validation process. There
are various methods to do the comparison; these methods
are either objective or subjective. Subjective methods are
often used for validation of simulation models; examples
of subjective methods are Face Validation, Graphical Com-
parisons and Sensitive Analysis [13], which are highly de-
pendent on domain expertise and hence error-prone. Objec-
tive methods use mathematical methods to compare outputs
from the real system with output from the simulation model.
In [14], the authors presented a notation of model equiv-
alence based on observable property equivalence which is
used to compare results of a model and an actual system.
A method in [15] is presented for automated validation of
models extracted from real-time systems by checking if
the model can generate the same event sequences as the
recorded event sequences from the system using a model
checker.

3.2 Problem Formulation

We are given a model S which is extracted from a
real system (or modeled system) S containing a task set
I' including n tasks, where n € N. Let RT gpes(S T,
RTsamples(S > Ti)’ ETsamples(S ' > Ti) and ETmmplex(Sy Ti) de-
note the sampling distributions of the response time and ex-
ecution time measured for a task 7;in S” and S respectively.
The goal of the problem is then to find: whether there are
statistically significant differences between the system and
model distributions with respect to response times and exe-
cution times of the adhering tasks, or can they be considered
statistically equal (i.e., from the same population).
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3.3 Descriptive Statistics of Raw RT and ET Data

Table 1 shows the numerical summary of the center and
the spread (or variability) of sampling distributions of the
response time (RT) data of tasks in Model 1 (M1) contain-
ing intricate execution dependencies, used for the evalua-
tion in Section 5. In Table 1, Std. Dev, Q1 and Q3 repre-
sents standard deviation, first quartile and third quartile of
the sampling distribution respectively. As we can see, the
skewness of sampling distributions for all the tasks except
for the IO task are right (positive) skewed (i.e., the numer-
ical representation of tasks’ skewness are positive; in the
view of graph, the sampling distribution has relatively few
high values, and the mass of the distributions is concen-
trated on the left of the figure). Further, the outliers existing
in raw RT data as well as ET data of all tasks cannot be
removed since they are not generated due to system errors
or hardware failures. Therefore, we have the reasoning to
add the five-number summary introduced in [9] consisting
of Min, QI, Median, Q3 and Max to Table 1. Due to lim-
ited space, we only show the sampling distribution of raw
RT data of one task i.e., the CTRL task when the number of
samples is large enough i.e. 199990 in one simulation run
(refer to row Samples for the CTRL task in Table 1), as an
example shown in Figure 1. Further, note that the outliers
in the picture might not be clear enough to see, though in
fact, they approximately exist in the range of [3 000, 6 829]
along with the horizontal axis.

Table 1. Descriptive statistics of sampling distributions of
raw RT data of tasks in the system model M1 used in the
evaluation.

\ \ DRIVE 10 CTRL | PLAN
Samples | 199994 [ 400000 | 199990 | 199988
Mean 222.08 125.0 1967.3 | 2002.9
Std. Dev | 14.291 | 45576 | 389.98 | 412.46
Skewness | 6.7334 | 0.00128 | 0.38184 | 7.0644
Min 220 0 1024 332
QI 220 100 1594 1631
Median 220 125 1919 1931
Q3 220 150 2339 2376
Max 420 250 63829 45957

3.4 Dependencies between Raw RT and ET Data
of Tasks

In our case, due to intricate task execution dependencies
in the system, an upcoming RT data may not be indepen-
dent with the RT data previously recorded at each simula-
tion run (we refer to such RT and ET data as raw RT and
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Figure 1. The sampling distribution of raw RT data of the
CTRL task in the evaluation model M1.

ET data). The same problem applies for raw ET data. Sec-
ond, in the conventional statistical procedure (parametric
test), e.g., t-test, analysis of variance (ANOVA) [16], one
important assumption is that the underline population is as-
sumed to follow a normal distribution. However, such as-
sumption cannot be made since the sampling distribution of
either raw RT data or raw ET data of all tasks often is con-
forming to a multimodal distribution having several peaks
(consider Figure 1 as an example). Specifically, because of
such distinctive feature of our target industrial control sys-
tem, it is difficult to bring conventional statistical methods
into the context. A new way of constructing the sampling
distributions of tasks’ RT and ET data has to be introduced,
in order to fulfill the basic requirement given by probabil-
ity distribution, i.e. the variable described by a probabil-
ity distribution is a random variable, of which value is a
function of the outcome of a statistical experiment that has
outcomes of equal probability. We will present the proposed
mechanism in the following Section 4.2.

4 Algorithm
4.1 Simple Random Samples

In order to eliminate bias on the sampling, which is a
key issue of selecting samples from the population of all in-
dividuals concerning the desired information, the technique
of simple random samples (SRS) [9] is adopted. SRS gives
every possible sample of a given size the same chance to
be chosen. For instance, Monte Carlo simulation is used
as a way of implementing SRS to collect sampling distribu-
tions of RT and ET data of tasks in the extracted RTSSim
model. This is done by an embedded random number gen-
erator rnd_inst () in the RTSSim simulator, which is an
improved version of the Pseudo-random number generator
used in C, i.e., rand () in Algorithm 1. The detailed imple-
mentation of rnd_inst() is shown in Algorithm 1. More-
over, empirical results showed that the distribution of ran-
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Probability Density Function

Figure 2. A new reconstructed sampling distribution of
RT data of the CTRL task in the evaluation model M1.

dom numbers given by rnd_inst() is conforming to the
uniform distribution, which assures that for each selection
in RTSSim input data, all possible values in any range are
equally likely to be chosen. Analogously, the sampling dis-
tributions of RT and ET data of tasks in the real system
can be collected based on measurements given a random-
ized system input. Some of the outliers (extreme values)
which are caused, e.g. hardware failure or system errors,
have to be removed from the sampling distributions.

Algorithm 1 rnd_inst()

1: templ « rand()

temp2 «— rand()

ret « templ X 32768 + temp?2
return ret

[SSI ]

&

4.2 Reconstruction of New RT and ET Sampling
Distribution

In order to eliminate dependencies between raw RT and
ET data of tasks due to intricate task temporal dependen-
cies, we propose a method by first running N Monte Carlo
simulations conforming to SRS as introduced previously.
Further, for each task in the task set I', the highest value
of m samples RT data and m samples ET data recorded by
each simulation, will be chosen to construct new sampling
distributions of RT data and ET data. By doing this, the
new constructed sampling distributions of RT and ET data
of tasks can be considered from a random variable, since
there are no dependencies between any maximum value of
RT and ET data of tasks between two independent simula-
tions. In other words, task intricate temporal dependencies
are kept in new sampling distributions of RT and ET data,
while the dependencies between any RT data and ET data
are eliminated. Refer to Figure 2 as an example.

4.3 Problems with Using Parametric Statistics

So as to determine if the conventional statistical proce-
dure (parametric test), e.g., t-test, ANOVA, can be applied
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to infer parameters of new tasks’ RT and ET sampling dis-
tributions used for validation purpose, the conclusion, that if
such sampling distributions' are from a normal distribution,
has to be drawn at first. In this work, it is done by using a
commercial statistic analysis software EasyFit [17], accord-
ing to the results given by a Goodness of Fit (GOF) test, i.e.,
Chi-squared test at a-value of 0.052. The obtained results
clarify that new sampling distributions of RT and ET data
of all tasks do not conform to any of the 65 known distribu-
tions, e.g., Normal, Uniform, Student’s t, Lognormal. The
null and alternative hypotheses used in Chi-squared test, at
significance level 0.05, are as follows.
1. Hy: the sampling distribution concerning the RT or ET
data of task 7; follows a specific distribution;
2. H,: the sampling distribution concerning the RT or ET
data of task 7; does not follow a specific distribution.
Note that the 65 known distributions can be found in
[17]. Further, in t-test, the mean value yy of the popu-
lation has to be known beforehand, which is not the fact
in our case. Because a parametric test cannot be reason-
ably applied in this work, we thereby use the two sam-
ple Kolmogorov-Smirnov (hereafter KS test) which is non-
parametric and makes no assumptions on the underline pop-
ulation of a sampling distribution.

4.4 StatiVal

The proposed method, StatiVal, is shown in Algorithm 2.
The algorithm returns the result concerning if there exist a
statistically significant difference between the two data sets
that are from the modeled system S and the model S’ in
the view of system timing properties including tasks’ re-
sponse time and execution time. Further, in this work, since
we cannot perform the validation between the real modeled
system and the extracted model, we will instead compare
a system model S inspired by a real industrial robotic con-
trol system (considered as the modeled system) with a set
of models S* where a specific change scenario (as shown in
Table 3) is applied. Both of S and S, are in this case simula-
tion models, analyzed using Monte Carlo simulation which
in Algorithm 2 is modeled as a function, MTC, with four
parameters: m - the number of samples drawn from each
simulation trace, 7 - the task on focus in KS test, Property
- either RT or ET of the task 7, and rnd_inst() - a random
number generator in RTSSim simulator. When the refer-
ence for comparison is a real system, the sampling distri-
bution is built by using random measurement (e.g., by ran-
domizing inputs to the system) at first, and then removing

'In our case, the number of samples i.e., 20000 in sampling distribu-
tions of RT and ET data of tasks is statistically enough to represent the
underline population.

2@ = 0.05 means that we are requiring that the RT and ET data of tasks
give evidence against Hy so strong that it would happen no more than 5%
of the time when H is true.
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outliers from the sampling data that are caused by hardware
failure or system errors during each system runtime obser-
vation, and finally, choosing the highest value of RT and ET
data of tasks in the system. Further, because such activity is
also application-specific, we therefore will not discuss it in
details in this work. The outline of StatiVal is as follows:

1. Construct the sampling distribution of N RT and ET
data of all the tasks in both the system S and the model
S’ by Monte Carlo simulation MTC() respectively (re-
fer to lines 1 to 16 in Algorithm 2).

2. Use KS test to compare if sampling distributions of
RT and ET data of each task 74 in the task set I in
both S and S are statistically significant iteratively. If
the result given by KS test is H,, then Algorithm 2
draws the conclusion Cj, i.e. the model S is not a suf-
ficiently accurate approximation of the system S due
to an improper model extraction process, and finally,
stops the validation process; Otherwise, the entire val-
idation process will terminate after all the tasks are
evaluated by KS test (refer to lines 18 to 33 in Algo-
rithm 2). In practice, KS test is conducted by using
a commercial software XLSTAT [18], which is a plug-
in to EXCEL and returns the result by comparing two
sampling distributions containing 20 000 samples per
each, in a few seconds.

5 Evaluation
5.1 The Evaluation Model

Currently, we are not able to perform the model vali-
dation process concerning the extracted model and a real
system. Therefore, in this work, we examine the idea by us-
ing a simulation model Model 1 (M1) describing a fictive,
representative industrial robotic control system developed
by ABB. It is designed to include some behavioral mecha-
nisms from the ABB system:

1. tasks with intricate dependencies in temporal behavior
due to Inter-Process Communication (IPC) and glob-
ally shared state variables;

2. the use of buffered message queues for IPC, which
vary the execution time of tasks dramatically;

3. although FPPS is used as base, one task, i.e., the CTRL
task, changes its priority during runtime, in response to
system events.

Further, the task model is presented in Table 2. The de-
tails of the model are described in [7].

5.2 Change Scenarios and Results

The RT and ET data of tasks produced by the original
simulation model M1 is used as reference, for comparing
the impact of a set of change scenarios which are initially
introduced in [19] and outlined in Column Changes De-
scription in Table 3. Moreover, for Case 4, 5 and 6, there
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Algorithm 2 StatiVal(I')

1: for all 7, such that 1 <k <ninTinboth S and S’ do

2 for all i such that 1 <i < N do

3 Xi € Xilseeer Xijs ooes Xy < MTC(m, 7, RT, rnd_inst())

4: X, i — Max(X;)

5: Yi < Yits s Yijs eons Yin < MTC(m, 7, ET, rnd_inst())

6: Yi i« Max(Y))

7 X; — xl’.,l, ..,,x;/., ...,x;m — MTC(m, 1, RT, rnd_inst())

8 X;M. — Max(X;)

9: Y’.’ — y:._l e y;’,j’ ...,y;m — MTC(m, 7y, ET, rnd_inst())
10: Y, — Max(Y;)

11: end for

12: er — X'rk,l, -~~’X-r;<,i9 ooy erA,N
13: Y‘rk — YTAA’],...,YTA,,',...,Y-rkin

’ 7

14: X, <X,

T T, 120 i e N
15: YTk <_YTA]’ ’Yrkl’ ’Y'rk,N
16: end for
17: ret <0

18: for all 7 suchthat 1 <k <ninTinboth S and S" do
19: ret « kstest(X,, X, @)

k
20:  if ret = H, then

21: ret < Cy
22: else

23: ret «— C,
24: return ret
25: end if

26: ret « kstest(Y,, Y, a)
k
27:  if ret = Hy then

28: ret «— Cy
29: else

30: ret «— C,
31: return ret
32: end if

33: end for

34: return ret

is a DUMMY task added to the model S with different pri-
orities, execution times and periods (denoted as C and T
in Table 3 respectively). Finally, we compare the outputs
against the original model to investigate the performance of
the method. The results given by StatiVal are shown in Ta-
ble 3, which are in line with the expected results in [19].
More importantly, our evaluation shows a promising result,
i.e. the proposed algorithm can identify temporal differ-
ences between the target system and its extracted model by
showing the evidence whether the extracted model is a suf-
ficiently accurate approximation of the target system.

6 Conclusions and Future Work

This paper has presented our work on validation of tem-
poral simulation models extracted from real industrial con-
trol systems containing intricate task execution dependen-
cies. In particular, we have presented and evaluated the
method by using a fictive system model inspired by a real
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Table 2. Tasks and task parameters for M1. The lower
numbered priority is more significant, i.e., O stands for the
highest priority.

Task Period (us) | Offset (us) | Priority
DRIVE 2000 12000 2
10 5000 500 5
CTRL | 10000 or 20000 0 6ord
PLAN 40000 0 8

system with a set of change scenarios, which shows that
the proposed method has the potential to identify temporal
differences between the modeled system and the extracted
models. As part of future work, an effort will be spent on
evaluating more scenario changes on the evaluation model.
Moreover, we will evaluate the method on real systems.
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Abstract—In this paper we present a simulation-based analysis paths is needed. The idea is to simulate the system during
to infer the fault resil!ence of real-.ti.me systems. .Simula.tion is specific time windows, which are defined basedsonulation
used to favor generality, comparability and make it possible 10 grenarios a concept explained in Section V. For each time
study the system taking into consideration its overall behavior . . . . . . . .
instead of dealing only with worst-case scenarios. In the proposed window, the simulation engine, described in Section VI, dind
approach, only parts of the schedule are simulated. Tasks can @ lower bound on the number of errors necessary to cause
be analyzed individually, which is useful since they may have a time failure in the system. By doing so for a random
different criticality levels. We show how the results collected from generated sample of simulation scenarios, one can infer the
simulation can be analyzed for different scheduling models. fault resilience for a given task, which is very useful since
| INTRODUCTION they may have different criticality levels.

Fault tolerance is a key aspect in real-time systems and Il. RELATED WORK
several approaches have been proposed in this area. Most ®flost work on analyzing fault tolerant real-time systems
them aim at providing a means of timeliness assessment (facus on analyzing if the system is schedulable when subject
schedulability analysis) taking into account the posijbidf to a given error pattern (fault model). Several assumptions
error occurrences. As will be seen in Section Il, usuallghsuon the error patterns have been considered. For example,
approaches artificially assume a given worst-case scenatgme approaches assume that errors are periodic in the worst
for error occurrences (error pattern) and then adapt stdndsase [9], [2], [10], [11] while for others a maximum number
schedulability analysis accordingly to check if a giventegs of errors per task/job is predefined [5], [6], [12], [13], [3]
is schedulable when subject to a given error pattern. Indeed, the derived equations for schedulability analgses

In spite of being useful, since they provide some sort atrongly tied to the assumed scheduling and/or fault models
timeliness assessment, such analyses are strictly linkébd Wi hus, results depend on the assumed models, which prevents
the scheduling policy and fault assumptions used, which mage to compare different systems/models from fault resike
present some shortcomings. For example, results for fixadewpoint. As illustration consider an EDF-scheduled syst
priority systems [1], [2], [3], [4] cannot be applied for dymic that can tolerate at mogt faults [6] during the hyperperiod
priority ones [5], [6] and vice-versa. Even two similar aysi¢ and a RM-scheduled system that assumes periodic errors[9].
techniques for the same scheduling policies may be incompote that each error pattern will introduce an extra woréloa
rable due to the different error patterns assumed [2], [BIs T to the system related to recover, whose execution priosity i
means that if one is deciding to implement a given systemetermined by the scheduling policy. Thus, such approaches
he/she might not be able to choose the best approach becanag not be comparable in terms of fault resilience.
they are not comparable. Moreover, violating the assumedSome authors have also addressed the problem of assump-
error pattern does not necessarily imply system failureesintion coverage [14], [4], [1], whose focus is to study to what
the analysis is carried out based on worst-case scenaf&s,. Aextent the assumed error pattern is violated if errors aee se
errors are in fact random events and do not follow a predefinagd random events. Nonetheless, due to the nature of their
pattern. Thus, it would be helpful to have a tool that cafault model (periodic error occurrences), the violationtloé
measure fault resilience In this paper we present such a toolassumed error pattern does not necessarily implies system
which is based on simulation. As will be seen in Sections Ifhilure. Unlike such approaches, we examine to what extent
and 1V, the considered system model is reasonably generalasgiven system task can cope with errors. Without assuming
that one can plug different scheduling and/or recovery isod@ specific error pattern and considering several scheduling
into the simulation procedure. This favors comparabiléy, policies, we aim at measuring the system fault resilience of
will be seen in Section VII, where a comparison from theéasks as independently as possible of the assumed schgdulin

fault resilience viewpoint of EDF and RM is given. and fault models.
Common criticisms regarding simulation-based analysis in
clude the fact that it usually takes too much time and does not I1l. SYSTEM MODEL AND NOTATION

cover all possible execution paths. However, they do nolyapp We consider uniprocessor and preemptive real-time systems
to our approach, since only a sample of possible executioomposed ofn periodic taskslI' = {ry,...,7,}. Task at-
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tributes are represented by fourtuples, which give their TASK SET :>| RS i:; E'CMEUNL:FEBJQ
periods, deadlines, worst-case execution times and rgcove

times, respectively denoted & = (71,...,7,), D = SMULATIOr ENS:;ER CJl
(Di,...,D,),C=(Cy,...,Cp)andC = (C4,...,C,). We SCHEDULER | () GeNgRATOR N N

assume that each task is independent of each other. Also,
C; < HliIl(Ti7 Cl) andD; < T;.

We assume that the schedulability of the system can be
assessed in fault-free scenarios. Fault tolerance is gedvi
by executing an extra code upon error detection, which capn

. . atistically analyzing simulation data. These time windo
be the re-execution of the faulty task or the execution of AN, defined based @imulation scenariasvhich are given b
alternative task. If errors are detected during the regowtr;, g y

other recovery actions can be released. Note that this nimdei,he scenario generator. Assuming that tasks are periodic an

in line with most fault tolerance techniques based on teaipor i min(C;, T;), simulation scenarios are actuglly reference

redundancy such as recovery blocks or exception handl %nts,_ represented by tuple_s of t_ask releas_e times. _Inrorde

[15], which have been widely applied to real-time systenjs [90 mo_t|vate the concept of simulation scenarios, consider t

[2] and can be implemented at the task level. We do not defg|lowmg example.

with errors for which spatial redundancy is required, ugualExample IV.1. Considerl’ = {r, 7,73} a periodic task

implementeq using a dis_triputed/parallel archite(_:tu@,j.[l set, whereT = (10, 15,20). Recovery is carried out by re-
As tasks inl are periodic, each task activation is calleéxecuting the faulty task. Tasks must finish their execujon

a job. The k-th job of taskr; is released at time; + (k — their deadlines even in the presence of errors.

1)T;, where ¢, is the phase ofr;. For the sake of notation _ )

simplicity, we assume that; = 0, for all tasks inl’, although [N this example/ = lem(T3, T3, T3) = 60 is the task set

the proposed analysis can be easily adapted to consider fik¢@erperiod. There arg/T; simulation scenarios for task,

values of ¢, > 0. Aperiodic jobs are considered for errofVhich represents the number of its released jobs within

recovery only..J and p(.J) denote, respectively, a recovery/Ve represent the set of simulation scenarios;cds2;. This

action for job.J and its priority. set will be formally defined shortly. For now, we give only
Although we do not assume a particular scheduling polic§®me intuition. Three distinct simulation scenarios fprare

we consider both fixed-priority and dynamic-priority which (0 0,0), (10,0,0) and(40, 30, 40). More details about how to

cludes scheduling policies such as EDF, RM or DM, accordirgnerate such values are presented in Section V. Basedlon eac

to which jobs do not change their priorities during exeautio S'mulation scenari® < €;, the simulation engine determines

although the priority of tasks may vary. To simplify notatio thesimulation windowConsidering that one wishes to analyze

we define functionsnin(X) and max(X), which return the 71 @ndS = (40,30,40) regarding Example IV.1, a simulation

minimum and maximum values of any tupl. We also Window could bef20,50), say. Indeed, the simulation starts at

define the functiorrand(a, b), which returns an integer valueSOme time before = min(S) so that it is possible to estimate

according to a discrete uniform distribution in the intdrvan€ backlog at. Also, it is not needed to simulate the system

[a,b)]. after time40 + D; since this is the absolute deadline of the

analyzed job ofr; for the chosen simulation scenario.
IV. SIMULATION ENVIRONMENT OVERVIEW Once a sample of simulation scenarios are randomly cho-

Figure 1 illustrates the simulation environment, which isen, the corresponding simulation windows are simulated as
represented by two main components, the scheduler and @u#ined above. The main result of this simulation is the
error generator. While the former component follows a givegffort made by the error generator, measured as the mini-
scheduling policy (e.g. RM or EDF) and tries to keep thgwum number of errors ff) which makesr; unschedulable
system schedulable, the goal of the latter is to generd@ a given simulation scenari§. As will be seen,fS is
errors so that job deadlines are missed. The higher theteffah approximation since it is obtained by simulation and is
made by the error generator, the higher the resilience of t@nservatively computed. Nonetheless, it serves well aglé f
system. No particular error pattern is assumed. A role of ttesilience metric. After the values ¢f are computed, one can
error generator is to derive the worst-case error pattesns farry out statistical analysis to infer the fault resilieraf 7;.
each simulation. These two components are nasiadlation Indeed, some characteristics of the proposed analysis must
engine It is worth emphasizing that this approach is generic ine highlighted such as the possibility of carrying out the
the sense that scheduling and recovery policies, for exampnalysis for different scheduling and error recovery msdel
can be plugged into the simulation straightforwardly. which enables a comparison between different approaches.

Unlike existing simulation-based analysis, the simulatioAlso, the fault resilience of tasks is determined indivitiua
environment in Figure 1 does not need to simulate the whaled based on the overall behavior of its jobs, not only worst-
system execution (e.g. system hyperperiod), which might base. Moreover, such approach does not focus on determining
too time consuming in general. The idea is to simulatghether the system is schedulable for a given error pattern.
specific time windows and then to derive fault resilience biyistead, the result of the simulation represents the cgpati

Fig. 1. Simulation Environment
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tasks to recover from errors. that gives a new scenari8’ based onS. More formally,
S’ =tadd(S,T,w), w € R, whereS’ is defined as

) ) ) , max(S) +w — 5;
The concept of simulation scenarios, as well as some useful 5; = 5; + L T
operations have been recently discussed [17] and will be !
briefly presented here to make this paper self contained. It is important to notice that the time-add operation always
lead to a valid simulation scenario [17]. Also, observe that
A. Simulation Scenarios tadd(T",S,w) is a step-function which changes its values

As mentioned before, simulation scenarios are defined \§genever max(S) + w — S; is multiple of 7;. Further,
tuples of task release times. Since we are consideringablest since . = lem(71, ..., T,), it is not difficult to check that
or their recoveries take their worst-case execution tinees tadd(I', S, w) = tadd(I', S, w + h). These observations imply
finish, this simplified representation of simulation scéseis that there is a finite set of values far that can be used to
enough for our purpose. Nonetheless, not all tuples of seledenerate all simulation scenarios. In the following sectie

V. SCENARIO GENERATION

Jz i=1,...,n (4)

times are simulation scenarios: show how to generate random subsets of simulation scenarios
Definition V.1. Tuple S = (Si,...,S,) is a simulation B. Generation Procedure
scenario of a periodic task sef = {r,...,m} if the  Algorithm 1 is a procedure which generates a random and
following predicate holds: not biased subsé?; for a given task; € T in m steps, where

def m = |Qf|. Each step takes a time interval of sizg, where

scenario(T', 8) = 3w € R, ¥5; :(S; + w)mod T, =0 m = h/h* (line 2). For simplicity, we assume that all jobs

Amax(S) =S <Ti (1) gre released at time= 0, although any other value could be

Both conditions defined by the above predicate mean thgﬁsumed. Note that for each interval the algorithm chooses a
dom valuek which always leads to a valid scenario (line

(a) S is a tuple of tasks release times; and (b) only the closé&f! X i ;

jobs, released before the last released job, are considerdd Bothtadd andtshift operations (lines 8 and 9), are used
For Example IV.1, it can be seen that according to Definitiof 2ound the task release times, which reduces the complexit
V.1 tuples(0,0,0), (20, 15, 20) and (40, 30, 40) are simulation due to I_arge numbers arithmetics. Indeed, the runnlng.nme
scenarios. However, tupl§ = (40, 15, 40), say, is not. Note OZ Algorithm 1 erends on the. value &f. For example, if
that, althoughs; is a possible release time of (i = 1,2,3), = Ti» Algorithm 1 works with numbers as large d5.

the release time of, should be30 instead of15 to makes ©On the other hand, i* = £, the algorithm has to deal

a simulation scenario for this task set example. with numbers as Iarg_e ak. Clear_ly, running the algorithm
Consider tuples — (20,15, 20) andS’ = (30, 25,30), say, seve_rall .tlm.es with a big val_ueltbfk is not recommended. One

both scenarios for Example IV.1. Note thsit — S/ + 10 for poss[b|l|ty isto bgund the bit-size of npmbers genergtemby

all tuple elementsS;. This means that the samZe simul::xtiofi‘llgorlthm according to the target architecture to ac_hlegecaj

effects would be observed whehor S’ were simulated. In trade-off between the number of steps and the time/memory

this case, it is said tha is equivalent toS’. More formally: needed for arithmetics. Since the time complexity of lines5 i

' O(nlog® h*) and this line is executeth = hi times, the time

S=S"s3JweR,Vie{l,...,n}:S8;, =S, +w (2) complexity of the algorithm i@(zi" log® h*).

The time-shift operation, which returns equivalent simula _ i i
tion scenarios for a periodic task sétis defined as: Algorithm 1: Random generation procedure. Is is assumed

thatm < h/T;.

. e Q*« 0,57+ 0;8S 0,...,0);
tshift(S,w) £ (Sy +w,..., S +w), weR (3) ; h <—<_lcm(jT<1_,..A,T(n_);(h* = U)L/mj;

. . . . . 3 repeat
Clearly, simulation taken from equivalent simulationy k « rand(0, (h* — T3)/T});

scenarios must be avoided. If two simulation scenarics | S’ <« tadd(L,S,kT;);

are not equivalent, they represent possible releage ?g_] fil,u S

time distances between jobs of distinct tasks bBf g S « tadd'(r,s,h*);

Taking Example IV.1 for illustration and considering® | S « tshift(S,—51);

task 7, it is not difficult to see that Q) 10 until (j =m) ;

{(0,0,0), (10,0, 0), (20, 15, 20), (30, 30, 20), (40, 30, 40),

(50, 45,40)} within the interval[0, 60). Considering Example 1V.1, task and definingn = 3 (i.e.
Consider one of the possible simulation scenarios for Exaat = 20), the algorithm chooses a value lofe {0, 1} in each

ple IV.1, sayS = (20, 15,20). This scenario takes place afternf its steps. In the first step two possible scenarios can be

time advances by 20 time units from the origin. On the othgenerated(0,0,0) or (10,0,0). Note thatS is kept constant

hand, backtracking fror§ 10 time units, scenari¢10,0,0) is in each step, serving as a base scenario for gener&ing

found. This reasoning suggests the following useful opamat Table | illustrates the behavior of Algorithm 1. The lastwoh
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of the table indicates the equivalence between the geiderag@ses a good trade-off between simulation time and backlog

scenariosS’ and those that would be generated if line 9 wasstimation. In this work, though, we follow a simple approac

removed from the algorithm. to computingS’, which is going back to the closest scenario
beforeS. In experiments we have also used others scenarios

O FORTQXBA"MEP'LE V1 but on average the effects on the backlog was not significant.
! . _ Oncet, is computed, the simulation starts executing the
step 5 k S S = jobs released ift;, ) but with the error generator deactivated.
ist  (0,0,0) (1) E?bobot))) 5(1)606 [))) Since some jobs are artificially releasedtgt as illustrated
and (0500 9 (0,50 (20,15,20) by the dotted-arrowed line in Figure 2, there could be an
v ! EIO, 1050) 530,30,203 execution overload in[t;,r) which are generated for the
0 (0,50 40, 45, 40 Do .
3rd  (0,5,0) 1 (10,5,0) (50,45, 40) purpose of backlog estimation only. In order to reduce this

artificial overload, the jobs that are executed[ip r) until
their deadlines are missed, time at which they are discarded
This is done to reduce the pessimism of the simulation-based

VI. SIMULATION ENGINE . . .
) _ _ ) _ analysis. Jobs itfé;, ) are calledbacklog jobs
In this section we describe both the simulation and the error

generator procedures. Assume that a task #a {r;,...,7,} B. Error Generation
is to be analyzed for a specific simulation scena$io=  The simulation duringr, S; + D;) is carried out with the
(S1,...,50). The job of this task, released &}, namely error generator active. The strategy is to generate errors i

Ji, is called hereafter the analyzed job. Figure 2 sketches i@ job which causes the highest interference in the andlyze
simulation process. Scenar®and a previous scenarl®yy are job J;. As the goal is to estimate a lower bound on the
indicated in the gray area of the figure. The first release tim@nimum number of generated errors that makemiss its

of jobs in'S, indicated by the vertical arrows, whose prioritiegieadline, faulty jobs are allowed to execute beyond their
are at leasp(J;) is denoted as < ; in the figure. This job deadline (except for/;). In other words, the optimization
must be considered when analyzing the effects of errorsein t§roblem of determining which jobs fail during simulation is

execution ofJ;. circumvented. According to this approach the found number
. o of errors is guaranteed not to be overestimated but can be
Simulation time for S .
- o~ — underestimated.
Backlog computation - Error generation Consider a scenarf® and a time intervalr, t), r < ¢t < S;+
T s T [ D; in which J; is active. The set of all jobs that may interfere
TkT T : in J; during [r,t) is defined ashp?(r,t). Indeed, since the
: error generator must not lef; meet its deadline, every time
y T T ¢ at which .J; would successfully finish its execution an error
; e 5> must be_generated in a jaly € hpf_(r, t) which causes the
! ‘ o greatest interference ify. In order to find out/;, we define the
Fig. 2. Two step simulation procedure. concept ofinterference distanc(aﬁ,fj), illustrated in Figure 3.

Let e; be the finishing time off; when no errors take place

The simulation of the system regardirg involves two andCy(t) the pending worst-case execution cost at tifef
problems: (a) determining the execution backlog-awhich anyJi. € hp(r,t). Observe that timeis a possible successful
is related to jobs released before and (b) generating the finishing time of J; and so the error generator must generate
minimum number of errors from- onwards so that the @n error in some job irhp(r,t) so as to prevent; from
analyzed job misses its deadline. Nonetheless, exactausut finishing. There are three possibilities denoted in Figuas3
to problems (a) and (b) may be computationally too expensivéi., Jj, and.J;.. Note that/;, is only active aftet and so it is
Thus, our approach to solving them is to derive an upper boufi@t considered as an option. Also, note that was released
for (a) and a lower bound for (b) so that the effort of the errgfter S; and before’. In this caseA¥; = 0 and so any error
generator is not overestimated. The simulation procedase # J;. would cause an extra interference in the executios; of

two steps, as shown in Figure 2, which will now be detailedhis is not true for jobs/;, and J;,. Indeed,J; would suffer
interference of these jobs due to errors only if their recpve

A. Backlog Computation times are greater than their interference distandgs,, and
The backlog computation aims at determining the interfed; ;,, respectively.

ence from jobs in a previous scenaB6in the analyzed job. In the example no previous errors were considered. Now
To do so, we estimate the backlog f8r(a) going back to consider a general case where the error generator is toajener
a previous scenari8’ and (b) forcing the release time of allan additional error ang? errors have already been generated.
tasks inl" be at timet, = min(S’). The remainder execution In this case, the error may be generated infag hp (r, S;)

time after simulating the system withn,, ) should give the or (b) J; € hp7(S;,t). The maximum interference between
desired upper bound. Ideall§’ should be a scenario whichjobs in (a) and (b) gives the desired lower bound on the number
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Aij, = Si—e€j, = Cjyy Dij, =Si—ej,, Dij.=0
Jja I, Jje Jjq S, and a task to be analyzed regardiSg whose job is
- - - - released atS;. The simulation intervalt, t') is set in lines
1-3. VariablesC' and f? store the sum of recovery times of
faulty jobs and the number of errors, respectively. The final
-__. value of fS is the generated number of errors by the error
+ + + generator that maké; miss its deadline, meaning that scenario
r €ja € S €j. t Si + D;

S is resilient to at leasfS — 1 errors. Initially, all jobs in the
simulation interval are enqueued according to their piesi
and release times (lines 4-5). A dummy job is also enqueued
at priority levelp(J;) — 1 (line 6) which is used for advancing
time during idle intervals.

ny job is dispatched to execution at timeas follows.
highest priority ready job atis dequeued (line 9). Then

jb ) c
Fig. 3. Interference distance.

of generated errors whenevéf + 1 errors makeJ; miss its
deadline.
It is important to emphasize that this strategy can be “S‘?FQ

because we are considering that a chosen faulty fplis the nexJob function returns the next release time of the job

assumed to execute beyond its deadbhe- D;. This is done with priority at leastp whose release time is greater tharnf
for the sake of analysis only and does not imply that we are

.y ) . he di hed j is ex ntil time when
restricting the system task model. It is clear that sitigdas TCO> s, t € dispatched JOH’“.S executed until t & whe
; ) . ! : a preemption occurs. Otherwise, there are three situatmns
the highest interference in the execution ff according to . . L I
; : S : be checked. I/, is a backlog job, it is executed until either
this assumption, any other combination of faulty jobs cann

cause a greater interference. Therefore, we are conaetyati ﬁmet+0 or time 5. + Dy.. In the former case, time is simply
g ’ ’ . advanced ta + C. In the latter case/, misses its deadline at
determining the error generator effort as mentioned before

time S, +D;, and is discarded (lines 14-15). Finally if = J;

C. Simulation Procedure and J; meets its deadline, an additional error is generated in
the job which maximizes the interference Jp, as explained

in Section VI-B. Note that the recovery time of the faulty job
is added toC;. This avoids possible backtracking to execute

Algorithm 2: Simulation engine

1 V= Sid Dy r e ming, o5 (Sk); the recovery ofJ;, simplifying the simulation.
2 8’ =tadd(T, S, — min(T));
3 th minjkehp;g/ (S,’C);(t)i tp; VII. STATISTICAL ANALYSIS
;‘ fOL’eaeCnh izui (I;PQZ (fbﬂ(t;) ;‘)9 In this section we use classical statistical inference [p8]
4 o ’,’“”; 4§ 1 _ v oad Cob e/ estimate the confidence interval for the system fault esiie.
° ;‘_;q‘fu;(c—:i__g_’p( )= b & aumy Job =1 We determine al00(1 — a)% confidence interval for the
8 while (t'g ) do number of errors computed by the described approach, where
9 (k, C,p) « dequeue(t); 1 — « is the confidence level. In other words, as we have
19| 5 Rextdonti ) /'« . finishes »;  Used asample of simulation scenarios to determine the fault
12 tet4C; resilience of the analyzed system, we are interested now in
13 if ¢ <r then /= backlog job =/ infering the fault resilience of the system for the whole clet
o 'fLSktt[fgkkitthj then simulation scenarios.
L First, we illustrate the analysis with an example, for which
1‘73 e'Seif e S(lgf_ fﬂ?én generator active x/ we want to determine the mean value g1, for all 7; € T
18 ]}7595341; ¢ ar_1d for all S € Q;. We considered a periodic task set
19 T« max; cpps s, (FE 0 — AF)); \(/\ilghg(liogtgazlgs4gnfzc45:45c4g 4%?3,...,3) andD =T =
Y < max ;. sca. n(Cj): , 00,09, 40, 42,42, 49, 49, 40, .
2 if > Cijyeﬁﬁéésm( /) As the sample siz¢}| is necessary to determine a confi-
22 L enqueue(i,z — C, p(J;)); dence interval, we need to: (a) set an acceptabiaple error
z Cea for each task, which is denoted bf — f;|, wheref; and f;
g;‘ e'seen woue(i, v, p(J): stand for the mean values related to the sarfijjlend to the
I L Cocoyy population(2;, respectively; (b) define the standard deviation
L o; based on a pilot sample; and (c) determine the confidence
21 L coefficient1 — a. We have seff; — f;| = 5 x 1072 and
28 e'seen O (et I[* Ju is preempted =/ o — 5%. The sample sizéQ;| for each taskr;, € T' was
30 " ﬁu:;u o(k, (s =).p); computed according to standard statiscal methods [18% It i
a1 | worth mentioning that summing up all values |6f;| in the

above example gives oniy.30% (2682 simulation scenarios)
of what would be necessary if all simulation scenaftinsfor

Algorithm 2 implements the simulation engine. It receivesach task,; were considered. This illustrates the scalability of
as input parameters a task $ebne of its simulation scenariosthe proposed analysis via statistical inference.
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TABLE I
9 0 FAULT RESILIENCE ESTIMATION
- RM — EDF
g | g | % CPU| fi CI fi cI
5 s EH;I:I: L 5 - BB‘ TTTT L 55-65 | 6.35 [6.237,6.552] 6.05 [6.010,6.136]
3 04 3 : *‘BE"E"EE o 65-75 | 3.01 [2.996,3.050] 3.25 [3.192,3.294]
S owq— TH- Eoq— C Bﬁ 75-85 | 2.33 [2.300,2.358] 2.87 [2.801,2.907]
357 L 85-95 | 1.95 [1.890,1.960] 2.13 [2.023,2.223]
el Tl
e T T T T 1T T 71 T T e 1 T 1 T T 1T 177
(@) RM (b) EDF analysis can be used to compare different systems or their

scheduling models from the fault resilience viewpoint, an
issue not addressed before. Unlike usual simulation-based
analysis, only small parts of the schedule is (approximyatel

Using the computed sample sizes, Algorithm 1 generatgiinulated, making the simulation process cost-effectitte.
the random samples of simulation scenarios. Then AlgoritdVeé shown how fault resilience information can be obtained
2 was carried out. The found distributions ¥, for all S ¢ by statistically studying the results from simulation fovot
and all; € T are shown in Figure 4 for both RM and gpglraditional scheduling policies. Extensions of the praubs

The boxplot diagrams indicate the quartiles of the distiisu 2nalysis are currently being considered. Less restridagg
as well as their minimum and maximum values. models and the incorporation of probabilistic behavior tfo

As can be seen in the graphics, EDF has a better ove@lfor 9enerator can be investigated.
performance in terms of fault resilience. Although this be- REFERENCES
havior was eXpECted due to the optlmallty of EDF in term 1] A. Burns, G. Bernat, and |. Broster, “A probabilistic frework for
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Distributed Interactive Real-time Multimedia Applic ations: A
Sampling and Analysis Framework

George Kousiouris, Fabio Checconi, Alessandro Mitizz#atko Zlatev, Juri Papay, Thomas
Voith, Dimosthenis Kyriazis

Abstract—. The advancements in distributed computing have
driven the emergence of service-based infrastructess that
allow for on-demand provision of IT assets. Howeverthe
complexity of characterizing an application’s behaior, and as a
result the potential offered level of Quality of Sevice (Qo0S),
introduces a number of challenges in the data coltdon and
analysis process on the Service Providers' side,pesially for
real time applications. The aforementioned complexyt is
increased due to additional factors that influence the
application’s behavior, such as real time schedulm decisions,
percentage of a node assigned to the application application-
generated workload. In this paper, we present a frmework
developed under the IRMOS EU-funded project that enbles
the sampling and gathering of the necessary dataskt order to
analyze an application’s behavior. Processing of éhresulting
dataset is also conducted in order to extract useficonclusions
regarding CPU allocation and scheduling decisiondfect on the
QoS. We demonstrate the operation of the proposedaimework
and evaluate its performance and effectiveness uginan
interactive real-time multimedia application, namely a web-
based eLearning scenario.

I. INTRODUCTION

In the light of rising computing paradigms suchCisud
computing ([1]),
outsourced hosting and execution of interactivetimedia
applications. The latter have strict requirememtgjoality of
service in order to operate effectively (e.g. laten
bandwidth and jitter for video streaming, respotise to a
request of the elearning server example preseated én).
Actors in the value chain emerge where value caadued,
e.g. at the infrastructure level through virtuatizstorage,
networking and compute
Service), at the application level through offermgpecific
software tool on a pay-per-use basis (Software-&ersice)
and in-between these two levels, comes the posgiloif
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resources (Infrastructura-as

Platform-as—a-Service (PaaS).

For the above value chain to support applicatioitth w
real-time attributes, careful planning is requires that
neither under-provisioning (likely failure of thelication
to execute) nor massive over-provisioning (Unnedgs
high costs) occur.

Furthermore, extensive use of techniques for inm@ing
applications  with  different  characteristics in
infrastructure creates a burden with regard to
investigation of the application’s behavior. Suekhniques
may include the use of virtualization, specializetieduling
and sharing of resources between different compgenen
Conclusively, extensive data sets must be colleatedn
automated way so that conclusions regarding an
application’s behavior with varying resource allibcas may
be investigated.

In this paper, a process for gathering extensiviasg#s
from applications inside the EU-funded project IRBIO
([11]) is described. This gathering incorporatestestof the
art components such as virtual machines (VMs) aatitime
schedulers, based on a variation of a number atnpeters

the
the

new value chains are emerging fo?hat are relevant to the investigated applicatiod & the

hardware configuration of the nodes of executionalgsis
and results regarding the effect of these paraméseich as
changing scheduling granularity) to the applicatiQoS
levels are presented, in order to let the ServiowiBer (SP)
use the fittest settings for the application under
consideration. The resulting data sets will be madhlable

to the general public for reusability purposes.

Il.  RELATED WORK

Similar work to the one presented in this paper is
described in this section. In [2], DynBench is aguced, as
a benchmark for distributed real time applications
infrastructures. This creates dynamic conditions fioe
testing of the infrastructures. While promising,isth
framework is mainly oriented towards investigatihg limits
of the infrastructure and not towards understanding
application behavior with different configurations.

In [3], VSched is presented, an EDF-based schegluli
algorithm. In this work, an analysis is conducted o
application performance with the scheduler in qoest
investigating the effect of scheduling decisionsd an
concurrent virtual machines execution. The analigsigery
thorough and interesting, however no frameworkésented
for obtaining the necessary data sets.
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In [4], DIANE is presented for Grid-based user levewill be very difficult to be ascertained and useu the

scheduling with a focus on applications. Howeveesth
applications are more centered around execution tiemgl
and not on real time interactivity.

A very interesting work is presented in [5] , whehe
users of a virtual machine are given the opporumit
increase through a simple interface their alloca@U,
based on their experience with the application. ¢bst of
the increase is shown, so that the user may decidiee fly.
While it is a very promising approach and wouldrétiate a
vast number of issues with regard to applicatiors Qevels,
its main drawback is in cases of workflows. Inside
workflow, a degradation in performance may be dweat
bottleneck on various nodes executing a part oftie user
will most likely be unaware of the location of thettleneck,
especially in cases of non experts.

purposes of performance modeling. One way to cotlds
type of information is through executing the apgiion for a
variety of different parameters and determine teffiect on

the QoS output.. Through this information the IRMOS

provider will be able to have an idea regarding tiiad of
resources should be allocated in order to meeQtt levels
requested by the client.

(analytical modeling, statistical analysis, quegetheory,
artificial intelligence etc.) however we considristpart out
of scope for this paper.

For real time applications, the basic aim is tovjite QoS
guarantees. These may be either extremely strith mo
possibility to fall below the specified levels (Hareal time
constraints) or more relaxed, allowing for a prausd

Processing of these data f
interpolation may be performed in a variety of ways

Another interesting work with regard to real timepercentage of the QoS output to be above the wadetets
scheduling and virtualization appears in [12]. histcase, (soft real time constraints) ([8]) . In IRMOS, thecond case
the schedulability of concurrent virtual machines iis considered. So, what is critical, is to haverabpbilistic
investigated, in relation to the application deaeli met. Our approach that covers the needed levels.
work differs from this due to the fact that in tipiaper one of The data sets needed for the creation of theseabiliip
the major goals is to investigate application bédrawith  distributions are obtained by general experimeoratnd
regard to changing scheduler assignments. The applees Sampling activities that are described in this work
for the work presented in [13], which compares aefight Application runs can be performed for a series ofkioads,
scheduling algorithms. The framework presented Here With different application setup, on a variety crtiware
more application centric but can also be useddonparison configurations. More details regarding the modglliin
purposes of the effect of these schedulers on agih @PProach followed in the project can be found i [9
performance.

The remainder of the paper is structured as follaws Th N f hich th lina tests bell
Section I, the role of the proposed framework for € parameters for whic ese sampling 1ests

L . N §onducted depend on both the hardware on which the
application - sampling and analysis inside  the IRMoa lication is executed and the application pararaethat
Framework is presented, along with details regardime bp PP P

; will be toggled during real life executions.
parameters (?f concern. In Section ,IV' the tgstbmﬁu‘?r For the hardware parameters, different CPU pergenta
the automatic collection of data is described, evhih

| - ) ) assignments can be given with varying granulariihe
Section V the description of the process is preseriinally,  granylarity concerns the time period in which hescentage
we present an analysis on the created data sét.anfiicus s assigned and can vary from a few millisecondsetonds
on the effect of the altered parameters on theicgifn

. . _ typically. This affects the performance of an aqggiion (for
QoS level (Section VI) and conclusions (Section) VI the same percentages of CPU allocation) in man simgce

different needs must be met in each occasion. kample,
lll. RoOLE oF SAMPLING IN IRMOS for interactive real time cases, the applicatiorstine able to

The major goal of IRMOS (Interactive Real-Timebe activated in specific time intervals in orderdive the
Applications on Service Oriented Infrastructures) to  USer the notion of interactivity. This period m&y.diif'f'erent
enable the utilization of distributed infrastruesrsuch as [TOM case to case. However frequent task switchinthe

Service Oriented Infrastructures (SOIls) for intéxec soft CPdUﬂzesultst In |tr.1crea;sed Or:/?rhﬁf‘dstf?r thgscv;%mcests
real time applications. In order for this to be @oplished, and the restorafion ot €ach fask's Stallis. 50 mus

S . be achieved between the two cases. On the othel, loan
the most significant challenge is to offer guaradtéevels of aoplications such as scientific simulations this@fmay be
QoS to the applications running inside the framéwor bp y

. different. These applications are typically timensomin
However, these software components may be in masgsc PP ypicaty 9

j L L . n and have no need for interactivity. Thus, the lartes
proprietary. Acq_wsmon of s_uff|C|ent _mformatlon order to granularity is, the better the application behawoterms of
deduce conclusions for their behavior can only tideved

ot v o overall execution time will be, since with reducéask
through a macroscopic view. What is more, it isieed that - switching, cache utilization will be improved.

the applications are not written specifically fquevation as  QOther parameters have to do with the workload predu
IRMOS services, but rather, software componentsadly in by the application. Different executions may praguc
general use wrapped up as SaaS applications. Asdifferent amount of work for the processor to handrhe
consequence the actual internal operation of tipficapion effect of these factors must also be investigatedthie

A. Sampling Parameters
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context of service oriented infrastructures. Faaragle, in a
server based application, this parameter is deteinby the
number of users that produce requests towards ehers
The higher this value is, the more requests arergéed and
the more strenuous to the resources the applicadlbhe.

IV. SAMPLING TEST-BED

The sampling test-bed consists of a number of sacgs
components in order to alter the aforementionedrpaters.

26

distributed infrastructure. Through the use of VMher

parameters may easily be altered such as number of

underlying cores used, memory size, CPU model etc.

B. Host Scheduler Description

In order to provide scheduling guarantees to theUgMwe
used a hybrid deadline/priority (HDP) real-time edtler
([6]) developed within the IRMOS consortium for thiux
kernel. This scheduler provides temporal isolat@mong

These include the Virtual Machine inside which th%ultiple possibly complex software components, sash

application resides and is executable on all noafethe
infrastructure. The second necessary componetteigéeal
time scheduler used, that allocates the CPU sbatteetVM
process and alters the granularity of this assiginiénally,
the application that is installed inside the VMniseded in
addition to an external simulator. The latter isdign order
to create application workload. More details regaydthe
role of each component are given in the followiagt®ns.

A. Virtualization Approach

Expanding network connectivity and the growing bualk
data demands for larger infrastructures, which abke to
react dynamically on computing, networking and ager
needs. The concept, which provides “on demand’icesv
by sharing infrastructure
reliability and scalability, is associated with therm
“cloud”. On the 32th IETF meeting in 1995 ([10]hetterm

entire VMUS. It uses a variation of the Constanh@aidth
Server (CBS) algorithm, ([7]) based on Earliest @ee
First, for ensuring that each group of processesdtls is
scheduled for Q time units (the budget) every irdgkof P
time units (the period). The CBS algorithm has been
extended for supporting multi-core (and multi-pres)
platforms, achieving a partitioned scheduler wiheeset of
tasks belonging to each group may migrate across th

associated CBS scheduler instances across prosgssor

according to the usual load-balancing heuristicLofux.
Furthermore, whenever each (partition of a) resmmwais
scheduled on each core, the associated tasks laeduted
according to their real-time priorities.

The scheduler exhibits an interface towards usacesp

resources and maintainingpplications based on the cgroups framework, whitdws

for configuration of kernel-level parameters by meaf a
filesystem-based interface. This interface has hempped

cloud has been already used for the telecommuaitatiwithin a Python API, in order to make the real-time

infrastructure — now known as telco cloud — dealiitp 1P
routing over large “shared media” networks. Sharthg
computing resources over time (perceived alreadyldiyn
McCarthy in 1961) is experiencing now a renaissahgeto
the virtualization technologies. Virtualization cbmputing
resources allows running multiple operating systeime-
shared on a single computer in so called virtuathimes.

scheduling services accessible from within the IRBMO
platform. The parameters that are exposed by thedsder
are the C and D values, where C is the amount mpoting
time assigned to the VM every D interval.

C. Application Description and Preparation
The application under investigation is an eLearmmapile

The independence of the virtual machine from thal reinstant content delivery, in which real-time reguaments are
hardware allows it to provide the computing as afombined with service oriented architecture. IS tscenario
infrastructure service on demand on any real hagh wa user can receive on his/her mobile phone somareing
enough free computing power. The virtual machinedseo contents relevant to the position where she is. (gagking
be light-weight for movement and for instant availiy. near to historical monument). It consists of a Tattzased
The three main pillars computing, data storage arRtlearning application that incorporates a MySQltabase

networking can be provided as a service on demaridrey
as there are some guarantees associated with et.cibld
infrastructure service - Infrastructure as a Serv{taaS)
means that the infrastructure can be utilized aemice
without expertise or control over the
infrastructure ensuring certain guarantees. Theagi@es for
computing belong to virtual machines experienciegtain
CPU time over the complete service time.
inevitable prerequisite for enabling a real-timeplagation

inside a virtual machine with certain CPU time gudees. A
real-time capable OS of the virtual machine makes
possible to run real-time tasks inside.

(Figure 2). The application is able to receive @grgemwith

GPS data from a client, search internally in theldase and
respond with an elearning object identifier thatresponds
to the provided GPS coordinates (Figure 1). Itrevjged as

technologya war file and installed inside the VM. The reahdi

requirement is mainly the response time in eachesgand
depends on the number of concurrent users andizbeof

This iis athe downloaded contents.

Furthermore, it must provide a way for the sanplin
framework to gather the reported data with regardhie
yalues of interest. In the examined applicatiois tfansition
of information was implemented with two potentiahys.

Inside the IRMOS framework, the Kernel-based VirtuaThe first one was an XML report available throug/@L.

Machine tool is used. For each application a VMrisated
that covers its functional requirements (OS, sjedaiternal
tools etc.) and which then can be executed oncales of a

The sampling framework polled this URL with a given
frequency and the XML report was stored and praaess
afterwards. The second option was for the appticato
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store on its own the reports inside a MySQL datapaiem
which the sampling framework could retrieve them.
Mobile Outdoor - Architecture

GPS

Contains
Learning
objects

Manages
connection

Manages
realtime data

Manages
positioning

' Figure 1

Mobile
Client

Application (Service Component)

Operating System Fedora 9

ctors |t [ o

Il Tomcat

elearning
server

(Lex4)
| S——
Multi-user
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Figure 2: Application Design

D. Application Client Smulation Description s
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period, expressed through a parametric delay edert
between consecutive calls to the URL. This sampling
frequency could be adjusted in case of periodidiegippns
in order to obey to the Nyquist-Shannon theoremthsd
from the samples collected the entire distributian be
created. The second case is through the MySQL ds¢alin
which the reports from the application are timegtachand
stored. For every configuration the start and entk tare
saved, and based on this information the applinatata that
were stored during this interval are retrieved.

Furthermore, in the same code, a Java-systemaotei
implemented in order to be able to change the gardtion
of the scheduling parameters through the interfsmept
described in Section IV.B. This way, consecutive
configurations are tested automatically and thesult in the
QoS parameter of the application (response time) is
recorded. During the time of each configurationg th
previously examined retrieval framework takes theassary
measurements. The change in the scheduling panariste
two-fold, it involves the C/D value, which is thermpentage
of CPU assigned to the VMU (which can be considéneal
way as a simulation of different CPU speeds) beb dhe
granularity of D. This granularity is expected tdfeat
application performance, as stated in SectionBilen with
the same %CPU assignment, a very large value obOldv
result in a highly non-responsive service, esphcitdr
interactive applications, due to the large intervaf
deactivation. For other applications with no intraty, e.g.

In order to simulate application parameters, a ntlie scientific simulations, a large number of D coutdye to be

simulator is also necessary. This simulator cargleoghe

useful, due to reduction in task switches and bettehe

number of users performing queries on the serndaus t utilization.

varying the server load. By having different sereads and
different hardware configurations we can have alyasis of
their effect on the expected QoS output (in thisecthe
response time of the server to the users).

In conclusion, the Java class is responsible teria the
C, D parameters (both ratio and absolute values), f
connecting to the application interface (URL aJagaXML
reports or MySQL DB), for extracting the reportealues,

One significant advantage of the test-bed is thes tfor processing them in order to produce the necgssa

components described are decoupled from one andthir
makes it flexible, so that these components (likeedulers,
different virtualization tools or applications) cha replaced
with different versions, thus making comparisonsween
them easy.

V.COLLECTION AND PROCESSING FRAMEWORK

In order for the collection of the samples to badwcted
as automatically as possible, a number of acti@ve lbeen
implemented. First of all, the application cliefnslator is
started, with a fixed number of users, whose ccettdfic is
simulated. Afterwards a Java-based program residethe
physical host level of the infrastructure. This eodb
responsible for retrieving the reported monitordaga from
the application. This can be done with two wayse Tinst
case is to call the URL provided by the applicatemd
described above
produced by the latter. The reports from every darapone
configuration are appended in a single XML file, osh
name is indicative of the scheduling parametersl fisethe
execution (C and D). Each sample is taken in aifipe

statistics (in this case mean response time anddaid
deviation) and for creating the final output. Thistput is
CSV files, that contain matrices that can diretityused by
performance estimation methods. These include amum
with the different number of users, different CpBrameters
and the extracted statistics.

Finally, the number of users in the client simulai®
changed and the process is initialized again. Duehe
elastic form of the testbed, other parameters msgy be
investigated easily, such as the memory assignneeiite
VM, configured at the VM startup. In this particula
application memory requirements were not extentiet is
why it was decided not to investigate this paramete

The structure of the sampling framework appears in
Figure 3.

In order to extract the necessary information ihateded

in order to collect the XML reportén the modeling approach followed inside IRMOS as

described in Section 1ll, the sampled responsestiofethe
eLearning server are gathered for each executioth an
statistical metrics are extracted. These can bd fmethe
construction of the PDFs of the QoS output in cdesition,
for use in the next stages of modeling. The bastrios that
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are extracted are the mean value and the staneéardtion
of the response times.

Physical
Host

VMU

At VMU E-Learning
lapt
CPU time ASC

E-Leaming Client Simulator

A Pall Application

Java2System

Interface Benchmark

Sampler

Figure 3: Sampling Framework

VI. RESULTS

In this section, the results from the performedesikpents
are depicted. The range of values that were altered
e Number of Users: 30-150
e C/D (CPU share) : 20-100% with a step of 20
e D: 10000- 560000usec) with a step of 50000

Measurements were taken and the gathered values fo
each configuration were collected. An average oD 80

response times was collected for each differentipsein
order to extract their mean and standard deviatgdmes. An
indicative set of these measurements is depictedhén
following figures, from which useful conclusionsncde
drawn.

parameters investigated (C/D and D). The numbessefs in
the simulator had to be changed manually each time.
The effect of changing granularity on the deviatdrthe
response time values can be observed in Figurehi. i$
expected since with high values of D, the servias long
active and inactive periods. If the requests falthe active
interval, they will be satisfied quickly but if thdall in the
inactive one then they will have to wait until thims

Through the proposed framework, automated
measurements could be performed for the 2 out of 3
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Figure 4. Standard Deviation with regard to changirg D
for 90 users
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Figure 5. Mean value with regard to changing D for70
users and 40% CPU share

In Figure 6, the comparison between the collectddes
of response times is shown for two different nurebef
users. The difference especially in the maximunueslof
the distributions depicts the effect of the appiaa
workload in the response times.
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Figure 6: Comparlson of d|fferent number of users(blue
30, green 50) for the same resources (40% of the QP
and same D (x axis: samples, y axis: response time)
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In Figure 8 all the different configurations areosim for
two different numbers of users. In this case, egr@up of
columns (the first high one followed by 4 lower ehe

finished. This effect decreases as allocated CPbresh represents one D configuration for different petagaes. The

increases, since in these cases the CPU is almditaded to
the application and whenever a request arrives served.
The mean response time, as shown in Figure 5, seetris

high bar is for low utilization and while the utiition
increases the response time decreases. In theh@izaxis
the different D configurations represent increasingalues.

be affected greatly given that the percentage olUCP From these measurements it seems interestingttiat

assigned is the same.
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fittest granularity (D) selected depends also ore th
percentage of the CPU assigned to the applicationthis
occasion, for low percentages of utilization it best to
assign values near the middle of the investigatedrial
(10000-560000), as is depicted in Figures 7 and-@.
higher percentages of utilization, lower value®adre more
beneficial for the response times of the applicatio
Furthermore, from Figure 7 the effect of the insech CPU
share allocation to the response time can be obderv
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Figure 7: Mean Response Time for different D’s and
CPU shares for 110 users

The data set that was produced from the processibed
in this paper and that was the basis for the affiguees will
be made available to the community, following thitiative
for reusable data sets.

VII. SUMMARY

In this paper, a sampling and analysis framewodedu
within the IRMOS project has been described. The af
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regarding an e-Learning application and its reaheti
requirements, in relation to characteristics such the
number of users of the application and the hardware
allocation to it. This framework utilizes state tfe art
techniques in virtualization and real time schauyliand the
corresponding analysis of the results aids Seiteviders
in understanding the application’s behavior. &lso flexible
in order to be used in distributed infrastructusés no need
for alterations for the deployment in a varietynofdes. This
in turn can lead to enhanced allocation stratedies. the
future, one interesting aspect to investigate wdadd the
interference between co-scheduled VMs.
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Abstract—This paper presents a task recorder for Linux-based
operating systems, in the form of a loadable kernel module. To
the best of our knowledge, this is the first Linux task recorder
which does not require kernel patches (kernel modifications).
This complies with the requirements in the area of embedded
systems where reliability and stability are important properties,
hence, proven versions of Linux are therefore preferred.

The implementation is based on the loadable real-time sched-
uler framework RESCH (REal-time SCHeduler). RESCH uses
only exported Linux kernel primitives as a means for controlling
scheduling. The disadvantage with this solution is that it can only
detect scheduling events of the tasks being scheduled by RESCH
itself, since it can not directly manipulate nor have knowledge of
the tasks in the Linux task ready queue. In order to verify the
correctness of the task recording, a comparison has been made
with a second recorder, which uses a kernel patch. Our tests
indicate that the new, RESCH-based, recorder gives identical
results'.

I. INTRODUCTION

The overall aim of our research is the development of
hierarchical scheduling. Hierarchical scheduling has several
advantages, stretching from enabling design time parallel de-
velopment of system parts, simplifying integration, to runtime
temporal partitioning and safe execution of tasks. Our previous
work includes practical issues of this kind of scheduling [1]
as well as the theoretical advantage [2] of this scheduling
technique, in real-time systems. However, the hierarchical
scheduling technique is rarely an integrated part of an op-
erating system (except for, e.g., ARINC653 compliant op-
erating systems that are commonly found in avionics appli-
cations). Indeed, there is a need to develop/implement new
scheduling algorithms, such as hierarchical scheduling, in the
area of real-time systems. Looking from a practical point
of view, it is an advantage if hierarchical scheduling (and
other scheduling techniques) can be implemented easily and
efficiently without modifying the kernel. The latter makes it
easier for both developers and users since there is no need
to maintain/apply kernel patches (kernel modifications) every
time the kernel is replaced/updated. Moreover, keeping the
scheduler isolated in a kernel module, without modifying the
kernel, simplifies debugging and potential certification of its
correctness (component-based development advantages). We
see that RESCH [3] is useful because it has the advantages
mentioned.

IThe work in this paper is supported by the Swedish Foundation for
Strategic Research (SSF), via the research programme PROGRESS.

Shinpei Kato
The University of Tokyo
7-3-1 Hongo, Bunkyo-ku,
Tokyo 113-8656, Japan
shinpei @il.is.s.u-tokyo.ac.jp

RESCH is a scheduling framework intended to make life
easier for scheduler developers in Linux based RT/GP OSs
(Real-Time/General Purpose Operating System). A key moti-
vation for using RESCH is that it does not need any kernel
modifications, secondly, it makes scheduler development eas-
ier because it abstracts the complexity of scheduling aspects
and presents a simple and easy scheduling interface to the user.
However, while development of schedulers are simplified with
this framework, it lacks support for debugging the schedulers.
Our vision is to make the RESCH framework a complete
scheduler development base. We want it to have all necessary
tools for creating schedulers, and everything should be totally
independent of kernel patches. This also has the advantage
that it is easy to develop RESCH for other platforms, hence,
making scheduler development platform independent. In order
to comply with our vision, we want the integrated debugger
in RESCH to be free of kernel patches as well.

With this paper, we present a task execution recorder, which
is capable of debugging schedulers. The task recorder (we will
refer to it as a recorder for the rest of the paper), is able to
record the following scheduling events during run-time:

1) The time instance when a task is released (even though
it might not start to execute).

2) The time instance when a task starts to execute.

3) When there is a task switch, the recorder distinguishes
between preemption and non-preemption.

4) The time instance when a task finishes its execution.

The output from the recorder is a simple text-file containing
task switch events. We have converted this file format to fit
the trace visualization tool Tracealyzer?.

A. System model

We assume fixed priority preemptive scheduling of pe-
riodic tasks, according to the periodic task model [4].
A task ¢ is presumed to have the following parameters,
(T;, WCET;, D;,pr;), where the period T; represents the
frequency in which the task is released for execution, WCET;
is the worst case execution time of the task, the relative
deadline D; (within the period) is when the task must complete
its execution (RESCH monitors this) and pr; is the task
priority (higher value represents higher priority). Also, all tasks
are assumed to execute on the same core, i.e., single-core.

2For more information about Tracealyzer, see
http://www.tracealyzer.se/
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B. RESCH

As mentioned previously, RESCH is a patch-free scheduling
framework for Linux. It supports periodic tasks which can
be scheduled in a fixed-priority preemptive manner. RESCH
runs as a kernel module (in kernel space), giving both an
interface to users in user space (e.g. a task specific interface
like rt_wait_for_period()) as well as in kernel space.
The kernel space API (Application Programming Interface)
has the interface shown below:

1) task_run_plugin( )

2) task_exit_plugin( )

3) job_release_plugin( )

4) job_complete_plugin( )

These functions can be implemented by a RESCH plugin
(Figure 1), i.e., a kernel module that has access to the RESCH
kernel API. These functions are called in RESCH core at
certain events. Functions 1) and 2) are executed every time a
task registers/unregisters to RESCH. With register we mean
that the task does a RESCH API call, transforming it to a
RESCH task, which creates a RESCH TCB (Task Control
Block) and puts it in the RESCH ready-queue etc. A RESCH
TCB has, among other real-time specific data, a reference to its
corresponding Linux task TCB (task_struct). The primitives
3) and 4) are called whenever a RESCH task is released
for execution or when it has finished its execution. The
plugins get these scheduling notifications and can thereby
affect scheduling, trace tasks etc.

RESCH core

\_

Linux kernel

RESCH
plugin

1
1

fair task

Kemnel space

RESCH\

plugin

1
1
1
A4

real-time task

J
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RESCH core detecting it. A simple solution to this problem
is to schedule all real-time tasks with RESCH.

C. Task-switch hook patch

Our previous work [5] includes an implementation of a
task_switch_hook (Figure 3), residing in a kernel module,
which is called by the Linux scheduler at every scheduler tick.
This solution requires modification of two code-lines in two
separate kernel source files (sched_rt.c and sched_fair.c).
The modification of file sched_rt.c is illustrated in Figure 3
(a similar change is done in sched_fair.c). Linux has (since
kernel version 2.6.23) two scheduling classes, namely the fair
and the real-time scheduling classes. When a new task should
be released, the Linux scheduler iterates through its scheduling
classes (first the real-time class, secondly the fair class) in
order to find the next task to release. This is shown in Figure 2.

1: class = sched_class_highest;

2:for ;) {

3 p = class->pick_next_task(rq);
4@ it

5: return p;

6: class = class->next;

7}

Fig. 2. Kernel function: pick_next_task

The modification (Figure 3) makes it possible to re-direct
a scheduling class’ function pick_next_task to a user defined
function (i.e., our function task_switch_hook), in a kernel
module. This function (hook) can be inserted and removed

during runtime.
)

Static eenst struct sched_class t_sched_class = {

Fig. 1. RESCH framework

In Linux, since kernel version 2.6.23 (October of 2007),
tasks can be either a fair task or a real-time task. The
latter group has higher priority (0-99 where O is highest)
than fair tasks (100-140). A task that registers to RESCH
is automatically transformed to a real-time task. RESCH is
responsible for releasing tasks, and tasks registered to RESCH
must notify when they have finished their execution in the
current period. In this way, RESCH can control the scheduling.
RESCH uses an absolute-time clock, i.e., it does not wrap
around. Also, release times are stored as absolute values, so
release patterns are exact.
The cost of having a patch-free solution is that RESCH can
only see scheduling events related to its registered tasks, i.e.,
higher priority real-time tasks, which are not registered in
RESCH, can thereby interfere with RESCH tasks without the

patch Linux kernel

pick_next_task = pick_next_task_rt, rt_sched_class h
\\ // rI .pick_next_task " pick_next_task_rt I(-
N 4

N < before

. 7 PR VHHPHEANN e e ———— J

Loadable kernelmodule
Execution time monitor
after
\ sched_rt.c )
Fig. 3. Hook patch

In this paper our overall goal is to implement a patch-free
task execution recorder in Linux for debugging purposes, i.e.,
which can be useful for a scheduler or application developer.
Our solution enables debugging on any Linux-based RT/GP
OS, as long as the Linux interface is not changed, since
RESCH and the recorder are both loadable kernel modules
that calls the Linux kernel functions. Hence, our recorder is
more general than patched solutions since it is difficult to port
these between different platforms.

The main contributions of this paper are:

1) We have implemented a (patch-free) task recorder with

the use of RESCH, which enables debugging at task
level, in Linux based RT/GP OS.
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2) We have evaluated our solution by implementing yet an-
other (patched) recorder, using the technique presented
in [5], and compared the results from the two recorders.

The outline of this paper is as follows: in Section II
we describe the two recorder implementations. Section III
compares the trace result from the two recorders. Section IV
presents related work, and finally, Section V concludes.

II. IMPLEMENTATION

The following section presents a recorder implementation
based on RESCH, and a second implementation based on a
hook patch [5].

A. RESCH plugin recorder

The recorder is implemented as a plugin (see Figure 1) in
RESCH. Although, it could also become an integrated part of
RESCH core at a later stage.

It is important to note that in order for the recording to be
correct with this plugin, no higher priority real-time tasks (that
are not registered by RESCH) are allowed to run. Also, the
current recorder implementation does not support multi-core,
hence, load balancing must be disabled (a function in Linux
that migrates tasks to other CPUs based on load). Support
for multi-core is possible, but without load balancing. The
reason is that RESCH cannot detect task migrations made by
the Linux scheduler.

Figure 4 shows the necessary data needed to store a
scheduling event (i.e. task switch). The member rid is the
index to the RESCH task TCB. We use this identifier because
is has a smaller range than the Linux task id (PID), and
thereby require less memory. The timestamp is stored in
micro-seconds, i.e., our recorder can record approximately 35
minutes (assuming we have 32 bits) since we use one bit for
storing the preemption flag (informing whether there has been
a preemption or not).

1: struct task_switch_event {

2:  char next_rid; // rid (0 — 64) is the RESCH task id.

3: char prev_rid;

4: unsigned int timestamp; // Bit nr 31 hold preempt. flag.

50}

Fig. 4. Event structure

task_run_plugin, line (1) Figure 5, is called every time
a task registers to RESCH. Since the current version of our
recorder does not support multi-core, we migrate all tasks to
one CPU (CPU #0 in this case).

Figure 5 show parts of the recorder implementation (in
simplified form) in RESCH. Line (4) and (18) (Figure 5)
are called by the RESCH core at every task release and
completion. In this way, not only can we record task switches,
but also detect when a task is released and also show this
information graphically in the Tracealyzer.

33

: void task_run_plugin(resch_task_t *rt) {
migrate_task(rt, 0); // Migrate all tasks to CPU 0.

: void job_release_plugin(resch_task_t *rt) {

: resch_task_t *curr;

int timestamp;

timestamp = linux_timestamp_microsec( );

curr = active_highest_prio_task(rt->cpu_id);

9: if(curr == NULL) {

10:  store_event(IDLE, rt, NO_PREEMPT, timestamp);
11:  return;

13: if(rt->prio > curr->prio)

14:  store_event(curr, rt, PREEMPT, timestamp);

15: else

16: store_event(curr, rt, NO_PREEMPT, timestamp);

18: void job_complete_plugin(resch_task_t *rt) {

19:  resch_task_t *next;

20:  int timestamp;

21:  timestamp = linux_timestamp_microsec( );

22:  next = active_highest_prio_task(rt->cpu_id);

23:  if(next == NULL)

24: store_event(rt, IDLE, NO_PREEMPT, timestamp);

25:  else

26: store_event(rt, next, NO_PREEMPT, timestamp);

27:

28: void store_event(resch_task_t *prev, resch_task_t *next,
29: char preempt, unsigned int timestamp) {

Fig. 5. Recorder implementation

B. Hook patch recorder

As mentioned previously, our patched recorder is based on
a task-switch hook implementation [5]. This implementation
consists of two hooks. One hook is executed when Linux calls
the scheduling class real-time, the other one when fair class
is called. The two hooks are never called in the same scheduler
tick, only one of them (depending on if there are any real-time
tasks eligible to execute). We use the similar data-structures
in this implementation as the one presented in section II-A. A
difference between the two approaches is that the hook patch
implementation only detects a switch between tasks, i.e., it
cannot know when a task is released (for which the RESCH
implementation can). This will differentiate the trace results a
bit.

III. EVALUATION

We have tested our RESCH plugin recorder by running
it in parallel with the hook patch implementation, i.e., the
two recorders recorded the same trace at the same time. The
recorder we compare with [5] was chosen because of its
simplicity (easy to install, load/unload, modify source code
etc.), small amount of source code and the fact that it records
correctly since its hook is placed at the point where the Linux
scheduler does the task context switches. We ran the task set
in Table I on an Intel Pentium Dual-Core (E5300 2,6GHz)
platform, equipped with a Linux kernel version 2.6.31.9,
running with load balancing disabled. The recorded tasks ran
on the same core, i.e., all tasks were migrated to CPU #0 at
initialization phase. The trace from both implementations are
visualized in Figure 9 and 10 with the Tracealyzer application.
The tasks were scheduled by the RESCH core scheduler (i.e.,
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we used no plugin scheduler) according to the parameters in
Table L.

Name T | WCET | D | pr
rt_taskl 4 1 4 4
rt_task2 | 5 1 5 3
rt_task3 8 2 8 2
rt_task4 9 2 9 1

TABLE I

TASK SET USED IN THE EXPERIMENTS

Note that the absolute time-line in Figure 9 is 1 second
behind Figure 10, but the relative time should match eachother
since they were executed at the same time. The task ID:s in
Figure 6 are the new modified PIDs (which are needed in
order to reference RESCH TCBs from native Linux TCBs)
and therefore different than the ones in Figure 7, which are
the native PIDs.

If the user marks a task fragment, Tracealyzer will display a
red box (e.g. task rt_task4 in Figure 9 and 10) around the task
instance, if it can detect the instance (which is not the case in
Figure 10). In Figure 9 though, the Tracealyzer can separate
between task instances, since the plugin recorder records task
releases, e.g. line 20-21 in Figure 7, which represents the
fourth fragment of rt_task4 in Figure 9.

Figure 6 and 7 shows the data recorded by both recorders.
The data is represented in the format: prev: <idl> <namel>
next: <id2> <name2> <t-stamp> <preempt>, where id1 and namel
represents the task id and name of the task that is finishing
(possibly preempted), id2 and name2 represents the task id
and name of the task that is starting to execute, t-stamp is
the timestamp in absolute time when this event has occurred
and the flag preempt is set to 1 or 0 depending on if there
is a preemption (1=preemption). The recorded data (Figure 6
and 7) corresponds to the graphical representation (Figure 9
and 10) from the start of the graphs (4.350.156 respectively
3.350.160) to the marked time-lines (14.354.148 respectively
13.354.149). The time in the graphs are represented in the
format second.milli-second.micro-second. The difference in
time (1 second) is due to that both recorders record absolute
timestamps (and the tool visualizes in absolute time) and one
recorder was started approximately 1 second before the other
one.

prev: 0 idle next: 32769 rt_task1l 3350160 1

34

prev

eExqphwe

prev:
prev:
prev:
prev:
prev:
prev:
prev:
prev:
10: prev:
11: prev:
12: prev:
13: prev:
14: prev:
15: prev:
16: prev:
17: prev:
18: prev:
19: prev:
20: prev:
21: prev:

: 0 idle next: 3900 rt_task1 4350156 1

3903 rt_task4 next

3900 rt_task1 next:
3901 rt_task2 next:
3900 rt_task1 next:
3902 rt_task3 next:
3900 rt_task1 next:
3903 rt_task4 next:
3900 rt_task1 next:
3901 rt_task2 next:
3902 rt_task3 next:
3903 rt_task4 next:
3900 rt_task1 next:
3903 rt_task4 next:
3901 rt_task2 next:

3901 rt_task2 4354149 1
3900 rt_task1 4354159 0
3902 rt_task3 4354150 1
3900 rt_taskl 4354160 0
3903 rt_task4 4354151 1
3900 rt_task1 4354161 0
3901 rt_task2 5266627 0
3902 rt_task3 6183025 0
3903 rt_task4 8038576 0
3900 rt_task1 8350148 1
3903 rt_task4 9266561 0
3901 rt_task2 9354147 1
3903 rt_task4 10270905 0
: 0 idle 11726633 0

0 idle next: 3900 rt_taskl 12350153 1
3900 rt_task1 next:
3902 rt_task3 next:
3900 rt_task1 next:
3902 rt_task3 next:
3903 rt_task4 next:

3902 rt_task3 12354149 1
3900 rt_taskl 12354159 0
3902 rt_task3 13266243 0
3903 rt_task4 13354147 1
3902 rt_task3 13354157 0

eExanswer

12: prev

prev:
prev:
prev:
prev:
prev:
prev:
prev:
: prev:
10: prev:
11: prev:

32772 rt_task4 next:

32769 rt_taskl next:
32770 rt_task2 next:
32771 rt_task3 next:
32772 rt_task4 next:
32769 rt_task1 next:
32772 rt_task4 next:
32770 rt_task2 next:

32770 rt_task2 4266631 0
32771 rt_task3 5183029 0
32772 rt_task4 7038580 0
32769 rt_task1l 7350149 1
32772 rt_task4 8266565 0
32770 rt_task2 8354148 1
32772 rt_task4 9270908 0
: 0 idle 10726636 0

0 idle next: 32769 rt_taskl 11350157 1
32769 rt_taskl next: 32771 rt_task3 12266246 0
1 32771 rt_task3 next: 32770 rt_task2 13354149 1

Fig. 6. Recorded data (Hook patch)

22: prev: 3902 rt_task3 next: 3901 rt_task2 14354148 1

Fig. 7. Recorded data (RESCH plugin)

The difference between the two traces is that the RESCH
plugin recorder records task releases by recording a fake pre-
emption and running the released task for 10 micro-seconds,
e.g., lines 1-7 in Figure 7, though this is not the case (its just
for visualization). Although, this enables the Tracealyzer to
calculate and show the response time of a task. Other than
that the preemption depth differs in the two traces (due to that
the two recorders record preemption differently), the traces are
almost identical (the recorded time points may differ a few
micro-seconds at most). Figure 8 shows the RESCH plugin
trace, visualized with the tool Grasp [6]. The tasks vertical
positions are ordered by priority with the lowest priority at
the top (including the idle task) and the time is scaled down
100000 times. The figure clearly shows the task frequency.

IV. RELATED WORK

The idea of our solution is based on the replay debugging
approach [7], which records system events online and replays
them offline. In later work [8], the replay debugging has
been extended to be compiler- and OS-independent. While
the replay debugging works with off-the-shelf compilers for
application-level debugging, our solution is self-contained
software using Tracealyzer [9] for OS-level debugging, and
it is primarily focused on real-time scheduler debugging.

The SCHED_DEADLINE project [10], which is in charge
of the EDF scheduler implementation for Linux, has used the
sched_switch tracer provided by the Ftrace toolkit [11] to
output the records of context switches. The output logs are then
converted to the VCD (Value Change Dump) format so that
GtkWave can visualize the task execution traces. The trace can
of course be converted to the Tracealyzer or Grasp [6] format.
Given that Ftrace is supported by the Linux community, it is
reasonable to use this toolkit to trace task executions for kernel
debugging, but it is dedicated to the Linux kernel, so it is
not necessarily suitable for real-time scheduler debugging. For
instance, sched_switch does not catch job releases, however,
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Fig. 8. RESCH plugin trace visualized with Grasp [6]
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Fig. 9. Example trace with RESCH plugin Fig. 10. Example trace with hook patch

context switches are precisely traced and it can distinguish framework is ported.

between task completions and task preemptions. Our solution DTrace [12], SystemTrap [13], LTT [14], and LTTng [15]
is more flexible and integrated in that it is available not only are advanced tools for OS debugging. They are oriented
for the Linux kernel but also for other OSs, once the RESCH for tracing entire kernel events, so it is required that the
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developers, in a high degree, understand how to use them.
Meanwhile, our solution is more simplified by focusing on
real-time scheduler debugging, and it is very easy to use in
practice.

Real-Time Application Interface for Linux (RTAI) [16] is
a collection of loadable kernel modules and a kernel patch
which together provides a rich real-time API to the user. It
gives the possibility to add/delete hooks for every task-start,
task-switch and task-delete. These hooks give the possibility
to monitor task execution in a detailed level.

V. CONCLUSION

We have implemented a task execution recorder in a stock
Linux kernel, without applying kernel patches, with the use
of the loadable real-time scheduler framework RESCH. The
recorder is able to record task releases (with or without
preemption) and task switches. The recorded data is later
converted, offline, to a format suitable for the visualization
tool Tracealyzer. In this way, the trace can be visualized
graphically. The assumptions made, in order for the tracing
to be correct, are that there should not exist any (unregistered
RESCH) tasks that have higher priority than the (RESCH)
tasks to be recorded, and that load balancing is disabled.
Our results indicate that our recorder does a correct trace,
by comparing the results with a trace made by a patched
recorder. The second (patched) recorder is assumed to trace
correct, since it is called by the Linux scheduler at every
scheduler tick. The two recorders were executed in parallel,
i.e., they recorded the same trace. Hence, an exact comparison
is possible since the execution time of the tasks will be
the same in both cases, and will therefore not affect the
comparsion results. We showed that our recorder got the same
trace result as the patched solution (with only a few micro-
seconds of difference).

As future work we will continue with evolving the RESCH
framework. This includes the development of new scheduler
plugins, such as hierarchical scheduling (for both uni- and
multi-core), adjust our recorder to fit with multi-core and
implement RESCH for other platforms. In this way, plugin
schedulers, recorders etc. can be moved to other platforms
(supported by RESCH) without modification. We will also
explore the possibilities of doing visualizations of the trace
during run-time, rather than offline as in this paper.
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Abstract—Understanding and validating the timing behavior of
real-time systems is not trivial. Many real-time operating systems
and their development environments do not provide tracing
support, and provide only limited visualization, measurements
and analysis tools. This paper presents Grasp, a tool for tracing,
visualizing and measuring the behavior of real-time systems.
Grasp provides a simple plugin infrastructure for extending
it with custom visualization and measurement methods. The
functionality of Grasp is demonstrated based on experiences
during the development of various real-time extensions for the
commercially available ;/C/OS-II real-time operating system. All
the tools presented in this paper are open source and freely
available on the web'.

I. INTRODUCTION

A real-time system is usually comprised of a real-time
application running on top of a real-time operating system.
One such operating system is @C/OS-II [Labrosse, 1998]. It
is maintained and supported by Micrium, and is applied in
many application domains, e.g. avionics, automotive, medical
and consumer electronics. Our choice of pC/OS-II is in line
with our industrial and academic partners.

Based on the requirements posed by the real-time ap-
plications we are researching, we have set out on ex-
tending uC/OS-II with several real-time primitives. In
[Holenderski et al., 2008] we presented an application of our
industrial partner in the surveillance domain and pointed out a
problem with their current system. We proposed a solution and
identified several extensions required from the underlying real-
time operating system. These include processor reservations
based on deferrable servers, and support for resource sharing
based on the Stack Resource Policy (SRP) [Baker, 1991].

A. Problem Description

During the development of these ©C/OS-II extensions we
needed to validate the behavior of the introduced primitives.
Many commercial off-the-shelf real-time operating systems
and their development environments, including ©C/OS-II, do
not support tracing, and provide only limited visualization and
analysis support. Moreover, current visualization tools only
allow to visualize single level scheduled systems. Finally, most
commercial tools are not easily extensible.

IThe work presented in this paper is supported in part by the
European ITEA2-CANTATA project and the Dutch HTAS-VERIFIED
project. The Grasp player together with two demo traces is available at
http://www.win.tue.nl/~mholende/grasp

B. Contributions

In this paper we address the problem of tracing, visualizing
and measuring the behavior of real-time systems and present
Grasp, which is a set of tools addressing this problem. It
comes with a powerful set of features out of the box, such
as visualization of servers in hierarchical scheduling and
buffer usage for tasks communicating via shared buffers. It
also provides a simple infrastructure for extending it with
custom visualization and measurement plugins. We used Grasp
extensively during the development of several extensions of
nC/OS-II. The target systems were executed in the cycle
accurate OpenRISC simulator [OpenCores, 2009].

C. Outline

The remainder of this paper is structured as follows. In
Section II we summarize the related work, followed by a
description of our execution environment in Section III. Sec-
tion IV is the main contribution of this paper. It presents
Grasp, illustrated with examples from extending uC/OS-II
with additional real-time primitives. Section V concludes the
paper and outlines the future work.

II. RELATED WORK

In this section we outline the existing work related to the
real-time operating system under consideration, followed by
a discussion of the support for tracing, visualization, and
measurements provided by existing tools.

A. puC/OS-1I and its tools

Micrium provides the full pC/OS-II source code accom-
panied by an extensive documentation [Labrosse, 1998]. The
pC/OS-II kernel provides preemptive multitasking, and the
kernel size is configurable at compile time, e.g. services like
mailboxes and semaphores can be disabled. It is well suited
for proprietary extensions and experimentation.

A pC/OS-IT application can enable a built-in statistics
task, which collects information about the processor usage
of all tasks in the system. Micrium also provides a powerful
monitoring tool called pC/Probe, allowing to inspect the state
of any variable, memory location, and I/O port in a pC/OS-IL
enabled application during runtime. However, there is no
tracing support for pC/OS-II.
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B. Tracing

There are basically two approaches to tracing: instrumen-
tation and sampling [Mughal and Javed, 2008]. With instru-
mentation, code is inserted in key places of the system (such
as the top of particular method calls). This code then records
the events at runtime for later offline analysis. With sampling,
the system remains unmodified and is instead analyzed peri-
odically by a profiler during runtime, allowing inspection of
metrics such as the amount of CPU time used by processes
and/or functions. Grasp and all other tools presented in this
section take the instrumentation approach, where a recorder
component generates a trace file which later serves as input
for the visualization application.

The format of the trace file has several implications.
A standard textual file format (e.g. XML used by VET
[McGavin et al., 2006]) can be used as input for other tools
with relatively little effort. A binary file format (e.g. used by
the Tracealyzer [Mughal and Javed, 2008]) results in smaller
trace files, which can be important when tracing is a part of the
target system after deployment in the field. A Grasp trace is a
Tcl [Welch et al., 2003] script. It is less verbose than XML,
but not as compact as a binary representation. However, its
main advantage is the flexibility it offers for the Grasp player,
as explained in Section IV.

C. Trace visualization

Traces contain huge amounts of data, which may be of
no interest for a particular investigation. Several visualization
tools therefore provide filtering mechanisms, which allow
the user to display only those events he is interested in.
Tracealyzer [Mughal and Javed, 2008] offers predefined filters
which can be changed during the visualization, allowing to
hide certain events, such as locking of a semaphore. VET
[McGavin et al., 2006] provides a plugin mechanism allowing
an expert user to implement custom filters, which then can then
be reused by regular users. The Grasp player presented in this
paper allows to filter trace events referring to certain tasks.

A trace can be visualized in different ways, e.g. one may
want to show the task execution on a timeline, or how each
task contributes to the current processor load. Tracealyzer
provides a timeline and load view. VET provides a message
sequence and class association diagrams, but also supports
tracing of custom events, and an API which can be used to
implement custom visualizations. This API, however is limited
to a fixed event structure. The file format for Grasp traces
allows to easily extend the trace with arbitrary custom events
and visualizations.

To the best of our knowledge, all existing tracing tools
can visualize only single level scheduling. Grasp on the other
hand, also allows to visualize hierarchical systems by means
of illustrating the budget consumption of servers. In case
tasks communicate via shared buffers, Grasp can also provide
insight into the contents of the buffers at any moment during
the traced system execution.
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D. Trace measurements

Tracealyzer measures the execution time, response time and
number of fragments for each job and the corresponding worst
case and average case values of all jobs of a task. Grasp
measures the execution and response time of jobs and provides
a summary of the average, best case and worst case times of
all jobs of a task. It also allows to easily implement custom
measurement tools, as illustrated in Section IV-D.

III. SIMULATION PLATFORM

To run our target systems we needed an execution envi-
ronment supporting ©C/OS-II. To avoid the inconveniences of
running the target systems directly on hardware, we chose to
run them inside the cycle-accurate OpenRISC simulator.

The OpenCores project [OpenCores, 2009] provides an
open source platform architecture, including software devel-
opment tools. The hardware architecture comprises a scalar
processor and basic peripherals to provide basic functional-
ity [Bolado et al., 2004]. The small and predictable processor
architecture makes the OpenRISC processor suitable for real-
time computing [Whitham and Audsley, 2006]. The accompa-
nying Software Development Kit (SDK) is based on GNU
tools. It includes a C/C++ compiler, linker, debugger and ar-
chitectural simulator. The OpenRISC simulator allows simple
code analysis and system performance evaluation. Recently,
we created a port for ©C/OS-II to the OpenRISC platform?.

Unlike other C/OS-II simulators, such as the Windows and
Linux ports [uco, 2007], the OpenRISC port provides a cycle-
accurate simulation: it is independent of the system load due to
other applications on the host operating system and therefore
provides predictable timing behavior for timed events.

It is important to note that the only interface to the simulator
during runtime is via the standard input and standard output.
In particular, there is no support for reading from or writing
to files on the host operating system.

IV. GRASP

Grasp is composed of three entities, shown in Figure 1. The
recorder is responsible for generating the trace of the target
system. The generated trace file contains the raw data from a
particular run, which is not comprehensible in its raw form.
The player reads in a trace and displays it in an intuitive way.

Note that the recorder and the player are independent
of each other, as long as the trace follows the predefined
format. In this paper we demonstrate a Grasp recorder for
pC/OS-II. Porting Grasp to other operating systems requires
only implementing a Grasp recorder.

A. Grasp recorder

The Grasp recorder is implemented as a library providing
functions to initialize the recorder, log events, and finalize the
recorder. Calls to the event logging methods are inserted at
several places inside the kernel to log common events, such
as context switches and the arrival of periodic tasks. The

2A precompiled OpenRISC tool chain for Linux (Ubuntu 8.10) is available
at http://www.win.tue.nl/~mholende/ucos
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Target system

Application
Grasp > Grasp Grasp
recorder trace player

uC/OSs-I

~

OpenRISC
simulator

Fig. 1. The Grasp architecture

recorder also provides a function to log custom events, which
the programmer may call inside his application.

To limit the interference with the target system, during run-
time the pC/OS-1I Grasp recorder stores the event information
in a binary format in an array in the memory. Each event
occupies 20 bytes of memory and takes 218 instruction cycles
to log (on a 32-bit OpenRISC architecture).

At the end of a simulation the log array is traversed, a
trace is generated and written to a file in text format. This
way the I/O overhead associated with writing the trace to a
file is postponed until the very end and limits the interference
with the target system during a simulation run. Note that the
OpenRISC simulator has no file system support, but does allow
to print to the standard output via the print £ () method. The
recorder therefore prints the contents of the trace file to the
standard output, which is then redirected to a file on the host
operating system.

B. Grasp trace

The Grasp trace file is actually a Tcl [Welch et al., 2003]
script. An excerpt from an example trace is shown in Figure 2.

plot
plot

50 taskArrived TaskOx11lda50
50 jobPreempted Job0x11d948_1 \\
—-target Job0x11da50_1
Job0x11da50_2] initWithTask Task0x11da50 \\
—name "Taskl 2"
jobResumed Job0x11lda50_2
jobCompleted Job0x11da50_2
jobPreempted Job0x11da50_2 \\
—target Job0x11d948_1
JjobResumed Job0x11d948_1

[Job

plot 50
plot 60
plot 60

O J oUW

)
= o

plot 60

=
N

Fig. 2. An excerpt from a trace file.

Each line in the trace is a Tcl command. A Tcl command
has a very simple syntax: method name followed by a possibly
empty list of arguments separated by spaces. Let us take a
closer look at the first line in Figure 2, which indicates the
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arrival of task Task0x11da50. The meaning of this command
is the following:

e plot is the method name responsible for handling this
trace event. In Section IV-D we will see how this
dispatching mechanism is used to implement plugins.
The method determines the semantics of the following
arguments. In this case, the plot method expects at least
two arguments:

e 50 is the event time. Time is measured in ticks. In our
simulations 1 tick corresponds to 1ms.

e taskArrived is the event kind.

e Task0x11da50 is an additional argument. In this case it
identifies the task which has arrived. In Grasp each trace
object such as a task or a job has a unique identifier.

Figure 2 shows also several other events. For example at
time 50 the job with id Job0x11d948_1 is preempted by the
job with id Job0x11da50_1. In the following sections we
will describe other events supported by Grasp.

Every task or job referred to by an event needs to be created
first. Line 5 in Figure 2 creates a job with id Job0x11da50_2
for a task with id Task0x11da50. The optional parameter
—-name specifies a custom job name, referring to the second
job of task Task1.

Note that since a trace is a Tcl script it may contain any
Tcl code, in particular it may define its own methods, include
loops, etc. While we do not exploit this feature in this paper,
we have used it during the development of Grasp itself.

C. Grasp player

The Grasp player is written in the Tcl scripting language!'.
The job of the Grasp player is basically to provide an ex-
ecution environment for the script inside a Grasp trace, by
implementing all methods called in a trace file.

The Grasp player goes through the following stages:

1) Load the default methods, e.g. the plot method in
Section I'V-B.

2) Load any plugins, which define additional methods.

3) Read in and execute the trace script.

4) Do any post processing, e.g. export a postscript file.

Note that step 3 is a single Tcl command, but it is also the
place where the main work happens and where the trace is
actually visualized.

A handy feature of the Grasp player is the option to export
the trace visualization to a postscript file and an option to print
a legend. These are useful for automatically creating figures
for research articles. An example of such a figure is shown in
Figure 3, which visualizes the complete trace from Figure 2.

Shared resources: Grasp can visualize the synchronization
of tasks in case they share resources.

Figure 3 demonstrates the behavior of three fixed priority
scheduled tasks, with two of them (Task2 and Task3) sharing
one logical resource according to the Stack Resource Pol-
icy [Baker, 1991]. The highest priority task has the lowest
index number, i.e. Taskl has the highest priority. In this
example, the execution of a critical section is visualized by
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Fig. 3. Example trace visualization created by the Grasp player.

a dark section. Acquiring and releasing of mutexes is traced
by the events jobAcquiredMutex and jobReleasedMutex,
which are not visualized in the example.

Hierarchical scheduling: An interesting and unique feature
of Grasp is the built in support for visualizing behavior of
servers in a hierarchical real-time system. An example is
shown in Figure 4.

There are four server events:

1) serverReplenished sets the capacity of a server.

2) serverDepleted creates a depleted message for a
server.

3) serverResumed starts consuming a server’s budget at
a constant rate of 1 unit per time unit.

4) serverPreempted stops consuming a server’s budget.

These four events are sufficient to visualize the be-
havior of most servers in the real-time literature. We
have extended pC/OS-II with polling [Lehoczky et al., 1987],
periodic idling [Davis and Burns, 2005] and deferrable
servers [Strosnider et al., 1995].

Figure 4 shows a Grasp player window after loading a trace
file. The task execution is shown on top, with the server
capacities illustrated underneath. In this particular example
Task1 is assigned to the Deferrable Server, and Task2 is
assigned to the Polling Server. The different shapes under-
neath the timeline indicate different events. For example, a
triangle pointing upwards indicates a server replenishment and
a square indicates the arrival of a periodic task. Clicking on a
shape with the mouse reveals details about the event, e.g. the
name of the server which is replenished.

The thin vertical line spanning across the tasks and servers
is the time marker. It moves with the mouse cursor and
indicates the current time in the visualization, also shown in
the windows title bar.

During the development of the different servers Grasp
provided useful insight into their behavior and speeded up
the debugging process considerably.

D. Grasp plugins

Choosing the Tcl script format for a Grasp trace allows
for a very simple interface for implementing plugins: a Grasp
plugin is a set of methods which are called within a Grasp
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Fig. 5. Example of a trace visualization using the BufferPlot plugin.

trace. There are no restrictions on the syntax of the plugin
methods, as long as they do not conflict with the default Grasp
player methods.

To facilitate plugins which depend on the current time
indicated by the time marker, Grasp provides an abstract event
<<TimeChanged>>. A plugin can register for an abstract event
using the Tcl bind command.

Plugins are loaded into a Grasp player by executing the
player from the command line with the -plugins option
followed by a list of paths to Tcl scripts implementing the
plugins. Alternatively, the plugin scripts can be placed in the
plugins subdirectory. All scripts residing in this directory are
loaded automatically by the player.

In our recent work on mode changes in multimedia applica-
tions [Holenderski et al., 2009] we investigated an application
comprised of a set of tasks communicating via shared buffers.
We used Grasp to gain insight into the behavior of buffers and
to measure the mode change latencies. We have implemented
two plugins for this purpose.

The BufferPlot plugin defines four new events: push,
pop, insert and drop. BufferPlot is implemented as a
XOTcl class, which is an object oriented extension for Tcl.
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Fig. 4. Example of a trace visualization for hierarchical scheduling. The Task1 and Task2 tasks are assigned to the Deferrable Server and Polling Server,

respectively.

It follows the same structure as the Plot class behind the
plot command, and implements the new events as instance
methods. In the trace the new events are passed as arguments to
the bufferplot command, rather than plot, which then dis-
patches the appropriate Buf ferPlot method. Figure 5 shows
an example of how this Grasp plugin correlates the contents
of the buffers with the task execution of the application.

The Tcl file format of a Grasp trace makes it possible to
embed plugins inside a trace file. Since a plugin is simply a
definition of methods called within a trace file, inserting the
plugin code at the beginning of the trace file will make sure
that the necessary methods are defined before they are used.
This allows to distribute a single self-contained trace file which
can be visualized with any Grasp player, independent of the
available plugins.

E. Grasp measurement

The Grasp player measures the execution and response time
of jobs and provides a summary of the average, best case and
worst case times for all jobs of a task. This information is
shown on demand, by clicking on a job or a task label, or by
selecting “Measurements” from the menu, shown in Figure 6.

The Grasp plugins also allow to easily implement custom
measurement tools, as we did for measuring the mode change
latencies for our recent work [Holenderski et al., 2009].

To measure the mode change latencies we have added
a simple plugin which extended the Plot class with

feno Measurements

WCET ACET BCET WCRT ACRT BCRT
QM - - - - - -

Network 4.0 3.11 3.0 28.0 12.93 3.0

Renderer 4.0 3.28 3.0 31.0 16.44 6.0

Decoder 25.0 24.49 24.0 73.0 51.17 24.0

Fig. 6. Example of trace measurements, summarizing the worst-case
(WCET), average-case (ACET) and best-case (BCET) execution times, and
the worst-case (WCRT), average-case (ACRT) and best-case (BCRT) response
times for all application tasks.

three new events: latencyStart, latencyStop and
latencySummary. The first two events are generated through-
out the simulation whenever a mode change occurs. The latter
event is generated at the end of the simulation. Its handler
collects all the latencies, uses the gnuplot tool [gnu, 2010]
to plot them on a graph, and automatically writes the graph
to a postscript file.

V. CONCLUSIONS

In this paper we presented the Grasp toolset for tracing,
visualizing and measuring the behavior of real-time systems.
Grasp can be used to evaluate new algorithms and scheduler
implementations in an operating system. We have used Grasp
extensively during the development of several extensions for
the pC/OS-II real-time operating system, some of which were



WATERS 2010

used in this paper to illustrate the Grasp features.

Grasp is composed of three parts: (i) the recorder, (ii) the
trace file and (iii) the player. The Grasp’s recorder takes the
instrumentation approach to tracing, catching all events of
interest. It limits the interference by storing the traced events
in memory during runtime and writing the trace to a file only
at the end of a run. The recorder is the only operating system
specific part of the Grasp toolset. A Grasp trace is stored in the
Tcl script format. The expressiveness of this format allows to
easily extend Grasp functionality with visualization and mea-
surement plugins. The Grasp player interprets the Tcl script
containing the recorded trace. It visualizes task execution, task
synchronization, servers in hierarchical scheduling and buffer
usage for tasks communicating via shared buffers.

Future work

We have implemented a Grasp recorder for p/C/OS-II within
the OpenRISC simulator. Our current research focusses on
(i) deploying the Grasp recorder in an embedded environment,
and (ii) investigating the applicability of the Grasp recorder in
other real-time operating systems.

In this paper we have shown how to visualize a Grasp trace
using the Grasp player. A trace, however, can also be used
for validating the behavior of the target system by comparing
its trace to a reference trace automatically. To make sure
that a change in the implementation of one primitive has no
impact on other parts of the system, we have setup a test
suite which automatically checks whether a new pC/OS-1I
extension did not invalidate existing behavior. The test suite
is comprised of a set of test applications with reference traces
and a shell script. The script executes all the test applications
and compares the new traces against the reference traces.
Currently, two traces are considered to be equivalent if they
exhibit the same timing behavior, modulo the unique identifiers
(e.g. job identifiers) particular to every simulation run. This
approach, however, may result in false positives, when a trace
exhibits correct behavior, but is not equivalent to the reference
trace due to different overheads of the primitives resulting in
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different computation times of tasks and consequently leading
to a different preemption behavior, which nonetheless may be
correct. As future work we would like to investigate more
resilient testing methods for exploiting the Grasp traces to
validate the timing behavior of a real-time system.
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