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1

| ntroduction

This thesis is concerned with the analysis of real-time systems with interde-
pendent tasks such as media processing systems. Our aim is to characterize
the behavior of these systems from which performance parameters such as
start time and response time of individual tasks, chain end-to-end response
time, number of context switches and resource utilization follow. Given the
quality of service requirements of media processing systems, we investigate
techniques for guaranteeing these system requirements as well.

We start this chapter by describing the domain of media processing systems
in the home domain while underlining the close relation between satisfying the
quality of service reguirements of these systems and their real-time constraints.
Next we formulate the problem statement relative to our goal and present how
this problem has been approached in related work. Finaly we present the
thesis contribution and the outline of thisbook that includes ashort description
of each chapter.

1.1 Mediaprocessing systemsin home

Media processing systems become increasingly pervasive in daily life. DVD
recorders and players, video games, mobile phones that record and transmit
short movies, PDAS, surveillance systems, radio stations on the World Wide



Web are only a few examples of such systems with which we are by now
completely accustomed.

In general, media processing systems consist of atermina side and a net-
work side (Figure 1.1). Examples of terminal devices include DVD recorders
and players, TVs, mobile phones, PDAs and PNDs. The communication me-
dia is implemented by means of wired or wireless interconnecting networks
using for instance TCP/IP, UDP or RTP protocols [ Tanenbaum, 2003].

I
I
, I
v v
Network Terminal

Figure 1.1. Interconnected media processing systems consisting of terminal
devices and a network.

1.1.1 Quality of Service and system real-time constraints

Market experience shows that while products offering completely new func-
tionality are accepted in the beginning in spite of a lower level of quality in
the service provided, as systems mature, robust versions are expected. For in-
stance nowadays none of us would accept that while playing amovie at home,
the DVD player would block at a frame and need reseting in order to be able
to continue.

The services provided by the network concern the transmission of data be-
tween terminal devices while the terminal services regard for instance captur-
ing, encoding, decoding, enhancement and rendering of the media. In general
the term service refers to an encapsulated functionality provided by the sys-
tem. The service that is experienced by the end user is the rendering of frames
at acertain rate. However, in order for the system to be able to execute the ren-
dering service, a few other services must execute and cooperate during their
execution - in our discussion above, we mentioned the capturing and decoding
services. All terminal services mentioned above are part of the Application
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layer of the termina system and they are built on top of other services execut-
ing at other levelsin the system architecture (Figure 1.2):

e The Middleware layer that may implement quality of service and re-
source management policies

e The Operating System layer that takes care of task scheduling

e The Network layer which implements protocols that specify the way in

which the data transmission is carried out. The Network layer [Tanen-
baum, 2003] consists of further sub-layers which we do not detail here.

e The Physical layer which executes the system functionality both on the
terminal and network side according to the policies implemented at the

layers above.

Terminal Terminal
Application Application
Middleware Middleware

Network Network Network
os Protocol Protocol 0s
Stack Stack
Physical Platform Physical Platform

Figure1.2. System architecture layers.

But how does one assess a level in the quality of the service provided by
these systems? And more fundamentally how is the quality of a service de-
fined? In general, Quality of Service (QoS) as defined in the ITU-T Recom-
mendation E.800 Geneva 1994 ... is the collective effect of service perfor-
mances, which determine the degree of satisfaction for a user of aservice’.

To assess the level in the quality of the service provided by a system ap-
propriate metrics need to be considered. For instance, for the network side
of media processing systems the QoS levels are determined by the number of
packets successfully delivered to the terminal, where success implies correct-
ness of the transmitted data and transmission within the specified time. On
the terminal side, one way to measure the QoS levels provided is the number
of video/audio frames that are rendered at the appropriate time (the frame rate
which should be for examplein the case of video streams 25 frames per second
in the case of the Phase Alternating Line (PAL) standard). Other QoS metrics
used for video applications executing on the terminal side are the screen resolu-
tion, image size, color depth, bit rate and compression quality [Li & Nahrstedt,
1999], [Morros & Marqués, 1999], [Sabata, Chatterjee & Sydir, 1999].

The overall QoS level delivered by asystem isinfluenced by the QoS level
individually delivered by each service in the hierarchy of service layers pre-
sented in Figure 1.2. As a simple example consider a DVD player and a TV



which diplays a video stream (a movie) stored on a DVD disk. The service
experienced by the end user isthe rendering of video frames at a specific rate.
However, as we have seen above, the video rendering service is built on top of
other services such as input data retrieval, decoding and video enhancement.
The QoS levels delivered by each of these services individually (together with
the QoS level of the video rendering service) influence the overall QoS level
delivered by the system. Indeed if the decoding service delivers poor QoS lev-
els then even if the video rendering service displays frames at the correct rate
(which implies delivering ahigh QoSlevel), the displayed decoded frames will
have artefacts which leads to an overall poor level of system QoS. The overall
system QoS would also be affected if the situation were reversed meaning that
the decoder service would decode frames at the highest level possible but the
video renderer service would not display them at the correct rate. This shows
that allocating large amounts of system resources to some services so they de-
liver the highest possible QoS levels does not induce an overall high level of
system QoS if other services are "weaker links” delivering low levels of QoS.
deliver

Returning to the robustness requirement mentioned at the beginning of this
section, the criteria for robustness are defined with respect to the network part
of these systems and the terminal side as well. In both cases robustness con-
cerns meeting real-time constraints. In the context of the network, thereal-time
constraints come from the fact that media packets must be transmitted in time
between terminals. The network real-time constraints are coupled to the ter-
minal real-time constraints where the data must be received in time so that
the audio/video frames are rendered at the appropriate rate in order to avoid
audio/video artefacts.

Note that the measure in which the real-time constraints are met is directly
reflected in the value of the frame rate QoS metric at each execution moment.
Thisimplies that the degree in which the real-time constraints are met directly
influences the QoS levels provided by the system as a whole (terminals and
network).

1.1.2 Mediaprocessing systems on the terminal side

The results presented in this thesis have been produced in the context of the
Quality of Service in in-home digital networks EES5653 PROGRESS project
at Philips Research Laboratories in Eindhoven. The project represents part
of on-going efforts towards implementing the concept of ambient intelligence
[Aarts, Harwig & Schuurmans, 2001] in the context of a home environment.
Such environments are characterized by multiple terminals cooperating in a
distributed fashion.
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The generic goa of the project was to provide guaranteed and optimised
Quality of Service (QoS) for interconnected terminals, where the terminals are
real-time embedded systems. The work presented in this thesis addresses QoS
issues in the context of the terminal. The systems we study are built according
to the Pipes and Filters architectura style [Buschmann & Et al., 1996] and
its components are scheduled using fixed priority scheduling [Buttazzo, 2002],
[Liu, 2000]. In this subsection we explain the type of systems that execute on
the terminal side, and we explain the suitability of component based devel op-
ment combined with a Pipes and Filters architectura style and fixed priority
scheduling for developing these systems.

Price erosion makes that high-end consumer products become main-stream
in a short time. Therefore solutions are required that enable a short lead-time
to introduce new features. To reduce this lead-time and costs associated with
software development, designers needed to search for effective ways of con-
structing software for a family of products rather than for a single system. In
that sense a promising approach was to build systems out of parameterized
components, where as defined in [Maaskant, 2005], ”a software component is
aunit of deployment that can be reused in multiple products (i.e. in multiple
instances of the product family)”.

Furthermore, the type of processing performed by media processing sys-
tems on a terminal device implies applying a series of computations on the
input media stream, where each computation is performed by a software com-
ponent. As such, each component receives a fragment of the input data, mod-
ifies the data by means of some processing and passes on the result of the
computation to another component. The last component renders the media ei-
ther on a TV screen or at audio boxes. Because of this type of processing the
Pipes and Filters architectural style comes as a natura choice in design and
development. According to this architectural style, a media processing system
on the terminal side can be viewed as a graph in which nodes represent soft-
ware components and edges represent buffers. Each component corresponds
to an operating system task, and the communication between tasks is buffered
as shown in Figurel.3.

Our study concerns the situation where systems with characteristics as de-
scribed above execute on a uni-processor platform. As we explain more de-
tailed in the next section, the component tasks are interdependent, most of
them are not periodic and only some of them have deadlines. The variety in
the tasks behaviour induces a significantly complex overall system behavior.
To ensure the control on the way the system resources are consumed, schedul-
ing is needed. Fixed priority scheduling is preferred in industrial practice over
other scheduling policies duetoits straight forward way of use. Another reason



Figure 1.3. Media processing systems designed using a Pipes and Filters
architecture. Courtesy of Philips Research Laboratories Eindhoven.

is that assigning static priorities to the system tasks makes the system execu-
tion more predictable as opposed to dynamic methods, like for example, the
Earliest Deadline First (EDF) scheduling.

Nevertheless, aswe will see in the next section, predicting the execution of
the system remains a challenging task. We explain this challenge in the prob-
lem statement presented next, and we describe our approach to this problem in
the thesis contribution section.

1.2 Problem statement

The work presented in this thesis focuses on QoS issues for media processing
systems in the context of the terminal. The problem we address in particular is
how to build media processing systems that satisfy QoS requirements while us-
ing aminimum of resources. Thisleads to further questions about constructing
and modifying a media streaming system executing on the terminal side such
as.

e How much resources does the system consume?

e Given acertain amount of resources, will the system meet itstiming and
QoS requirements?

e What is the minimum amount of needed resources such that timing and
QoS requirements are met?

e What can one do to reduce the resource needs of the system?

e What can be done to improve the extent to which the system meets tim-
ing reguirements?
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The questions above could easily be answered if the overall behavior of
the system could be predicted and controlled at system design time. That way,
performance parameters that characterize the timing properties and resource
consumption of the system could be calculated and optimized already at sys-
tem design time. For media processing systems executing on the terminal side
these parameters are

e Response times of tasks and individual chains of components,

e Minimum necessary and sufficient memory buffer capacities to avoid
deadlock and to meet timing constraints,

e CPU utilization,

e Number of context switches and the context of their occurrence during
the execution, which give an indication about the overhead introduced.

By calculating at design time the values of these parameters, one could predict
whether the overall system satisfies its timing constraints and hence its QoS
requirements. Moreover, by learning how to control the behaviour of the sys-
tem at design time, we could build optimized systems that are guaranteed to
satisfy their timing and QoS requirements.

As it turns out, predicting and controlling the overall behavior of the sys-
tem is quite challenging. We dedicate the rest of the section to explain these
challenges.

Low predictability dueto scarcity of resources leading to resour ce sharing

Thefirst difficulty comes from the fact that the high production volume of ter-
minal devices sets severe requirements on the product cost, leading to resource-
constrained devices. The scarcity of resources induces sharing between the
component parts of a system. For this reason it is difficult to predict which
component holds the system resources when, for how long.

L ow predictability and control dueto the complex set of factors deter min-
ing the overall system execution

A second challenge comes from the fact that the combined execution and per-
formance of the components is determined by amultitude of factors. The com-
ponents that constitute a media processing system on the terminal side belong
to different component types, which induce different component behaviors.
These component types are:

e Data-driven components
e Time-driven components
e Components with deferred execution



e Components with execution dependent on the input stream contents
e Demultiplexer components
e Mixer components

The data-driven components have the least complex behaviour. Their ex-
ecution is determined by the availability of the necessary input and the pri-
ority of the associated component tasks. These components are usually used
to improve the quality of decoded frames such as the sharpness enhancement
component.

The time-driven components have a periodic behaviour. Their execution
is determined by the availability of the necessary input, the priority of the
associated component tasks and the component tasks period. Examples of such
components include the video digitizer, video renderer and audio renderer.

Compared to the data-driven components, the behaviour of components
with deferred execution is also influenced by the duration of the deferral types.
Examples of such components are the file reader and file writer components
that respectively retrieve the input stream from a storage facility (i.e. DVD
disk, hard disk) and store the stream on a hard disk.

Components with execution dependent on the input stream contents are
in genera video and audio decoders or encoders. Their behaviour is highly
variable and dependent on the input stream contents due to the fact that input
frames have usually different sizes and depending on their type, require dif-
ferent computation times to be processed [Baiceanu, Cowan, McNamee, Pu &
Walpole, 1996], [Lan, Chen & Zhong, 2001], [Peng, 2001], [Zhong, Chen &
Lan, 2002]. For instance in the MPEG2 standard, | frames are generally larger
than P or B frames. Hence an | frame will in general be stored over a larger
number of input packets (of fixed size) compared to the B or P frames. This
implies that in the case of avideo decoder, the number of input packets needed
to start processing is variable, depending on the size of the next encoded frame
relative to the fixed size buffer packets. Also with respect to the computation
times needed to decode an input frame, | frames usually need less time to be
decoded than B or P frames. Again, for these components as well, their execu-
tion is determined by the availability of the necessary input and the priority of
the associated component tasks.

Demultiplexer components take asinput program or transport streams, split
the video data from the audio data and pass it on the corresponding video or
audio decoding chain.

Finaly, the Mixer components are the reverse of the Demultiplexers. They
take as input multiple streams and create a mixed output to be rendered on
the TV screen. Examples of systems using the Mixer component provide the
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Picture-in-picture feature where the main stream (for instance a movie or the
news) is mixed together with the stream coming from a surveillance camera.
In general for all types of components the execution is determined by:

o the number of input packets needed to start execution

e the amount of output space (expressed in number of memory packets)
needed to start execution

e the priority associated with the corresponding component tasks.
o the computation time needed to process each input.

Additionally, the execution of the time-driven components isinfluenced by
the their task period, while the execution of components with deferred execu-
tion isinfluenced by the duration of their deferral times.

1.3 Related work

We present the related work from different perspectives according to which we
relate our contribution.

Real-time theory for interdependent tasks

Classic real-time theory mainly focuses on analyzing the execution of inde-
pendent periodic tasks. In [Buttazzo, 2002] the subject of tasks dependency
is mentioned when presenting tasks with precedence constraints, and mutual
exclusive executions.

In the extended literature, severa attempts have been made to analyze
message passing, streaming systems. Closely related work [Groba, Alonso,
Rodriques & Garcia-Valls, 2002] considers also an execution model for video
streaming chains inspired by TSSA. The article [Groba, Alonso, Rodriques &
Garcia-Valls, 2002] presents an analysis method allowing the calculation of
the worst-case response time of multiple video streaming chains based on the
canonica form of the chains. The assumptions adopted are that tasks have
fixed execution times, tasks are allowed to have equal priorities and the over-
head introduced by context switches is ignored. Their approach is based on
the response time analysis for tasks with deadlines beyond periods [ Gonzalez-
Harbour, Klein & Lehoczky, 1991].

Kleineta. [Klein, Raya& Etal., 1993] apply fixed-priority responsetime
analysis to message-passing systems. The system is modeled in terms of events
and event responses. Message handlers create new events when outgoing mes-
sages are sent at a different rate than incoming messages. Tasks are modeled
as shared resources. The processing of a message by atask is modeled as an
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atomic action on the shared resource. This leads to the response-time analysis
of aset of independent event responses with atomic access to shared resources.

Goddard [Goddard, 1997] studies the real-time properties of PGM data
flow graphs [Bhattacharyya, Murthy & Lee, 1996], which closely resemble our
media processing graphs. Given a periodic input and the data flow attributes of
the graph, exact node execution rates are determined for all nodes. Thisisvery
similar to the approach presented in [Klein, Ralya & Et al., 1993]. The peri-
odic tasks corresponding to each node are then scheduled using a preemptive
EDF algorithm. For this implementation of the graph, the author shows how
to bound the response time of the graph and the buffer requirements. Both
approaches consider complete task sets scheduled by a single scheduling a-
gorithm, and are limited to task sets with deadlines equal to the period, i.e.
without self-interference.

QoS improving techniques for media processing systems on the terminal

Techniques for improving QoS at system level

Resource reservation [Mercer, Savage & Tokuda, 1994], [Otero-Pérez, Rutten,
Steffens & Van Eijndhoven, 2005] is the process of allocating and guarantee-
ing (enforcing the allocation) amounts of resources to an application. Given
the direct correlation between the level of QoS provided by an application
and the resources needed to provide that QoS level, resource reservation is
a straight forward technique that ensures the provision of QoS by enforcing
the availability of resources to the application [Lee, Lehoczky, Rajkumar &
Siewiorek, 1999], [Auddley, Burns, Richardson & Wellings, 1993], [Sprunt,
Sha & Lehoczky, 1989].

Resource reservation is based on the concept of budget that defines the
amount of resources available to an application per unit of time [Rajkumar,
Juvva, Molano & Oikawa, 1998], [Caccamo, Buttazzo & Sha, 2000], [Lipari
& Baruah, 2000]. Budgets are part of the means to solve conflicts when mul-
tiple applications execute on the same platform and hence must share its re-
sources. However, especially for media processing applications, budgets do
not provide the entire answer to resource sharing. That is because the pro-
cessing load of each of the application varies depending on the input stream
contents [Baiceanu, Cowan, McNamee, Pu & Walpole, 1996]. For this rea
son in the case of these applications budgets are used to guarantee the average
amount of resources need by an application, while the variations around that
average are handled by the application itself. In other words applications must
be able to handle situations in which the needed resources are less than the
available budget.
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Application adaptation is an approach in which applications adapt their be-
haviour and their requirements in terms of QoS and (implicit) resources to the
resource availability at hand. This technique can be implemented by allowing
tasks with asynchronous communication to work ahead in order to balance the
load on the processor [Wiist, Steffens, Bril & Verhaegh, 2004], [Sha, L ehoczky
& Rakumar, 1986] or by using scalable video agorithms in which certain
tasks can operate in different modes corresponding to different levels of qual-
ity in the output and different resources needs [Hentschel, Bril & Chen, 2002],
[Hentschel, Bril, Chen, Braspenning & Lan, 2002], [Wist, Steffens, Verhaegh
& Et a., 2005]. [Lafruit, Nachtergale, Denolf & Bormans, 2000] describe
methods to regulate varying computational load for high-quality video decod-
ing and for 3D decoding and rendering, respectively, assuming synchronous
processing.

A combination of resource reservation and application adaptation was used
in the QoS-RM project at Philips Research Laboratories Eindhoven. The ap-
proach taken was to divide the overall system in sub-systems that can be al-
located individual resource budgets. Such sub-systems have been called Re-
source Consuming Entities (RCE). Application adaptation is implemented by
alowing RCEsto execute in different modes providing different levels of qual-
ity and thus requiring different amounts of resources. A mode provides a num-
ber of corresponding quality of service levels. Resource reservation isimple-
mented in that for each RCE executing in a particular mode within which a
particular quality level was selected, a particular amount of resources is al-
located and guaranteed (budget). The module that monitors the allocation of
resourcesintheterminal iscalled Budget Manager. Assuch, for any request of
resources in the terminal the Budget Manager checks if the requested amount
is available in the system (admission control) and if that is the case then it a-
locates and enforces the requested amount for the RCE for which the request
was made (resource reservation). If the amount of resources requested is not
available in the system, the Budget Manager denies the request and as a conse-
guence the RCE will not be able to run in that mode. This means that the RCE
will attempt to execute in a different mode which requires less resources.

Anather example of combining resource reservation and application adap-
tation is presented in [Bril, 2004]. In this approach resource reservation is
based on conditional guaranteed budgets (CGB). Conditional guaranteed bud-
gets can be allocated in two ways. a weak CGB or a strong CGB. A weak
CGB is alocated based on the surplus time of a CGB provider, and can only
be weakly guaranteed, even when that surplus time is available consistently.
Strong CGBs are based on the assumption that a structural load increase is
anticipated timely based on knowledge about the input stream contents.
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The combination of application adaptation and resource reservation has
also been described in [Foster, Roy & Sander, 2000] and [Hamann, Loser,
Reuther, Schonberg & Wolter, 2001].

In [Pastrnak, De With, Ciordas & Van Meerbergen et al., 2006], [Pastrnak,
De With & Van Meerbergen, 2006] and [Pastrnak, 2008] the authors describe
a method that combines reservations with a best-effort run-time adaptation of
the computation in the case of media processing systems executing on a multi-
processor platform. The study focuses on presenting the benefit of adding
best-effort computing services for the communication within an MP-NOC to
improve the efficiency in cases where resources remain unused due to the fluc-
tuating resource needs of some tasks. More specifically, given the fact that
in the case of MPEG-4 decoding the amount of objects is variable implying
that the decoding process is highly variable in resources usage, the execution
is ensured to have guarrantees on decoding at the lowest quality. The higher
quality levels are provided by adding best-effort tasks to the reservation-based
processing at the lowest quality.

The concept of combining guarranteed services with best-effort servicesis
visited also in [Rijpkema, Goosens & Et al., 2003] and [Goosens, Van Meer-
bergen, Peeters & Wielage, 2002]. In [Rijpkema, Goosens & Et a., 2003] the
authors present a router-based NOC architecture consisting of two parts. the
guarranteed-throughput (GT) router and the best-effort (BE) router. The guar-
rantees are never affected by the best-effort traffic, while the BE traffic uses all
the bandwith left over by the GT traffic.

Finally, overprovisioning is a technique that provides an easy solution for
QoS by providing an abundance of resources such that the service will always
be able to provide the highest level of quality. Although straight forward to
implement, obviously the disadvantage of this technique is that it isinefficient
and expensive especially in the case of media processing systems that expe-
rience highly variable resource needs. Overprovisioning in this case implies
that large amounts of resources made available for the worst case scenario in
terms of resource requirements, are needed and used completely only some of
the time.

Techniques for improving QoS at algorithm level

Aswe have seen in the previous sections, satisfying QoS requirements implies
satisfying the real-time constraints of the system which in the case of media
processing means that the video and audio renderer component tasks must ren-
der the video/audio information at the appropriate time. However, as we have
seen above, sometimes an application will not have enough resources to be
able to (for instance) decode the input stream fast enough such that each frame
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isrendered in time. One approach to this situation is that the decoder compo-
nent estimates the decoding and presentation time of the frame in processing.
If these estimated times are too late then the decoder component ”drops’ the
current frame and continues processing with the next frame in the input buffer.
This approach has been presented in [Isovic & Fohler, 2004]. The approach
presented above allows only the rendering of those frames that can be decoded
in time. The advantage of this method is that the frames that are rendered,
are decoded at the highest level of quality possible. The disadvantage is that
frames that could have been decoded if the application had had just "a little
more” resources will not be rendered at all.

In contrast to the afore mentioned approach, some of the techniques that
address QoS issues at the level of agorithms provide solutions to the "all
or nothing” situation presented above. For instance a video application may
temporarily drop the decoding quality level, to aleviate overload problems
[Wubben & Hentschel, 2003]. The algorithm implementing the decoder men-
tioned before belongs to a specia class called scalable video algorithms
(SVA).

In general an SVA consists of an agorithm that handles the media process-
ing and a quality control block [Hentschel, Braspenning & Gabrani, 2001].
The agorithm incorporates a number of specific functions, some of which are
implemented to be scalable. That means that depending on the available re-
sources, each of these functions can execute in a different mode (at a different
quality level) that ultimately determines the quality level of the output. The
overall quality of the output depends on the appropriate combination of the
quality levels of these functions. The optimal quality-resource combinations
correspond to optimal points obtained using a Pareto curves analysis. Given
the amount of resources available at acertain moment, the quality control block
determines which are the most appropriate modes of execution for each of the
specific functions such that the overall quality of the output is maximized.

In essence SVAs allow making trade-offs between resource needs, and out-
put quality while guaranteeing that the real-time constraints of the media pro-
cessing system are satisfied. That means that the value of the frame rate QoS
metric is always correct. The authors of [Lan, 2001] and [Peng, 2000b] give
an insight into the types of trade-offs they focused on when presenting their
complexity-scalable MPEG2 decoder with graceful degradation. Examples of
techniques they implemented for scalable MPEG2 decoding were:

e Graceful degradation which deals with the trade-off between the com-
pute resource (complexity) and the output quality [Peng, 2000d],
[Zhong, 2000].
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e Embedded resizing dealing with the trade-off between the compute re-
source (memory, memory bandwidth and complexity) and output image
size [Zhong, 2000], [Zhong, Peng & Van Zon, 1999].

Solutions describing computational complexity scalable video processing are
described in [Peng, 2001], [Mietens, De With & Hentschel, 2004q], [Mi-
etens, De With & Hentschel, 2004b], [Mietens, 2004] [Mietens, De With &
Hentschel, 2003].

In [Wist, Steffens, Verhaegh & Et al., 2005] the authors explain an ap-
proach that allows close-to-average-case resource allocation to a single video
processing task, based on asynchronous, scalable processing, and QoS adapta-
tion. The QoS adaptation balances different QoS parameters that can be tuned,
based on user-perception experiments. picture quality, deadline misses, and
quality changes.

Other examples from literature that address the SVA domain include [Lan,
Chen & Zhong, 2001] who also described a scalable MPEG decoder which
estimates the resource needs before decoding a frame and scales the decoding
such that it will not exceed the target computation constraint. In contrast to the
approach in [Wust, 2006], they only optimize the output quality of individual
frames and not the overall perceived quality over a sequence of frames.

In [Jarnikov, Van der Stok & Wist, 2004] the authors tackle an additional
problem, that of an input signal with fluctuating quality. Intheir approach each
encoded frame consists of a base layer and a number of enhancement layers.
Depending on the available resources, the video decoder may decide to decode
only the base layer, or to follow up with a number of additional enhancement
layers. Decoding only the base layer produces poor output quality results, nev-
ertheless the timing constraint of the system is respected and the frame is not
dropped. Decoding additional enhancement layers on top of the base layer im-
proves the output picture quality. Alternative scalable video coding solutions
are described in[7, 8, 9, 10D]

Techniques for improving user perceived QoS

The technigues surveyed so far, aim to improve the QoS from an objective
point of view determined by specific values attached to QoS metrics. Unfortu-
nately, experience shows that sometimes by attempting to improve the values
of the QoS metrics, the quality of the (human) user experience while using the
service isnot changed, or on the contrary is diminished. The quality of the hu-
man experience while using a service is named in literature perceived quality,
or user perceived QoS

For instance, in [Jarnikov, Van der Stok & Wiist, 2004], [Jarnikov, 2007]
we have seen that the quality of aframe depends on the number of decoded lay-
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ers corresponding to the frame. The more layers decoded, the better the quality
of the frame. However experience shows that the perceived quality can be af-
fected negatively in the case of viewing a sequence of frames (a movie) with
fluctuating numbers of layers belonging to the constituent frames. Although
in some cases while decoding the movie sequence there would be enough re-
sources to decode frames from time to time at a higher quality, in doing so the
user will experience achanging in the quality of the image which is perceived
to be more disturbing than if the entire sequence would be decoded at alower
quality.

In that sense we consider very relevant the work presented in [Zink,
Kinzel, Schmitt & Steinmetz, 2003] where the authors present an assessment
of video quality relative to the influence of the amplitude and frequency of
layer variations. The amplitude is defined as the height of a layer variation
while the frequency determines the number of layers variations. A segment is
an equal-sized time unit per layer. We present below a few of the techniques
for achieving higher levels of user perceived QoS produced by their studies:

e Stepwise decrease of layer encoded video amplitude: a stepwise de-
crease is rated better than one single but higher decrease.

e Low layer encoded video frequency: decode less but a constant amount
of layers.

e Closing the gap: if in position to choose, closing a gap on alower level
results in a better quality than closing a gap on ahigher level.

e Decrease vs. increase; starting with a higher amount of layers, decreas-
ing the amount of layers, and increasing the amount of layers in the end
again seems to provide a better perceivable quality than starting with a
low amount of layers, increasing this amount of layers, and going back
to a low amount of layers at the end of the sequence. This might be
caused by the fact that test candidates are more concentrated in the be-
ginning and the end of the sequence.

e Morequality at the end: increasing the amount of layersin the end leads
to ahigher perceived quality.

Also relevant for determining and measuring user perceived QoS are the
contributions in [Nelakuditi, Harinath, Kusmierek & Z.-L.Zhang, 2000] and
[Rejaie, Handley & Estrin, 1999] where the authors research user perceived
QoS metrics. In [Nelakuditi, Harinath, Kusmierek & Z.-L.Zhang, 2000],
Nelakuditi et al. state that a good metric should capture the amount of de-
tail per frame as well as its uniformity across frames. Their quality metric is
based on the principle of giving a higher weight to lower layers and to longer
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runs of continuous framesin alayer. The quality metric presented by the work
of Rejaie et d. [Reaie, Handley & Estrin, 1999] incorporates as parameters
completeness and continuity. Completeness of alayer is defined as the ratio of
the layer size transmitted to a terminal for decoding compared to its original
(complete) size. Continuity is the metric that covers the gaps in a layer. It
is defined as the average number of segments between two consecutive layer

gaps.
Behaviour simulation approaches for terminal media processing systems

In [Bondarev, Pastrnak, De With & Chaudron, 2004] the authors propose a
scenario simulation approach for predicting the timing and resource usage of
component-based media processing systems at design time. The authors vali-
date the technique on a case study that regards the devel opment of an MPEG-4
video application. The proposed approach is based on three concepts:

e models for the system component’s behaviour and resource usage

e execution scenarios of the complete system, in which the resources are
potentially overloaded

e simulation of these scenarios, resulting in timing behaviour of the de-
signed system.

In [Bondarev, Muskens & De With et al., 2004] the simulation approach
includes the possibility to handle mutual exclusion, combinations of aperi-
odic and periodic tasks and synchronization constraints. The simulator pro-
vides data about dynamic resource consumption and real-time properties like
response time, blocking time and number of missed deadlines per task.

1.4 Thesiscontribution

We compare our contribution along the three directions presented in the previ-
0us section.

Real-time theory for inter dependent tasks

Within this direction, each of the approaches presented provided valuable in-
sights, but none of them helps engineers to reason in the detail we need about
system behavior and associated resource needs.

Our research aims at providing an underlying theory that helps engineers
to reason rigorously about system behavior and associated resource needs. It
starts from the experimental observation that a media processing chain, as-
sumes arepetitive behavior, the stable phase, after afiniteinitial phase. Start-
ing from this observation we are building a theoretical model for the execution
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of streaming graphs in media processing systems. Our genera strategy is to
analyze streaming systems in an incremental manner starting from a simple
theoretical case, to redlistic streaming chains that include branching and com-
plex types of components mentioned in section 1.2.

Our approach allows usto calculate the execution order of the components
in achain, expressed as atrace of actions [Hoare, 1985] taken by each compo-
nent at system design time. We formally prove that the behavior of the chain
can be expressed as a unique trace, which assumes a repetitive pattern after a
finite prefix. The trace is completely determined by

¢ theindividual traces of the components determined by their type,
¢ thetiming behaviour of components,

the topology of the system,

the capacities of the communication buffers,

static priorities of the components.

The unique trace of actions proves an excellent starting point for further
analysis. Theinitial phase can be calculated and optimized . Simple additive
formulas for the start times and response times of the individual tasks and the
complete chain are immediately available. The number of context switches,
and the position of the context switches in the component traces, which is an
indicator for their overhead cost, can be extracted from the trace. Also given
the individual traces of the components and the channel constraints (due to
the asynchronous communication), we calculate the necessary and sufficient
capacities for each buffer in the chain such that deadlock will not occur and
overprovision in terms of the processing power is avoided for systems con-
fronted with highly variable computational needs. Hence the approach also al-
lows the calculation and optimization of the capacities of the queues between
components.

The repetitive nature of the chain is an important property that also makes
reasoning about composition of chains much easier. Designers need only to
reason in terms of patterns of execution at the level of the chain instead of rea-
soning about the individual behaviors of components within the whole system.
This approach also makes systems open in the sense that the effect of inserting
(or withdrawing) components from a chain can be rigorously predicted and
controlled.

QoS improving techniques for media processing systems on the terminal

Our work describes techniques for guaranteeing QoS requirements at system
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(RCE) level. The QoS metric that we focus on is the frame rate. The tech-
niques we propose and formally prove are to be applied at design time and are
based on:

o the relation between the sum of the computation times of one loop iter-
ation of the components and the required frame rate,

e aspecific priority assignment to the component tasks,

e a minimum necessary and sufficient of buffer capacity in a specific
buffer as a trade-off for less processing power such that overprovision-
ing isavoided in the case of systems requiring highly variable processing
load.

Behaviour simulation approaches for terminal media processing systems

Finally, when comparing our contribution with the related work described in
the previous section along this direction, we notice a few aspects.

The work is related in that we address the same class of systems - me-
dia processing systems designed using a pipes and filters architectura style.
However while the authors referred to in the related work section use asimula-
tion based approach, our approach is analytic. We model the system we study,
and formally prove properties about its behaviour. These properties are further
on used to prove optimization techniques regarding the system resources and
timing properties aswell.

An important point is that in the simulation based approach the validation
of results is given on numerous specific scenarios. In our approach the analy-
sis revedls an inherent behavioral property of this class of systems, designed
according to the pipes and filters architectural style and scheduled according
to fixed priority scheduling. Thisis very relevant because it implies that the
results we present hold for any input streams used and for any scenarios that
conform to the class of systems we address.

1.5 Thesisoutline

In Chapter 2 we establish a number of basic concepts used in our theory, and
we formally introduce the systems we study. Our aim is to anayze the sys
tem behavior by focusing on the corresponding trace set that contains traces
recording all potential executions of the system and the actual one. In this
chapter we present our approach to identifying the trace that records the actual
execution of the system. The conclusion of the chapter isthat both in pipelined
systems with and without timing constraints, there exists a unigue trace p that
specifies the system execution.



1.5 Thesis outline 19

In Chapter 3 we analyze the behavior of a pipelined system without timing
constraints, where all components in the system are data-driven. The system
we address is a linear media processing chain executing in a cooperative envi-
ronment. We analyze the system behavior by studying the unique trace p that
records its actual execution. We formally prove that the trace becomes repeti-
tive (the stable phase) after afinite prefix (the initial phase) and we show that
this trace can be calculated at design time. This approach allows the calcula-
tion and optimization of the capacities of the queues between components, of
the initial phase, of the number of context switches, and of the response time
of individual components and the entire chain.

In Chapter 4 we anayze the behaviour of linear chains that contain data-
driven and time-driven components. In contrast to the system studied in Chap-
ter 3, the systems we analyze in this chapter have timing constraints, and QoS
requirements. We prove that atime-driven component in a chain where all the
other components are data-driven, has the same influence on the overall exe-
cution of a chain as a data-driven component with minimum priority has on
a chain composed of only data-driven components. This reduces the analysis
of this time-driven system to be identical to that of the data-driven system in
Chapter 3. In the case where a system contains two time-driven components,
we show how the system can be designed such that al components develop a
dependency on only one of the time-driven components. One other important
result of this chapter refersto CPU overload situations in which the time-driven
component at the end of the chain misses its deadline for a number of periods.
In these cases we show how to design the system such that there always ex-
ists an infinite suffix of the trace p during which the chain satisfies the QoS
requirements. The results of this analysis are relevant because they show a
cheap solution at design time of systems that guarantees meeting QoS require-
ments for an infinite suffix of the system trace. The solution is suitable for
systems that experience high variations in computation times of tasks and it
concerns trading off small additional amounts of memory in a specific buffer
for much lower processing power.

In Chapter 5 we introduce a new type of components called components
with deferred execution. The analysis of this chapter shows what is the in-
fluence of adding a component with deferred execution to the systems pre-
vioudly studied in Chapter 3 and Chapter 4. In al analyzed cases we prove
the repetitive nature of the system execution and we analyze the influence of
the component with deferred execution on the overall execution of the system.
Practical applications regard again techniques for meeting the QoS require-
ment, optimization of memory, number of context switches and response time.
A distinguishing issue tackled here is the optimization of CPU utilization by
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eliminating the potential idle times occurring during the deferral times of the
component with deferred execution.

In Chapter 6 we study the influence of the input stream contents on the
overall execution of amedia processing system. This influence comes asare-
sult of the fact that the behaviour of some components in the system changes
depending on the input stream contents (components with execution dependent
on the input stream contents). Building towards realistic systems, we adopt
an incremental approach starting from a system without timing constraints to
systems with timing constraints. The aim isto study the influence of the com-
ponent with execution dependent on the input stream content on the overall
systems behaviour. In both cases we show that the traces that record the exe-
cution of the systems we analyzed adopt a repetitive pattern dependent on the
contents of the input stream. The two patterns correspond to the two execution
scenarios of the component dependent on contents of the input stream. For
this new pattern of execution we address again practical applications concern-
ing QOS, optimizing system resources and timing properties.

In Chapter 7 we study the execution of a system consisting of a linear
sub-chain connected to two other linear sub-chains with timing constraints.
The main difference between the system studied here and those studied in all
previous chapters is the system topology: in the previous chapters we have
studied linear chains while in Chapter 7 we tackle the analysis of a system
with branched topology. Aside of that, in the present case we aso introduce
a new type of component, the demultiplexer. In the system we study here, the
sub-chain that receives input from the environment, contains a component with
deferred execution and a demultiplexer component that provides input to the
other two sub-chains that follow in the graph. Each of the other two sub-chains
consists of a component whose execution depends on the content of the input
stream, a number of data-driven components and end with a time-driven com-
ponent. As afirst step, given the assumptions considered, we characterize the
execution of each sub-chain within the overall execution of the system, and
subsequently we characterize the interleaving of these two executions while
pointing out what are the situations in which the QoS requirements are setis-
fied. In characterizing the individual execution of each sub-chain within the
overall system execution we use a similar approach as presented in Chapter 6.
We explain that the actual interleaving between the executions of the two com-
posing sub-chains is determined by the ratio between the periods of the two
time-driven components at the end of the two sub-chains, the contents of the
input stream which influences the computation times of the trace actions, the
duration of the deferral times of the first component and the priority assign-
ment of the components. Practical applications concerning QoS, optimizing
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system resources and timing properties are addressed again at the end of the
chapter.

In Chapter 8 we analyze the behaviour of systems composed of two inde-
pendent linear chains as opposed to Chapter 7 where we studied the composi-
tion of two dependent chains. We tackled two types of independent composi-
tion: where none of the chains have timing constraints and the situation where
both chains have timing constraints. In the first case both chains are composed
of only data-driven components. We show that composing these chains is not
advisable because after afinite prefix one of the chains becomes starved. Inthe
second case the first chain corresponds to a video decoding chain and the sec-
ond chain to a surveillance application that saves on the hard-disk the images
captured by the first component. The challenge in this caseisto find solutions
for designing the composition of the chains such that both chains satisfy their
QoS requirements. We show that certain priority assignments imply supple-
menting the buffer capacities in the chains which is costly. We propose and
detail a cheaper solution in which the buffers do not need to be larger than one
position each. Our solution to satisfying the QoS requirement is to impose a
specific priority assignment to the components and to control the phasing be-
tween the executions of the two systems. We also show how to design a system
such that the necessary condition for the phasing is satisfied.

Finally in Chapter 9 we present the conclusions of the studies presented in
this thesis.
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Trace Theory Concepts and Overall
Approach

I n this chapter we establish a number of basic concepts used in our theory,
and we formally introduce the systems we study. The systems we address
in this work are composed of a finite number of software components. Each
component is specified by means of a program text (section 2.1). We use an
imperative programming language much like C or Pascal for that purpose. The
semantics of a program is given by a set of traces, each trace specifying a
potential execution of a machine according to the program (section 2.2).

Our aim is to analyze the system behavior by focusing on the correspond-
ing trace set. The trace set contains traces recording all potential executions
of the system and the actual one. In this chapter we present our approach
to identifying the trace that records the actual execution of the system. Sec-
tions 2.4 and 2.5 detail this approach for systems without timing constraints,
while section 2.6 analyzes systems with timing requirements.

2.1 Syntax

We use a simple intuitive syntax for the program text of the components us-
ing repetition (‘while'), selection (“if’), sequential composition (*;’) and basic
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PROGRAM  —  '{/C'V.

C — T
S

S — B
CS

B — skip
| VAR’ :=" EXPR
| receive’(' Q, VAR, NUMBER')’
| send /(' Q, VAR, NUMBER'Y’
| process_fct /(" VARLIST ")

G — EXPR

CS N If /(/ G/)/ thel’l /{/ g:/}/ el% /{/ g:/}/
while’(' G') do '{ SC'Y/

Figure 2.1. Generative grammar specifying rules according to which com-
ponent programs are constructed.

statements for communication and computation. The set of basic statements
and tests(guards) of program C specifying a software component is called its
aphabet A(C). Alphabets of different components are digjoint.

Consider thefollowing grammar (Figure 2.1) describing the syntax of com-
ponent programs that we study. SC denotes sequential composition, S stands
for statement, B stands for basic statement, G for guards, CS for compound
statement, Q for queue, VARfor variable, EXPRfor expression, and NUMBER
for a numeric constant. VAR and EXPR are non-terminal symbols that can
easily be defined by additional grammar rules which will not be included here.
Statements receive(Q,VAR,NUMBER) and send(Q,VAR,NUMBER) repre-
sent the retrieval and respectively sending of data via queue Q. Argument VAR
stands in this case for an array and NU MBER the number of items to retrieve
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or send. Statement process fct(VAR LIST) represents the processing body of
acomponent. Thelist of arguments represents the input variables and the vari-
able in which the result of the processing is stored. A simple example of a
component program derived from this grammar is:

C:{x:=a+byy:=b-c, z:=cxa, p:=d/b}

This program consists of four statements, each of them specifying a variable
being assigned the result of an expression. Note that we used C : as label
indicating the beginning of the program associated with component C.

Ancther example of a program specifies an infinite repetition of two as-
signments as presented bel ow:

C: {while(true)ydo{ x:=a+b;y:=b—a}}

Having introduced the basic concepts about component programs we con-
tinue with showing the types of components that are part of the systems we
study. We focus on systems consisting of a collection of communicating com-
ponents connected in a pipelined fashion (conform the Pipes and Filters archi-
tecture style). An instance of this architecture style, the TriMedia Streaming
Software Architecture (TSSA) provides a framework for the development of
real-time media streaming systems executing on a single TriMedia processor.
A media processing system is described as agraph in which the nodes are soft-
ware components that process data, and the edges are channels that transport
the data stream in packets from one component to the next. The channels are
implemented by finite queues (buffers). In the remainder of this thesis we will
use interchangeably the terms channel and queue referring to the same notion.
A simple example of such achain is presented in Figure 2.2.

fao fqs fq. fqa fnz fqn-1 fan
e L et N e N e LT et T
bqg bg, bg. bqa bqn-2 Qi1 by

Figure 2.2. Chain of components.

Every connection between two components isimplemented by two queues.
One queue (forward queue) carries full packets containing the data to be sent
from one component to the next, while the second gqueue (backward queue)
returns empty packets to the sender component to recycle packet memory. The
empty packets are returned to signal that the data has been received properly
and that the associated memory may be reused.

We denote with Cap(q) the capacity of queue g. We aso denote with L(q) the
length of g, where the length expresses the number of elements currently stored
in g. The capacity of fg isequal to the capacity of bg. The system executesin
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Figure 2.3. A basic streaming component.

a cooperative environment meaning that the environment will always provide
input and always accept output. That means that blocking on the queues g,
bgo, fay, ban, is not possible. The initial situation of the chain is that all
forward queues (except fqp) are empty and that all backward queues (except
bqo) arefilled to their full capacity. Thisis expressed as

Lo(fg)) =0 A Lo(bgi) =Cap(bg) Vi,0<i<N.

An example for the behavior of G, 1 <i < N, is the following (Figure 2.3):
the component receives 1 full packet (FP) from the input forward queue fq_;
8 then receives 1 empty packet (EP) from the input backward queue bq ',
performs the processing @ , recycles the input packet from fq_, by sending it
in the output backward queue bg_1 @ and finally, the result of processing is
sent in the output forward queue fq © . Relevant to note here is that different
component behaviors induce a different behavior of the overall system.

Figure 2.4 shows the program describing this execution of acomponent G,
syntax derived from the grammar we presented at the beginning of this section:

Finally we need to extend the grammar to be able to generate programs
implementing systems composed of a number of components as seen in Fig-
ure 2.2. The component programs execute concurrently while in themselves
do not have concurrency. The semantics attached to this program composition
is similar to the one presented in [Hoare, 1985], [Van de Snepscheut, 1993],
[Lukkien, 1991]. Informally, execution of R|/P, means that the basic state-
ments and tests of P, and P, are interleaved in a non-deterministic way. A
more precise definition regarding the semantics of the parallel composition of
two programs will be provided in the next section. We present the extension
to the grammar in Figure 2.5 below.
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Ci: { while(true) do
{ ®receive(fg_,, fPacket, 1);

© receive(bg, ePacket, 1);

© process. fct( f Packet, ePacket);

® send(bg 1, fPacket, 1);
/I fPacket became empty due to
/l memory recycling

© send(fq;, ePacket, 1);
/I ePacket is full now

Figure 2.4. Component program.

SYSTEM  —  '{'PC'}.
PC —  PROGRAM'||' PC
| PROGRAM

Figure 2.5. Generative grammar specifying parallel composition.

2.2 Semantics

In this section we are going to explain the semantics associated with programs
implementing components and systems consisting of a number of software
components. We first discuss the semantics of component programs and sub-
sequently the semantics of the parallel composition of component programs
being the system program.

The semantics of a component program is defined as the set of sequences
that correspond to the possi ble execution sequences of the basic statements, ac-
cording to the program. We call the basic statements actions and the sequences
traces. Our actions are atomic meaning that once an action starts executing,
it completes without interruption. An atomic execution of two actions a and
b is denoted by < a;b > with the interpretation that once action a starts ex-
ecuting, its execution is immediately followed by b without the possibility of
interleaving with some other action. In other words the execution of aand b is
contiguous, non-interruptable at any point.
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A trace is a finite or infinite sequence of symbols, where each symbol
stands for an atomic action. Traces sand t can be combined by concatenation
to s—t; if sisinfinite this concatenation isjust s. Concatenation is generalized
to sets of traces in the obvious way, by pointwise application. The length of a
trace t iswritten as |t|. The empty trace is denoted by €. For trace t,Pref (t)
denotes the set of al prefixes of t. We aso denote the fact that atrace sisa
prefix of t withsC t.

Consider a program C, and its associated alphabet A(C). The program is
generated using the rules of the grammar presented in the previous section. We
define function Al ph that for each element in alphabet A(C) returns the corre-
sponding set of atomic actions that appear in the program trace. We denote
the set of atomic actions appearing in atrace by A(C). Function Al ph returns
values from the power set of A(C). Therefore:

Alph:A(C) — 2~(©)

Alph(skip) % {skip})
Alph(VAR:= EXPR) &' [VAR:=EXPR}

(
(
Al ph(‘receive (Q, VAR, NUMBER)) %' {Q2VAR, NUMBER)}
('sen
(

Alph('send ( Q, VAR, NUMBER)) &' {QI(VAR, NUMBER)}
Al ph(’process fct (VARLIST ) % fc(VARLIST )}
Aph(G) £ (G}
We denote with Traces(X) the set of al finite and infinite sequences over a
set X.
To define the semantics of a program we introduce function Tr that takes

as input a program C and returns the set of traces that are possible according
to the program. Hence:
Tr(C) C Traces(A'(C))

Tr is defined using induction over the grammar. The simplest program con-
sists only of abasic statement. The trace set corresponding to such a program
contains one trace, which consists only of the action in A(C) corresponding to
the basic statement. Thus we have:

Tr('skip) & Ysipt
r(VAR:=EXPR) & YVAR:= EXPR#

Tr('receive (Q, VAR, NUMBER)) %' ¥ Q2(VAR, NUMBER) %

Tr(
(
Tr('send (Q, VAR, NUMBER)) &' ¥ Q!(VAR, NUMBER) £
Tr(’process.fct (VARLIST ) €' ¥ c(VARLIST)%
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Note that we use the’ & and "%’ symbols to denote the beginning and respec-
tively the end of atrace. Also note that send and receive actions viaa queue Q
are denoted as Q! and Q? respectively like in CSP [Hoare, 1985]. Whenever
the argument of these two actions is clear from the context we will use a short
hand notation in which the argument is dropped. The same holds for the trace
action associated with the process. fct basic statement.

The trace set of a program consisting of a sequential composition of two
statements S, and S, contains the concatenation of the traces corresponding to
S and the traces corresponding to $:

Tr(SuS) E THS) - Tr(S)
Another possible composition of two statements § and S isby using selection
and a boolean expression (guard). We denote the guard with G. The guard is
evaluated and depending on the result either § or S is executed. The guard
evaluation corresponds to an action in each trace where it occurs.
def

Tr(if (G) then {§} else {S}) = {G}~Tr(S) U {-G}~Tr(S)
Another way to compose astatement Sand aguard G isby using repetition. For
each iteration of the repetition the guard is evaluated and if the boolean value
is true the repetition body is executed, otherwise the execution stops. Before
defining formally repetition, we introduce additional notation about traces. For
T aset of traces,

7%= {e}

TH=T~T" n>0

T®={g(Vn:0<n:(Ju,v:ueT":s=uv))}
Using this notation we define:

Tr(while (G) do §) &

(Unzo({G}~Tr(§))") ~{(=G)} U ({G}~Tr(§)*
Note that function Tr returns the set of potential traces that record the poten-
tial executions according to the component program. Actual executions will
depend on the initial state (the initial values of program variables) in most
cases, and the state upon evauation of the guard. The situation where the
actual execution is not influenced by the initial state is when the respective
program variables are not present in the guard. We support this statement with
two examples below. In all cases, atrace starting in an initial state s followed
by a guard which evaluates to false, is a potential trace but is not atrace that
will record an actual execution.
Consider the following example;
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Ci: {i:=0;
while(i < 2) do {x:=x+1i; i :=i+1}}
Program C; has the following corresponding trace set:
Tr(C)={xi:=0~i1>2%,
Li=0"i<2-xX=x+i~i=i+1"i>2%,
Ji=0"i<2~x:=x+i~i=i+l-i<2~
X:=X+i~i=i+1~1>2%,

Li:=0~(i<2~ x:=x+i~i:=i+1)*%
}.

The trace set returned by function Tr includes all traces that record the
potential executions according to the component program. The initial state is
partialy fixed - variable i isinitialized, but x is not. Nevertheless we know in
advance which is the trace that records the actual execution because this trace
is determined by the trace state s= < i := 0 % preceding the evaluation of the
guard, and the evaluation of thei < 2 guard. Obviously the trace recording the
actual execution contains only two iterations of the while do loop regardiess
of theinitial value of x, because x is not present in the guard.

Also consider the case of aprogram containing awhile(true) do statement,
only theinfinite repetition records the actual execution, regardless of theinitial
state. Consider the example below:

Co: {i:=0; x:=0;

while(true) do {x:=x+1i; i :=i+1}}
The traceset corresponding to this program is
Tr(Cy))={<i:=0~ x:=0~ falsef,
Li:=0~x:=0" (true~ x:=x+i~i:=i+1)®%}

The trace recording the actual execution of program G does not contain any
false evaluation of the guard:

Li:=0~x:=0" (true~ x:=x+i~i:=i+1)?%.
In this case the initial state is completely fixed, both variables i and x are ini-
tialized at the beginning of the program. Indeed, because none of the variables
are present in the guard, the initial state does not influence the number of loop
iterations. Also note that there exists only one trace recording the actual ex-
ecution because the logical value true returned at the evaluation of the guard
cannot be changed from outside the component.

For the purposes of thisthesis we will always fix theinitia state by assum-
ing initialization of al program variables. One reason isto be able to identify
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the trace recording the actual execution. Another reason for imposing a unique
initial state is because we wish to have a unique set of values for the program
variables associated with a prefix of the trace. This way we are able to asso-
ciate a state reached during execution with a partial execution of a program.

Why isit then relevant that we know all potential traces? Because in some
situations, the environment in which a program executes can intervene in its
execution as well. For example we could have program G, executing concur-
rently with another program C,. Program C4, decrements the value of variable
i during each iteration of the loop of program G, thus canceling the effect of
thei increment in C;. In this case, program C; executes an infinite loop and the
trace recording this execution is infinite as well. In our semantics these possi-
bilities will occur again as traces in the parallel composition. Other examples
in which the environment intervenes such that any trace in the trace set records
the actual execution of program G, are easy to find and we will not present
them here.

We use the arguments presented above in deriving the trace set of compo-
nent program G in the TSSA chain presented in the previous section (2.4):

Tr(G) ={< false¥,
(X true~fg_4?~ bg?~ ¢ —~ bgi_1! ~ fg! $)®

The component trace that records the actual execution is
(x true ~fg_4? ~ bg? ~ ¢ —~ bg_1! ~ fg! $)®. We denote this
trace with CompTr; (1 <i < N). All CompTr; (1 <i < N) traces
are infinitely repetitive and the actions that represent one iteration are
true, fg_4?, bg? ¢, bg-1!, and fg! in the order they have been
presented. We denote the trace that records one iteration of CompTr, with tc,
meaning that

CompTr; = (tg)®, (L <i<N)
A specific iteration k of CompTr; is denoted with t§ .

Note that for a system composed of N components we use indices to iden-
tify the basic statements representing the processing body of a component in
the program and also to identify the corresponding trace actions:

Al ph(’process fct 1 (VARLIST ) €' {c/(VARLIST )}

def

Alph('process fct_N (VARLIST )') = {cn(VARLIST )}

Also

Tr(’process fct_1 (VARLIST ) & & ¢ (VARLIST)%
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Tr(’process ft_N (VARLIST V) &' ¥ cy(VARLIST)%

Before discussing the parallel composition of programs we define the projec-
tion of atracet to a certain alphabet A, denoted by t T A, as the trace obtained
from t by removing all symbols not in A while maintaining the order given in
t. For trace t and symbol a we define the counting operator # as follows:

#t,a) =[t1{a}|
Informally, #(t,a) denotes the number of occurrences of aint. When thet is
clear from the context, we use a short-hand notation #a.

We arrived at the point where we can define the trace set given by the
paralel composition of two component programs G and C;. We start with a
simple example, Gy||Cy, withCy: {x:=a+b; y:=b-c;} andC,: {z:=
cxa; p:=d/b}. Thetrace sets associated with each program are

Tr(Co) ={9x:=a+b~y:=b—cf}and

Tr(C;) ={gz:=cxa~ p:=d/bt}
The trace set of the parallel composition of the two programs contains all pos-
sible interleavings of the trace from Tr(Gy) with that of Tr(Cy):

Tr(Col|C1) = {<x:=a+b~y:=b—c~ z:=cxa~ p:=d/b¥,

IX:=a+b~z:=cxa~y:=b—-c~ p:=d/b#,
IX:=a+b~ z:=cxa~ p:=d/b~y:=b—c¥,
Yz:=cxa~ x:=a+b~ p:=d/b~y:=b-c¥,
Jz:=cxa~ p:=d/b~ x:=a+b~y:=b-c¥,
Jz:=cxa~ X:=a+b~y:=b—c~ p:=d/bf }.

In genera, the trace set yielded by the parallel composition of two pro-
grams Cy and C; contains all possible traces constructed by arbitrarily inter-
leaving the tracesin Tr(Cp) with those from Tr(C):

Tr(Co||C1) = {s€ Traces(A'(Cop) UA'(Cy))|s T A(Co) UA(C1) =S A
STA(Cp) € Tr(Co) A sTA(Cy) €Tr(Cp)}.

Notice that because of the unique initial state, the trace set of a program
that consists of only sequential composition contains a single trace. However
in the case of the parallel composition of multiple programs, because of the
arbitrary interleaving of the program traces, the trace set of the parallel com-
position contains many traces in spite of fixing the initial state for each of the
programs. Also as alast observation, even in paralel composition of the com-
ponent programs G in the TSSA chain, traces CompTr; (1 <i < N) still record
the actual execution. That is because the evaluation of the guard in the repeti-
tion of all component programs is not influenced by the values of any variable.
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Moreover, even if that were not the case, none of the component programs in-
terferes in the execution of another by changing the values of avariable during
the repetition loop.

2.3 States, invariants and channels

A trace set corresponding to acomponent program represents all possible com-
plete executions. A machine being in the middle of such an execution has only
executed a prefix of such atrace. We associate such a prefix with a state during
execution. Hence, the set of states during execution is characterized by the
prefixes of the trace set, the prefix closure. For atrace set T we denote this set
of states by S(T).

Properties that are true for all states of atrace set are called invariants. For
example, with C: { while (true) do {B;; By} } we have

[ 10 <#(t,by) —#(t,bp) < 1forall statest in S(Tr(C)).

Note that we used the notations b and b, for the actions corresponding to
basic statements B; and B,. This invariant merely states that actions by and

b, aternate in every (partial) execution. In such an invariant we drop the state
argument from the function and smply say that

0<#h—#b, <1

isan invariant of C(or of Tr(C)).

Invariant | above is an example of a synchronization condition. Actions
b, and by, are in this example synchronized by virtue of the program syntax.
We call such an invariant atopology invariant. However, instead of looking at
invariants that the trace set already has, we can aso impose invariants. These
represent limitations on the execution of the atomic actions. These imposed
invariants then lead to a restriction to the subset of traces and corresponding
states for which the invariants hold. Asan example, consider once more G||Cy
with:

Co: { while(true) do {B;; B,}} and
Ci: { while(true) do {Bs; Ba}}.

We now decide that action by represents a send action and by areceive action
on an unbounded channel. This interpretation leads to imposing the invariant
#b, — #b, > 0. This means that in the trace set of the parallel composition
certain traces are ruled out as an accepted behavior compared to the situation
when none of the statements were used for communication. (Notice that the
invariant must hold for all states derived from this set). Alternatively, we may
decide that b; and by form a synchronous channel asin CSP. Thisis captured in
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the invariant that by and b, always follow each other immediately in the trace.
This limits the trace set again; notice that this effectively orders by and bz as
well. Asanother example, assume that we assign Gy ahigher execution priority
than C;. This trandates into the invariant that no G actions can precede Gy
actions.

Following up on this discussion we would like to impose communication
viabounded queues. Thisis expressed in the following invariant

0<L(Q) <Cap(Q) (2.2)
with

Cap(Q) > 0. (2.2
Theinitia situation isLp(Q). Notethat L(Q) = Lo(Q) +#Q! — #Q? for astate
s. Hence we extend the notation for the queue length to L(s, Q) so astoinclude
the state sin which we count the number of packets in the queue. In the rest of
the document we use the short hand notation L(Q) when the state to which we
refer is clear from the context.

Equation (2.1) can be rewritten as

0 < Lo(Q) +#Q! —#Q? < Cap(Q). (23)

The introduction of constraints on the interleaved behavior also leads to
the notion of blocking. Consider a constrained trace set T and a particular
state s of the system, i.e., an element of the prefix closure S(T). Suppose also
that the trace set is a result of a parallel composition G||C;. Any action by in
A'(Cp) such that s~b; 1 A'(Cp) isastate of Tr(Cy) and s—bj isastate of T is
called aready action of Gy in state s. If s~b; isnot astate of T it is apparently
not possible to execute by in the constrained set. We say that G is blocked at
b, in state sof T, denoted as"Cy b by[in sof T]”. In most cases both sand T
are clear from the context and then we leave them out. When T is given, then
in any state s we can divide the set of components into blocked components
(B(s)) and ready-to-run components (RR(s)).

We close this section with adding a few more concepts relevant to our
model. We define Comp as afunction taking as argument an action and return-
ing the component with the alphabet to which action b belongs:

Comp(b)=C = beA(C)

Furthermore, consider atracet written ast =1 —~ by —~ by — t;. If
Comp(by) # Comp(by), then we say that a context switch occurs between
Comp(by) and Comp(by) in state ty—b;.

Finally, we define the number of context switches (NCS) function taking as
argument afinite trace from atrace set T, and returning the number of context
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switches accurring in the trace:

NCS: T — N,
NCS(e) =0,
NCS(b) = 0,

v NCYbt) if Comp(by) =Comp(by)
NCS(b™ b, t>_{ NCS(b,~t)+1 otherwise

2.4 The Streaming Pipeline

We are now going to analyze the behavior of the streaming system example
described in Figure 2.2. As afirst step we identify those traces that specify
the system behavior, and we present the method for identifying these traces
in this section. We start by considering the trace set containing al arbitrary
interleavings of components actions, yielded by the parallel composition of
components. On these traces we progressively impose conditions in the form
of predicates. Each time a condition is imposed, it reduces the trace set to a
new one, containing only those traces that satisfy the condition. The predicates
imposed denote properties or characteristics of the system execution such as
the communication via bounded buffers and the fixed priorities assigned to the
components. In the end, the trace(s) that satisfy these conditions specify the
system behavior.

24.1 Channd constraints
We define A to be the union of the sets of trace atomic actions corresponding
to all components programs (A = LleA’(Ci)), and A® the set of all infinite
1=1..
traces which are formed from actionsin the set A. The set of traces that results
from the interleaving of the component tracesis caled T:
def
T = Tr( || G
i=1.N
The relations expressed in equations (2.1), (2.2), and (2.3) hold for all queues
of this system as well. From the syntax of the components we obtain the
following topology invariants.

0<#g 12— #bg 1! <1, 1<i <N (2.4)
0<#bg?—#g! <1, 1<i<N (2.5)

For convenience, we give names to these differences and call them x and y;
respectively. Thefour different values of this pair correspond to different states
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or positions within trace tc;. We re-write the equations above as
0<x,¥% <1 1<i<N (2.6)

Asthe operations on the queues are executed in the component program shown
in Figure 2.4, x, and y; can take new values:

X =1AYy =0, after actionfg_4,?, 1 <i <N. 2.7)
x =1 Ay =1, after actionbg?, 1 <i <N. (2.8)
X =0 Ay =1 after actionbg_1!, 1 <i <N. (2.9
Xi=0 Ay =0, after actionfg!, 1 <i <N. (2.10)

In general the following property holds:

Property 2.1. Cap(bq) = L(fqg;) +L(bg) +X+1+Vi, VO<i <N.
Proof.
L(fq;) + L ()
= { theinitial state of the queuesis: L(fq) =0 A L(bagi) = Cap(bag),
VO <i< N}
#fq,! — #fq,?+ Cap(bg; ) + #bq;! — #bg; ?
= {Xp1=#0q?—#bq!, y = #bg?—#q!}
Cap(bgi) — Xi+1—Vi- _
In the following we restrict ourselves to the channel-consistent traces of
this system, i.e. those traces in T that for al their prefixes satisfy (2.1) for
al channels in the system. Predicate Scc specifies this constraint. The set
obtained by imposing Scc on all traces from T iscalled Te::

Sce(t) & (Vse Pref(t),fg,bg (1 <i<N):

0 < #(t,fq!) —#(t,fq?) < Cap(fq;) A
0 < Cap(bg;) +#(t,bgi!) —#(t,bgi?) < Cap(bg;)).
T € {t € Ty|Scc(t)}.

Imposing Scc limits the order in which actions can interleave, and introduces
blocking. For the new constrained set T we recapitulate the definitions for
ready-to-run and blocked components. Given s from S(Tc) a component G
is ready-to-run in state swhen for an action ain A(C;) such that s~a 1 A'(G))
isastate of Tr(G) wehavethat s~a € S(Te). Also, aiscaled aready action
of G in state s. If s~aisnot an element of S(Te) it is not possible to execute
a in the constrained set in which case we say that G is blocked from channel
perspective at a in state s of Tg.



2.4 The Streaming Pipeline 37

Next we show that blocking at a send action in any state of T is not
possible.

Property 2.2. For component G (1 <i <N), blocking at bg_1! isnot possible
in any state of T.
Proof. We prove this by contraposition by considering a state s where G
would be blocked at bg_1! and showing this state cannot exist. To be blocked
at bg_1!, execution of G has to proceed until just before bg_1!. This means
that for this state swe have

x=1 (2.11)
In addition, blocking is caused by the channel consistency, hence L(s,bgq-1) =
Cap(bg;_1). Thisexpression is eguivalent with

Cap(bg;—1) +#(s,boi—1!) —#(s,bg_1?) = Cap(bgj_1) (212
meaning that
#(s,bg_1!) —#(s,bg_1?) =0 (2.13)
We compare the situation between G and G;_1:
0
< {(211), (2.6) }
X +VYi-1

= {(24), (25 }
#(s,fi_1?) —#(s,bg_1!) +#(s,bgi_1?) — #(s,fg;_4!)
= {(213))
—L(fo_1)
L(fg;_4) isat least 0 according to (2.1), which is a contradiction. O

By symmetric reasoning we also have:

Property 2.3. For component G, blocking at fg;! is not possible in any state
of Tec. O

From these two properties we conclude that when blocking of components due
to communication occurs, it is possible only at input actions.
At the end of this section we include two more properties.

Property 2.4. Let G be such that G is blocked at action fg_4?in s of Te then
Ci_1 cannot be blocked at action bg_1?ins.
Proof. We assume that G is blocked at action fg_;? in sof Tec and Gi_; is
blocked at action bg_1?ins. If C; isblocked at action fg_4?then L(fg,_;) = 0.
Also Ci_1 blocked at action bg_,?impliesL(bg_1) = 0.

We have that:
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Cap(bgi—1)
= {Property 2.1}

L(fgi_1) +L(bgi—1) +X +Vi-1
= {(2.10), (2.7)}

0+0+0+0
0
which is impossible given that according to (2.2) the capacities of all
gueues are strictly positive. O

Property 2.5. Let G be such that G is blocked at action fg_,? [in s of Tec]
and if G isblocked [in s of Tec], then Ci_1 is blocked at action fg_»?in sas
well.

Proof. Results directly from Property 2.2, Property 2.3 and Property 2.4. O

2.4.2 Precedenceorder constraints

Next we introduce an additional restriction on the traces of T in the form of
apriority assignment. We define priority as a function P that returns for each
component aunigque natural (2.14) number with the interpretation that a higher
number means a higher priority.

Vi,j e N,i # j < P(G) #P(Cj). (2.19)
The execution mechanism will select the next ready action of the component
with the highest priority in the ready-to-run set. The invariant that specifies

this mechanism is presented below:

Scp(t) «f (Vse X(t), ae A, ucTraces(A) A t=s~a u:

P(Comp(a)) = max_ P(C))

Limiting Tec according to Scp gives Ty, the priority consistent traces:

def
Toe = {t € Tec|SOP(t)}.

Property 2.6. Tpc has precisely one element.
Proof.  We wish to prove that [Tyc| = 1. In the first part of the proof we

show that Ty consists of at least one element. We prove that by construction
according to the definition of Scp, following the algorithm below:

Po-=§&,

~a, if Ja:P(Comp(a))= max P(C
i { Pn (Comp(a) = _max P(C)

pn, Otherwise
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We consider p = r!impn. Scp(pi) holds for al i, and each p; is a prefix of p,
hence Scp(p) holds aswell. Therefore |Tyc| > 1.

In the second part of the proof we show by contraposition that |Toc| < 1.
We assume:

J tiheTy, L#b:ti=s"a -~ uAtr=s"a W
The fact that the priorities assigned to all components are unique (2.14) and
given that P(Comp(a;)) = P(Comp(a)), implies that Comp(g) = Comp(a).
Thisimpliesthat in state s there do exist two ready actions of the same compo-
nent, which isimpossible according to the definition of ready action. Therefore

| Tpe| < 1.
The conclusions of the two parts of the proof (|Toc| > 1 and [Ty < 1)
imply |Tpe| = 1. O

We denote the unique trace in Ty with p and we are interested in the occur-
rence of context switchesin p. Consider a context switch between components
G ande, i.e, p= S’“ai’“bj’“u (a; S A’(Ci) and bj € A’(Cj)). If P(Ci) < P(Cj)
we say that C; preempts G, we call this situation preemption and the context
switch occurs due to preemption. In the other case (P(G) < P(C;)) wecall this
acontext switch due to blocking.

At the end of this section we make a last observation. All components
in the systems studied here become ready-to-run as soon as they have data in
their input queue. For this reason we will call them from here on data-driven
components.

2.5 Approach summary

The model presented above is afairly conventional interleaving model. Com-
pared to regular trace semantics there are two major differences. First, we
use the complete executions according to the syntax as the semantics, rather
than the prefix closure. Secondly, we do not introduce any synchronization
concepts in the syntax or the trace semantics. Instead we introduce the inter-
pretation of atomic actions as well as execution policies by limiting attention
to those traces that satisfy the interpretation. This makes the semantics simpler
and the manipulation easier.

We consider a system consisting of a parallel composition of communi-
cating components. The corresponding trace set is limited to those traces that
satisfy the channel properties for all channels (section 2.4.1). We cal this
the channel-consistent traces. On top of this set we impose priorities (sec-
tion 2.4.2). Thisresultsin just a single trace for the system, which depends
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| arbitrary interleavings |

‘\\ [ i
\\ channel consistent i
)

traces /

\ | i

\| priority consistent
A traces

2

Unique trace p

Figure2.6. Approach of selecting thetrace that specifies the system behavior.

on the priority assignment. Characterizing precisely this trace is one of our
targets. In short, we analyze the system in terms of time and behavior as a
function of:

¢ the choice of the atomic action order in the components,
e the channel properties (e.g., the capacity);
e the priority assignment.

2.6 Introducing timing constraints

In this section we present further characteristics of the systems we study,
namely timing constraints. We introduce a system composed of N compo-
nents where N — 1 are data-driven and the last component Gy has a periodic
behavior. We call component Gy a time-driven component. Such a chain is
presented in Figure 2.7.

fgo fqy faz fqa fan-2 figin-1 fan
;D G m Ce [[:... D Ca qf,,, . gﬂ Cn-1 Cu
bgo s ba, bg. bas On-z 1 DOt i ban
_________________ \!_--'-_-—'————-——————-’ *
Data-driven Time-driven
components component

Figure 2.7. Chain of components ending with a time-driven component.

The aim is again to study the behavior of the system by focusing on its
corresponding trace set. We maintain the approach presented in section 2.5.
Thetrace set we focus on islimited to those traces that satisfy the choice of the
atomic action order in the components, channel properties, timing properties
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(owing to the periodic behavior of Gy), and the priority assignment to compo-
nents. We start by analyzing the trace set containing all traces corresponding
to all possible arbitrary interleavings of the components actions (T;), and pro-
gressively we impose invariants such that eventually we obtain the trace (and
schedule) that specifies the system behavior.

Before we detail this approach in section 2.6.3, we present the syntax and
trace set for the execution of component Gy (section 2.6.1). We also introduce
a few basic concepts related to timing such as computation time associated
with actions, schedule functions and chain response time in section 2.6.2.

2.6.1 A timedriven component

The last component in the chain (Cy) has similar behavior as the rest with
respect to the operations on the queues. However this component has peri-
odic behavior meaning that any iteration i of its loop is executed after i — 1
time intervals Ty. At the programming level we add a basic statement called

delay_until (VAR) where VAR refers to an absolute time. We also extend the

trace alphabet by defining Al ph(delay_until VARY) = {d(VAR)}. Thein-

formal interpretation of delay_until (t) isthat, if invoked before 1, it delays the
execution of component Gy until time is 1. We aso add the basic statement

getTime(VAR) where VAR refers again to an absolute time. The correspond-

ing trace action in the trace alphabet is defined by Al ph(getTime(VAR)') i

{gt(VAR)}. Statement getTime(VAR) is reading the current time and storing
itin VAR,

The syntax for the execution of component Gy is presented in Figure 2.8.
Variable TN contains the time at which Gy starts its execution.
The trace set of component Gy is

Tr(Cn) = {th ~ falsg,

tg, ~ (true~ foy_1? ~ ban?~ o — bon-1! — foy! —
i=i4+1" d(TON+i*TN) )}
where th specifies the statements preceding the loop guard in the program:
th = {gt(ToN) ~i:=0%.
We denote with tc,, the following trace:
te, = g true~ foy_1?~ bon?~ on ~ ban-1! ~ foy! —

i=i+1~d(T]+ixTy) .

In practice in some cases, at the time that Gy must start executing, an
atomic action of another component executes on the CPU. Given the atomicity
of the action, its execution cannot be preempted by Gy even when Cy has a
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Cn: { getTime(TY);
i:=0;
while (true) do
{

receive( fan-_1, fPacket, 1);
receive(bqy , ePacket, 1);
process. f cty ( f Packet, ePacket);
send(bgy_1, fPacket, 1);
send( f gy, ePacket, 1);
=141
delay_until (T +i % Tn);

Figure2.8. Program of a time-driven component.

higher priority, and therefore Gy is delayed until the end of the action execu-
tion. Thisdelay is limited to avalue pu which is a given system specific value.
Hisat most the maximum over all computation times of atomic actions:

U< maxd(a). (2.15)

achA

d(a) represents the computation time of action a and is defined in the next
section. In practice the g actions (1 <i < N) corresponding to the processing
body of a component has in general a much larger computation time. For this
reason we renounce to the atomicity of actions ¢ and we decompose it into
a number of smaller actions of computation time. From this perspective our
model resembles the model of tasks used for fixed priority scheduling with
deferred preemption (FPDS). Indeed in the case of FPDS, each job of atask
is assumed to consist of a number of non-preemptable subjobs. The tasks can
only be preempted at the end of a subjob, and not during a subjob execu-
tion ([Bril, Lukkien & Verhaegh, 2007a], [Bril, Lukkien & Verhaegh, 2007b],
[Burns, 1994)).

In view of the decomposition of action g into smaller actions, we present
below the new trace set associated both for a data-driven component as well
as for atime-driven component. The corresponding trace actions in the trace
alphabet of the new basic statements are defined below:

Al ph(process. fot; (VARLISTY) €' {c}(VARLIST), ..., ¢™(VARLIST)},
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def

Alph(’process fcty (VARLIST)') = {c(VARLIST), ..., " (VARLIST) }.

def

Tr('process fcty (VARLIST)) = & c}(VARLIST) ~ ...~ c[*(VARLIST) ¥,

Tr('process. foty (VARLIST)) ' 3 ¢l (VARLIST) ~ ... ~ ™ (VARLIST) %.
From here on, given the fact that the arguments (VAR LI ST) of the processing
actions mentioned above do not change, we drop the arguments when we
specify these actions in atrace. The new traceset associated to the program of
adata-driven component G is.
Tr(G) ={< false®,
(¥ true~fg_4?~ bg?~ ¢l ~ ...~ ¢™ ~ bg_1! ~ fo;! £)°}
Also the associated trace set of atime-driven component Gy becomes
Tr(Cn) ={t3, ~ false
e, ~ ($true~ foy_1?~ bon?~
...~
N . N
ban-_1! —~ fay! ~ ii=i+1~ d(TN+ixTy) $)°}
where téN specifies the statements preceding the loop guard in the program:

2, = Jat(Tg') ~ i:=0f.
Trace tc,, becomes:
tc, = S true~ foqy_1?~ ban?~ ¢l ~ ...~ ¥ ~ ban-_1! ~ fou!
=i+l d(T]+i*Tn) $.

2.6.2 Basic conceptsrelated to timing

We introduce function 6, : Ax N — N that given an input media stream p for
each occurrence of an action from alphabet A in atracet from Ty, returns the
computation time needed to execute it. The computation time is expressed in
time units, eg. CPU cycles. 3p(a,k) denotes the computation time of the KN
occurrence of action a. Important to recognize is that the computation times
of different occurrences of an action can be different. In the case of the media
processing systems, the computation times of the actions are variable due to
dependency on input stream contents. For the MPEG 2 streams the values
of the function & can be determined by applying techniques shown in [Peng,
2000a].

We denote the K" occurrence of an action a € A(G;) in a trace with a.
From now on we take p fixed and, for ease of notation, do not write the depen-
dence on p everywhere. Therefore for d,(a, k) we use as a short hand notation



44

5(a). Note that the K" occurrence of action a processes the K" packet in the
input stream. The computation time of the delay_until action is 0. Lastly, we
denote with Ss(t) the function that returns the sum of computation times of
actionsin trace t and with §/(t) the sum of the worst case computation times
of actionsint.

We introduce the schedule functions S = {c|c : S(Ti;) — N} of the con-
current execution of components G, i = 1..N on a processor. They capture
decisions about when the actions of the components finish. For any state s
from (T ), a schedule function returns the finishing time of state s. The
finishing time of a state from S (T ) is expressed in units (such as the CPU cy-
cles), hence the domain of values of the schedule functions is the set of natural
numbers.

Once an atomic action starts executing, it completes without interrup-
tion. Hence, when in a given schedule ¢ a finite trace s~a finishes at time
1T (o(s~a) = 1), we know that execution of a started at timet — §(a) if aisnot
adelay action. Therefore, we can associate with each function ¢ ac that indi-
cates start times, which is perhaps a more natural interpretation of scheduling
- it amounts to a time assignment of actions in a trace. We use our definition
for the schedule functions because it is technically easier.

All time assignments in § must satisfy a few properties. First, a time
assignment must follow the monotonicity properties of real-time and in partic-
ular it must take the duration of action execution into account. This leads to
the following soundness criterion:

6(s~a) >o(s)+9d(a), vs~ae X(Ty), a#d(1) (2.16)

Secondly, when the platform switches execution between components there is
apenalty to be paid in terms of atask switch time. Thisswitching time depends
on the current state of the system (captured in the trace until that point) and the
new action. This consideration leads to a more precise formulation of (2.16),
where Sw(s,a) denotes the time to switch context in state sto Comp(a).

6(s~a) > o(s)+d(a)+9Sw(sa), Vs~ae X(Ty), a#d(t) (2.17)

A natura simplification is that Sw(s,a) depends solely on the last component
activein s. Then, when we write s= s—b, Sw(s,a) depends only on Comp(b)
and Comp(a). When Comp(b) and Comp(a) are equal, Sw(s,a) = 0.

With these restrictions, the only freedom of a scheduling mechanism isto
delay the execution of an action. The meaning of the criterion expressed in
(2.18) isthat when adelay action (d(t)) followsastates (s S(T;)) at atime
earlier than 1, the delay action advances the time until T. When the delay action
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follows s at atime egqual or later than T, the delay action has no effect.
o(s~d(t)) > 1, Vs~d(1) € S(Tee) (2.18)

For a given schedule o, the time interval between the end of switching time
and the start time of the subsequent action is called idle time.

In the remainder of this document we will restrict our attention to only
those schedules that indicate each action to be executed as soon possible (ea-
ger schedules). We focus on these schedules because they reflect the realistic
execution of a streaming chain on the physical platform. Hence, we define
the eager schedules to return for every state s of atrace t the minimum of the
values returned by al schedules (in §) for state se S (T ):

Geager () & (rjr;isnj o(s),Vse S(Ty)

Thefollowing properties show that the eager schedule is sound aswell. By
definition Geager is UNique and we have from (2.17)

Property 2.7. Geager (S~ @) = Ceager (S) +0(a) +Sw(s,a), Vs~aec S(Tj), a#
d(t), O

and from (2.18)
Property 2.8. Geager (S~ d(T)) = Max(T, Geager (S)), Vs~ d(1) € S(Tec) O

In systems without timing the system trace is determined only by buffer
data avail ability and by the priorities assigned to components. In systems with
timing the system trace is influenced by delay statements as well. In both
cases we consider the eager schedule of the resulting trace as the considered
time assignment. Unless indicated differently, we use ¢ to mean this eager
schedule. Notice that the eager schedule may have idle time.

We define the response time of the chain (RTC) for a packet k as the time
counted from the moment that the packet starts being processed by the first
action of component C; (fgy?) until the finish time of last action of Gy that
processes k (fgy!). RTC depends on the trace that records the chain execution,
the schedule associated with this trace, and the contents of packet k which
determines the computation times of each component action:

RTC: Ty xS xN—=N,
RTC(t,0,k) = (s~ fay!¥) — o(u~foe™) — 8(fge™),
with u~fgy™ C s~fay!k C t.
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2.6.3 A Characterization of Chain Execution

Having introduced the basic concepts related to timing, we are ready to detail
the approach outlined at the very beginning of section 2.6, regarding studying
the behavior of our systems by focusing on its corresponding trace set.

Thefirst restriction weimpose on theinitial trace set T, yields the channel -
consistent traces of this system, i.e. those traces in T that for al their pre-
fixes satisfy (2.1) for all channels in the system. Predicate Scc defined in sec-
tion 2.4.1 specifies this constraint. The set obtained by imposing Scc on all
traces from Tj; is Tec.

Next, we wish to ensure that we select only those traces where action
gt(Tg') records indeed the start time of the time-driven component Gy, which
aso should mark the beginning of itsfirst loop iteration. To that end we must
ensure that Cy is blocked at action gt (T3) aslong as no full packets have been
produced in foy_4. This way gt(ToN) will read the beginning time of the first
execution of Cy asit isintended. Otherwise, when Cy has the highest priority
in the system, gt(TJ') can potentially read a time much earlier than the time
when Cy can begin its first loop iteration, due to the fact that Gy might still
be blocked from channel perspective. For this reason we introduce an addi-
tional predicate that selects only those traces in T which adhere to the above
requirement:

Scot(t) &« (Vse Pref(t),fqg,bg(1<i<N):

#(s,fay_1!) —#(s.gt(Tg") > 0).

The new predicate limits Tec to a new set Ty Which contains only those
traces which satisfy Scgt called start time reading consistent traces.

Asanext step, given the eager schedule function o, we focus only on those
traces in Teg: that satisfy the following predicate:

Soc(u) = (vse S(u), d(t) e A(Cn), vEA®: u=sd(t)~V:

6(s) >1 Vv Act(s) =0)

where Act(s) is the set of actions (other than the delay action) that are
ready from channel perspective in state s.

Predicate Soc disqualifies a number of traces in Toy by restricting the sit-
uations in which a state can be followed by adelay action. Ssc imposes that a
delay action d(t) can follow a state s, only if o(s) is later in time than time t
specified in d(t), or if there are no actions (other than delay actions) that are
ready. Soc implies that a delay action can only execute at an earlier time than
T when there are no other actions that are ready. From here follows that in this
case thetimeinterval T — o(s) isidle time.

In general, for a system containing multiple time-driven components, Soc
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is defined as

Soc(u) ' (vse S(u),d(t) € Del(s),v e A®: u=s~d(1)~V:
(6(s) >tV Act(s) =0) A 1= mgn d(0) € Del(s))

where Del (s) is the set of delay actions that satisfy the requirements for a
delay action to execute in state s as shown in Figure 2.9.

d(t) d(v) d(t)

Figure2.9. Thedelay actionsof earlier timesare executed first: T1 < T2 < 3.

The new constraint yields another trace set Tgc that contains the schedule-
consistent traces that satisfy predicate Soc:
def
Toc = {ue Tec|Soc(u)
Predicate Soc implies that if an occurrence i + 1 of an action from A(Cy)
follows a state v e S(Tsc) in atrace u € Tgc then 6(v) > TON +i*Tn. Thisis
expressed as follows:

Property 2.9. (W€ S(Tsc), a€ A'(Cy), v-a™t € S(Toc) :

We are ready now to define the notion of ready and blocked from time
perspective for al actions of A(Cy). Any action ain A'(Cy) such that s~a |
A'(Cn) isadtate of Tey and s—ais astate of Tec is called aready (from time
perspective) action of Cy in state s. In such a situation we also say that G is
ready-to-run from time perspective in state s. If s~aisnot a state of Tsc it is
apparently not possible to execute a in the constrained set. We say that Gy is
blocked from time perspective at a in state s of Ty, denoted as'Cy bt a[in's
of Tsc]’'. We aso say that component Gy isidlein state s. If component Gy is
blocked from time perspective in state sit belongs in B(s), even if from channel
perspective it could execute. If Gy is ready-to-run from time perspective it
belongs to RR(s). Note that if Gy is ready-to-run from time perspective in
state s, it isimplicitly ready-to-run in s also from channel perspective.

Finally we introduce alast restriction on the traces of T in the form of a
priority assignment to the components. Predicate Scp expressing this restric-
tion was defined in section 2.4.2. Limiting T according to Scp gives Ty, the
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priority consistent traces:

def
Toe = {t € Toc/Scp(t)}.

The approach described above isillustrated in Figure 2.10.

| arbitrary interleavings J

\ I /
\ channel consistent J
traces

v [ /
“[ start time reading H
A

consistent traces /

\\ | fi
\| schedule consistent |/
1 traces /

\\ li.i
\| priority consistent |/
traces

.

Unique trace p, eager schedule o,

Figure 2.10. Selecting the system execution trace for systems with timing
constraints.

Property 2.10. Tpc has precisely one element.
Proof. Identical with the proof presented for Property 2.6. a

We denote the unique trace in Tyc with p.

2.7 Summary

In this chapter we have introduced a number of basic concepts used further
on in this thesis. We have also formally introduced the systems we study by
specifying the syntax for the program text of the system components. This
has been achieved by indicating the grammar that generates the component
program texts and the grammar for the parallel composition of components.
The semantics associated to a program text is specified using traces. We
wish to study the system behavior by focusing on the corresponding trace set.
However before we can characterize the trace(s) that specify the system behav-
ior, we need to identify them. In this chapter we have detailed our approach
to identify these traces. We started by considering the trace set containing al
arbitrary interleavings of components actions, yielded by the parallel compo-
sition of components. On these traces we progressively imposed conditions in
the form of predicates. Each time a condition is imposed, it reduces the trace
set to a new one, containing only those traces that satisfy the condition. The
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predicates denote properties or characteristics of the system execution. In that
sense the predicates we impose are mechanisms for the selection of only those
traces that specify an execution with the characteristics and properties of our
system execution. In the end, the traces that satisfy al conditions specify the
system behavior.

Examples of system characteristics specified by predicates include the
communication via bounded buffers and the fixed priorities assigned to the
components for systems without timing constraints. In the case of systems
with timing constraints an additional constraint isimposed to capture the peri-
odic execution of some components.

The conclusion of the chapter is that both in pipelined systems with and
without timing constraints, there exists a unique trace that specifies the system
execution. A second relevant issue is that there exists a unique eager schedule
associated with this trace and this schedul e satisfies also the soundness criteria
as they have been defined for all time assignments.
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A Linear Chain without Timing
Constraints

I n this chapter we analyze the behavior of a pipelined system without tim-
ing constraints as described in Figure 2.2. All components in the system are
data-driven and the program according to which they execute is presented in
Figure 2.4. We analyze the system behavior by studying the trace p that records
its actual execution (section 3.1). The process of identifying this unique trace
has been presented in sections 2.4 and 2.5. The characterization of this trace
has a number of consequences useful in practice because it allows us to derive
criteria for system design that show how to reduce:

o thememory used by the system by minimizing the buffer capacities (sec-

tion 3.2.1)

e the CPU time used by the system by minimizing the number of context
switches occurring during the execution. Minimizing NCS(p) implies
reducing the overhead associated with context switches (section 3.2.3)

e thelength of theinitial phase of the trace which helps reducing the chain
response time for the packets arriving during this phase(section 3.2.2)

o the chain response time for al packets(section 3.2.4).

51
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3.1 Characterization of theuniquetracep

We characterize the single trace p as a function of the priority assignment.
In the first sub-section we present two lemmas and a theorem that allow the
calculation of the trace at design time. In the second sub-section we show how
the theorem helps answer practical questions about the minimum sufficient
amount of memory, calculating and optimizing the length of the initial phase
sub-trace and minimizing the number of context switches.

Consider a component G that is aleft local minimum in terms of priority:

Virj<i: P(Cj) > P(Ci).

Whenever it is executing, the components to the left of it are blocked. How-
ever, the blocking can only occur at a single program statement (or trace ac-
tion), according to Lemma 3.1. In words, Lemma 3.1 states that whenever
actions of thislocal minimum component are executed, the components to the
left of it are blocked at reading an empty packet from their right neighbors. The
lemma specifies C; b bq;?[in s of Tc] in order to clarify the blocking context
given by Tec. Indeed the blocking is due to the fact that predicate Scc(s~ bg; ?)

does not hold.

Lemma3.1. Let C; be such that (Vj:j <i:P(Cj) > P(Cj)) and consider a
state s of St(p) such that the next action after sin p isone of A(C;). ThenC; b
ba;?[insof Te] for all j <i.

Proof. Thefact that G isaleft local minimum impliesthat when it executes all
other components to the left of it must be blocked. The question is at which ac-
tion these components are blocked. Thislemma states that all components G,
to theleft of G are blocked at action bg;?. We prove thisfact by contraposition.
Let C; be the leftmost component that is blocked elsewhere. Property 2.2 and
Property 2.3 already showed that blocking at output is not possible. The only
possible actions where blocking due to channel communication is possible is
either at action fg;_,? or bg;?. For Cy, blocking at fg,?is not possible because
of the cooperative environment hence, bq, ? isthe only possible place to block.
Therefore we must assume, j > 1 and Cj b fg;_,?. Thefact that component C;
is blocked at action fg;_,?, means that C; just finished the execution of action

fq;! (step @ in the program loop shown in Figure 2.4). At this step, the full
packet received from fq;_, has been recycled in bgj_jand the empty packet
received from bg; has been sent in fg;. Thisimplies:

Since Cj is the leftmost component that is blocked elsewhere, it means that
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Cj_1 isblocked at bg;_1?. In this case, from (2.7) follows that
yji-1=0 (3.2)

Thefact that C; isblocked at action fq;_; ?impliesthat the forward queuefq;_,
is empty meaning that the queue length L(fg;_;) = 0. Similarly Cj_1 b bgj-1?
implies that the backward queue bg;_1 is empty meaning that the queue length
L(bgj—1) = 0. From Property 2.1 we have that

Cap(bgj-1) = L(fa;_1) + L(baj—1) +Xj +¥j-1, V1< j <N.

However thiswould imply that Cap(bg;—1) = 0, which isacontradiction given
that Cap(ba;_1) is strictly positive. O

We have a symmetric lemma for G as a component with a loca right-
minimum priority inachain (Vj: j >i:P(Cj) > P(C)).

Lemma 3.2. Let C; be such that (Vj:j >i:P(Cj) > P(Cj)) and consider a
state s of St(Tpc) such that the next action after sin Ty is one of A'(C;). Then
Cj bfgj_;?[insof Tc] for all j >1i.

Proof. Proof analogous with the one of Lemma 3.1. O

Lemma 3.1 and Lemma 3.2 form the key for understanding the behavior
of the whole pipeline. Consider component G, with minimal priority in the
entire chain (P(Cy) = mlll’ll\l P(Ci)). The behavior of Cy, is given by

1=1..

J(true ~ foy_1?~ bGm? ~ Cm ~ bOm-1! ~ fon!) %
Lemma 3.1 and Lemma 3.2 give us that before the first execution of fg,,_1?,
all components C; to the left of Gy, have become blocked at bg;? and all com-
ponents to the right of Gy, are blocked at fg;_,?. The unique trace recording
the interleaved execution of components up to the first execution of an action
of Cn, is composed of

m-1m-1
6> Y Cap(bg)+2(m—1)
=1 i=]
actions (see Property 3.2), executed in an order determined by the priority of
the components left of C,. We denote thistrace by t;; and we call it theinitial
phase in the execution of the system.

After tini;, a few actions of Cy, occur until bgy_1!. Producing an empty
packet in bgy,_1 de-blocks component Gy, 1. Cp,_1 executes one iteration of its
loop during which it also produces an empty packet in bgy,_2, which in turn
de-blocks Gy—». In fact, in this manner al components G to the left of Gy, are
de-blocked in cascade. These components will execute one iteration of their
loop and eventually return to being blocked again at bg ?. The execution order
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of the component actions is entirely determined by the component programs
and the priority assignment. The trace recording this execution is of length
6(m— 1) and we denote it with t.. We denote the set of components to the
left of C, with LSCy,. At this point, Cy, is the only ready-to-run component
in the chain, therefore it resumes its execution with action fq,,!, according
to its program. This results in de-blocking in cascade of the components G

to the right of Gy,. These components will execute a full iteration until each
component is blocked at the same action again (fg;_;?). Thistrace has length
6(N —m) and we call it tg. We also denote the set of components to the right
of C, with RCy,. At this point Gy, is again the only component ready-to-run
and the situation described above repeats. The order of actions in the tracest

and tr is aways the same because the components programs and the priority
assignment does not allow any deviation. In short this means that the system
follows a repetitive behavior. We denote the trace that records this repetitive
execution with tgane and we call it the stable phase in the execution of the
system. We arrive at the following theorem.

Theorem 3.1. The pipeline system assumes a repetitive behavior after afinite
initial phase. The complete behavior is characterized by

P =Ttinit ™ tgavle-

tganie = (Strue~ fq,,_ 1?2~ bgm? ~ cm ~ bgm_1'% ~ tL ~ <fg,'* ~ tr)®
wheret, and tg are traces that record the interleaved execution of components
in LSCr, and respectively in RSGy,.

Proof. Follows directly form the above discussion. O

The following corollary follows directly from Theorem 3.1:
Corollary 3.1. The stable phase starts when G;, executes for the first time. O

At the end of this section we introduce the notion of system deadlock. We
include here the definition of deadlock as presented in [Tanenbaum, 2001].
A set D of tasks with at least one not terminated is called deadlocked if al
tasks in D are blocked, and for each non-terminated task in D, any task that
might unblock itisalsoin D. System deadlock occurs when all tasks arein the
deadlock set.

Property 3.1 shows a sufficient condition for the system to not deadlock.

Property 3.1. A sufficient condition so that deadlock does not occur is
Cap(fg;) > 1 (and implicitly Cap(bg) > 1), 1 <i < N.

Proof. We assume that the system is deadlocked and Cap(fq) > 1, 1 <i < N.
Implicitly Cap(bg) > 1, 1<i <N.
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If the system is deadlocked, then at least one component G is blocked on
communication with neighbor component(s). Property 2.2 and Property 2.3
show that blocking at send actions is not possible, therefore G can only be
blocked at one of its receive actions. We consider for the beginning that G
is blocked at fg;_;?, meaning that L(fg;_,) = 0. In this case Cj is blocked
on communication with Cj_;. Cj_1 must be blocked as well (according to the
definition of system deadlock).

If Cj_1 were blocked at action bqj_1?, then according to (2.7), yj—1 = 0.
This meansthat no empty packets areinside Gj_;. Thisimpliesthat all packets
used for communication between Cj_; and C; must be either in qu_l, orin
bg;j-1, or inside Cj. We have seen above that inthisstate L (fg;_,) = 0. Alsono
packets are inside C;, because Cj isblocked at action fg;_,?, meaning that =
0 according to (2.10). Thismeansthat all packets available for communication
between C;_1 and C; must bein ba;_1. SinceCap(bg;_1) > 1 follows directly
that L(bg;j_1) > 1, whichimplies that C;_, cannot be blocked at action bg;_1?.
Hence C;_; must be blocked at action qu_z?.

This reasoning continues until component G which, because of the system
deadlock, we also must assume to be blocked at receiving a full packet from
fgp. However this is impossible because the environment is cooperative and
therefore blocking on the environment cannot happen.

A similar sort of reasoning can be applied if we consider that G is blocked
at action bq;?. 0

3.2 Support for design practice

3.21 Channé usage, minimizing channel capacities

The following corollary presents the status of al queues (with respect to the
number of packets they store), just after G, executes fq,,,_4?. Thisinformation
becomes useful |ater when we address issues related to the chain response time
for each packet in the chain (Section 3.2.4).

Corollary 3.2. Givenstatesin S(p)

S=tinit ~ (Ytrue~ fg,_1?~ bGm? ~ Cm ~ bom-11% ~ tL ~ fo! ~ tr)I~
Jtrue~ fg,_ 126, ] >0,
the following statements hold in s
a Vi:1<i<m:L(fg)) =Cap(fg)) —1 A L(bg)=0
b. Vi:m<i<N:L(fg)) =0 A L(bg)) =Cap(bg).
Proof.
a. When C,, executes fq,,_1?, components G (1 <i < m) are blocked at bg?
(Lemma 3.1). That impliesthat L(bg) = 0. Equation (2.7) implies that at this
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point in the execution of the components programs, there are Cap(fq) — 1 full

packets available for consumption. That is because given the order of actions
intheindividual traces of components, each G executesfirst fg_,? before bg;?,

meaning that when G becomes blocked at bg ? it will have already executed
fg,_,?, which makes that each fg contains Cap(fq;) — 1 full packets and one
packet is inside the component G.

b. Lemma 3.2 implies that when G, executes fq,,_,?, components G (m <
i < N) are blocked at action fq_;?. Thisimplies L(fg,_;) = 0. L(fg_;) =
0 and equation (2.10) imply that at this point during the execution of these
components L(bg_1) = Cap(bgi—1). Equation (2.10) shows that no empty
packet isinside G when it becomes blocked at fq_,? because again, given the
order of actions in the individual traces of components, each G executes first
fg,_,? before bg; 2. O

Corollary 3.3. The minimum sufficient for all queues capacities to avoid
deadlock is 1.

Proof. Follows directly from Property 3.1 and the fact that all queues capaci-
tiesin the system are strictly positive. O

3.2.2 Optimizing theinitial phase length

In this subsection we calculate the length of the initial phase and show how
tinit can be reduced and even eliminated (Corollary 3.4). Reducing the initial
phase is important because designers assign budgets to the chain based on the
resource requirements of the stable phase.

Property 3.2. Thelength of the initial phase in number of actionsis

m—1m-1

6>, Y Cap(bg)+2(m—1)
=15

Proof. The number of actions executed until the execution of the system
reaches the stable phase is the number of actions executed by al G (1 <i <m)

until al their backward input queues (bq,1 <i < m) are drained. All these
m-1m-1

queues are drained after 6 > > Cap(bq;) actions. After that, all m— 1 com-
j=1i=]

ponents G (1 <i < m) will execute the guard action, action fq_,?, and then

they become blocked at action bg?(1 < i < m). This happens in 2(m— 1)

actions. That leaves us with the total number of actions for the initial phase:

m-1m-1

tinit| =6 ), > Cap(bg;) +2(m—1).
e
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O

Corollary 3.4. [tit| can be reduced by decreasing m and by decreasing the
capacity of the queues in the system.
Proof. Direct consequence of Property 3.2. O

3.2.3 Optimizing the number of context switches

In this subsection we show that the priority assignment influences the number
of context switchesin p and we give insight in what is the appropriate priority
assignment that minimizes NCS(tit) and NCS(tgaple)-

Theorem 3.1 implies afew facts about the context switches inherent to the
execution of the system at stable phase:

Corollary 3.5. The context switches occurring dueto blocking during the sta-
ble phase cannot be eliminated, and regardless of the priority assignment, the
number of context switches due to blocking during one iteration of the stable
phase is always N — 1.
Proof. Indeed Lemma 3.1 and Lemma 3.2 show that each time G, executes,
all other N — 1 components in the chain are blocked. Theorem 3.1 shows that
regardless of the priority assignment to the components, each iteration of the
stable phase starts with G, which de-blocks in cascade all components to the
left in the chain, after which it de-blocks in cascade all components to the right
in the chain. During each iteration of the stable phase all components execute
one iteration of their loop of their program after which N — 1 components (G,
is excluded) become blocked until they are de-blocked in cascade again by G,
at the beginning of the next stable phase iteration. Therefore during one iter-
ation of the stable phase N — 1 context switches occur due to blocking. This
discussion also demonstrates that the context switches due to blocking are in-
herent to the execution of thistype of chain and therefore cannot be eliminated.
O

Corollary 3.6. One context switch due to preemption occurring during the
execution of Gy, cannot be eliminated during each iteration of the stable phase.

Proof. Follows directly from Theorem 3.1 that during each iteration of the
stable phase G, is preempted at least one time and at most two times. First
time is when Cy, executes bgy_1! and it de-blocks in cascade the components
to the left in the chain. The second preemption occurs when G;, executes fq,,!

and de-blocks in cascade the components to the right in the chain. One of these
two context switches can be avoided by choosing m= 1 or m= N. The other
context switch due to these preemptions cannot be eliminated, it isinherent to
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the execution of the system during the stable phase. O
Theorem 3.2. a. Minimum NCS(tj,it) is achieved when P(C;) = 911”']\‘ P(Gi).

|
b. The minimum NCSduring one iteration of tgap/e

can be achieved either when:

(i) P(Cl) < P(CN) < P(CN_l) <...< P(Cz).
or when

(II) P(CN) < P(Cl) < P(Cz) <...< P(CN,]_)
withVi:1<i<N-1, Cap(fqg) = 2.
Proof.
a. Corollary 3.4impliesthat for m= 1, theinitial phaseis eliminated, therefore
NCS(tinit) iSO.

b. Corollary 3.5 shows that regardiess of the priority assignment, context
switches occurring during the execution of components G(i # m) due to block-
ing cannot be avoided. In the case of Gy, this component does not block but is
preempted after both actions bgy,_1! and fg,,,!. Only one of these two context
switches can be avoided by choosing m= 1 or m= N. The other preemption
isinherent to the execution during the stable phase (Corollary 3.6). Hence the
only context switches that can be eliminated are the ones due to preemption
of components Gi(i # m). In the following we will show that when assign-
ing priorities as shown at point b.(i) and (ii), all context switches due to the
preemption of al components except G, can be eliminated.

In case (i), the priority assignment impliesthat al context switches caused
by preemptions are avoided in trace fr, each component executes one loop
iteration of its program and blocks again at action fq_;?, 1 <i <N.

In case (ii) the priority assignment suggested implies that al context
switches caused by preemptions are avoided in trace { , each component exe-
cutes one loop iteration of its program and blocks again at actionbg?, 1 <i <
N. Moreover, with this priority assignment, had the capacities of the queues
been 1, additional context switches would have occurred due to the blocking
on theinput forward queues of components G, . ..,Cy_1 (Corollary 3.2) there-
fore the additional condition on the minimal length of queues must be imposed
for caseii: Vi:1<i<N-1,Cap(fg) = 2. 0

Corollary 3.7. The minimum number of context switches occurring during
one iteration of the stable phase is N.

Proof. The minimum number of context switches corresponds to those con-
text switches that are inherent to the system execution and therefore cannot be



3.2 Support for design practice 59

eliminated. Corollary 3.6, Corollary 3.5 and Theorem 3.2 show that the only
context switches that cannot be eliminated during the stable phase are those
due to blocking and one context switch due to the preemption of G,. Corol-

lary 3.5 shows that the number of context switches due to blocking during one
iteration of the stable phaseis N — 1. Therefore the minimum number of con-
text switches occurring during one iteration of the stable phase of the system
isN. O

Tradeoff

1. The priority assignment suggested by Theorem 3.2 - ii implies that all
context switches caused by preemptions were eliminated, at the cost of
alonger initial phase.

2. Thepriority assignment suggested by Theorem 3.2 - ii. achieves amini-
mum NCS(tgapie) at the cost of more memory needed (Vi:1<i<N-—1,
Cap(fq,) = 2).

3.2.4 Optimizing chain response time

The following theorem shows the conditions under which the response time
for a packet k is optimized.

Theorem 3.3. RTC(p,0,k), k € N is minimal when m= 1 and P(C;) <
P(C2) < P(C3) < ... < P(Cy). When m > 1, the response time of the chain
during the stable phase (RTC(p,c,k), k € N where k are packets arriving
during the chain stable phase) is reduced by reducing the capacities of queues
preceding Cy, or by decreasing the value of m.
Proof. Stream packets are inserted in the chain in order, are processed in
order, and are outputted from the chain in order.

The actions that process packet k are interleaved with actions that process:

e packets that already are in the chain when packet k is introduced. We
denote the sum of the computation times of the actions that process these
packets to the end of the chain with § pefore k-

e packets that have been introduced in the chain after packet k. These
packets are processed up to some component in the chain until packet
k is outputted from the chain. We denote the sum of the computation
times of the actions that process these packets § atter k-

We also denote with & | the sum of the computation times of the actions
that process packet k from entering the chain until leaving it, and with S
the total overhead introduced by the context switches that occur during the
execution between action fo, X and action foy!.
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We can therefore express the chain response time for packet k as

RTC(p,0,K) = S5k + S5 before k + S after k+ Sow-

Thefact that the actions that process packet k are interleaved with other ac-
tions processing the packets mentioned above, makes the chain response time
associated with a packet k longer. RTC(p,o,k) is minimal when it contains
only the actions that process packet k, the number of actions processing packet
kisminimal, and the overhead introduced by context switchesisreduced toits
minimum.

We will show now that when P(C;) = I@llr;\l P(Ci) and P(C1) < P(Cp) < ... <
P(CN)I

a& S peforek =0,

b. % after k = 0,

C. §kisminimal, and

d. Sy isminimal.

a. Corollary 3.2 shows the status of al queues in the system after packet k
isintroduced in the chain by the execution of fgy2:

Vi:m<i<N:L(fg)) = 0AL(bg) = Cap(bg).

This means that for m = 1, when packet k is inserted in the chain, no other
full packet is already stored in the system queues. This means that no ac-
tions will be executed to process packets already stored in the system queues
when packet k isinserted in the system, therefore P(G) = i ml”?\l P(Ci) implies
S vefore k = 0

b. Corollary 3.2 also impliesfor m= 1 that when a subsequent packet k+ 1
isinserted in the chain, all forward queues are empty, meaning that packet k
has already left the chain. This means that there are no packets arriving in the
chain and being processed after k was inserted and before it leaves the chain.
Thisimplies S after k = 0.

C. Sk isminimal when P(Cy) < P(Cy) < ... < P(Cy), because in this
situation each component G takes the packet as input as soon as it has been
produced by the predecessor G_;, without waiting until the predecessor ex-
ecutes its guard again and becomes blocked at action fq_,?. In this priority
setting the processing of the guards and blocking of the components occurs
during each iteration of the stable phase after the packet has left the chain.

d. The number of context switches occuring during the trace that records
the processing of packet k (during the execution between action fg and ac-
tion fay!¥) is N, corresponding to N preemptions. This number cannot be
reduced more within the afore mentioned trace. Indeed, by eliminating all N
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preemptions in this trace (such asin the priority assignment P(G) < P(Cy) <

P(Cn-1) < ... < P(C2)) we would obtain N context switches again (N — 1
context switches due to blocking and 1 due to the preemption of G). Ad-

ditionally that would increase §  because in this situation the processing of
the guards and blocking of the components occurs during each iteration of the
stable phase before the packet has |eft the chain.

Worthy to note is that while indeed when considering the ascending prior-

ity assignment (P(Cy) < P(Cy) < ... < P(Cy)) during the entireiteration of the
stable phase NCSis not minimal, within the trace that records the processing
of packet k (during the execution between action fg,? and action fgy!¥), NCS
isminimal.
The second statement of the theorem was that when m > 1, the response time
of the chain during the stable phase (RTC(p,c,k), k € N where k are packets
arriving during the chain stable phase) is reduced by reducing the capacities of
all queues preceding Gy, or by decreasing the value of m.

As we have explained above, packet k cannot be processed at the end of
the chain before al other k — 1 packets have been processed. We know that
processing of packets to the end of the chain happens only during the stable
phase of the chain when all queues preceding G, are filled to their capacity
(Theorem3.1, Lemma3.1). It means that when packet Kk is arrives in the chain

during the chain stable phase, already 2 Cap(fq,) 1 packets are stored in

the queues preceding Gy, in the chain. FoIIows directly that by reducing the
capacities of the queues preceding G, the number of packets preceding packet
k iaalso reduced, hence S pefore k 1S reduced, which impliesthat RTC(p, 6, k)
is reduced as well. The same effect is achieved when maintaining the queue
capacities but reducing m. This way the number of queues preceding G, and
hence the number of packets preceding k is reduced. From here follows again
that S pefore k 1S reduced, which implies that RTC(p, o,k) is reduced as well.
O

3.3 Summary

In this chapter we have presented a model for the dynamic behavior of linear
media processing chains executing in a cooperative environment. We express
the behavior of the chain as atrace of the actions of the components that make
up the chain. We have formally proven that the trace becomes repetitive (the
stable phase) after afinite prefix (theinitial phase) and we have shown that this
trace can be calculated at design time. This approach allows the calculation
and optimization of the capacities of the queues between components, of the
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initial phase, of the number of context switches, and of the response time of
individual components and the entire chain.

The repetitive nature of the chain is an important property that also makes
reasoning about composition of chains much easier. Designers need only to
reason in terms of patterns of execution at the level of the chain instead of rea-
soning about the individual behaviors of components within the whole system.
This approach also makes systems open in the sense that the effect of inserting
(or withdrawing) components from a chain can be rigorously predicted and
controlled.
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Introducing Timing Constraints

I n this chapter we analyze the behaviour of linear chains that contain both
data-driven and time-driven components. In contrast to the system studied
in Chapter 3, the systems we analyze in this chapter have timing constraints,
and quality of service constraints. The timing constraints are induced by the
periodic execution of the time-driven components. The quality of service con-
straints come from the fact that the input and/or the output actions of the sys-
tem must be executed at a certain rate. As an example from practice, in this
context this means that the first and/or last time-driven component in the chain
(a video digitizer or respectively audio/video renderer), must display the au-
dio/video information at a predefined fixed rate adjusted to the human ear/eye.
Any delay in displaying the information causes audio/video artefacts and the
perceived quality of service (QoS) diminishes. The fact that the execution of
the first and/or last time-driven component in a system have a direct impact
on the system quality of service, shows the strict relation between the timing
constraints of these systems and their quality of service constraints.

As in Chapter 3, the approach we take in characterizing the execution of
these systems is to identify the dependencies in the executions of the compo-
nents. We prove that a time-driven component in a chain where all the other
components are data-driven, has the same influence on the overall execution

63
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of achain as a data-driven component with minimum priority has on a chain
composed of only data-driven components. This reduces the analysis of this
time-driven system to be identical to that of the data-driven system in Chap-
ter 3. In the case where a system contains two time-driven components, we
show how the system can be designed such that al components develop a
dependency on only one of the time-driven components. By eliminating the
double dependency on the time-driven components we achieve a predictable
system execution during which resource usage of memory and CPU are opti-
mized.

One other important result of this chapter refersto CPU overload situations
in which the time-driven component at the end of the chain misses its deadline
for anumber of periods. In these cases we show how to design the system such
that there always exists an infinite suffix of the trace p during which the chain
satisfies the quality of service requirements. The results of this anaysis are
relevant because they show how to trade memory for lower processing power
when designing systems that experience high variantions in computation times
of tasks. The trade-off proposed is advantageous because the cost of an ad-
ditional amount of memory is much lower than the cost of processing power
when CPU is overprovisioned to accomodate computational peaks.

The chapter is organized as follows. In section 4.1 we present the case
of a system composed of N — 1 data-driven components and ending with a
time-driven component. Section 4.2 presents the behavioral anaysis in the
case where the last component executes according to the interlaced standard.
The case of a system where the first component is time-driven executing ac-
cording to the interlaced standard and the rest of the N — 1 components are
data-driven is presented in section 4.3. Finally, in section 4.4 we show the
behavioural analysis of a system encountered in practice. Thisisthe case of a
video-surveillance system where the first and last components are time-driven
and the rest of N — 2 components are data-driven.

In all cases mentioned above, components can have variable computation
times. Alsoin all cases the quality of service requirements of the systems are
directly related to their timing requirements. We formally specify these re-
guirements and we show the mechanisms to be employed at design time such
that the quality of service requirements (and therefore the timing requirements)
are satisfied. Aside of that we show again in each case how performance pa-
rameters such as response time of the chain, NCS, memory and CPU use can
be optimized at design time of the chain.
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4.1 A linear chain with atime-driven component at the end

In this section we study the case of alinear chain ending with a time driven
component as described in section 2.6.1. The program of such of compo-
nent is shown in Figure 2.8. In practice, time driven components are usu-
aly implemented as interrupt service routines issued by some hardware de-
vice. A few examples from the media processing domain include the video
renderer and the audio renderer components executing on the TriMedia chip
(Figure 4.1)[Philips, 1999]. In this particular case, the hardware devices are
the Video Out Unit (VOU), and the Audio Out Unit (AOU). VOU and AOU
transfer video and respectively audio data read from the memory SDRAM to
the corresponding Video Out or Audio Out port. Both VOU and AOU issue
interrupts periodically to the VLIW CPU at the end of each transmitted video
image and respectively audio sample. The VLIW CPU updates the video (or
audio data) pointers, with pointers to the next data. This is subsumed in the
send(fqy, ePacket, 1)) statement in the program of atime driven component
as decribed in Figure 2.8. The clock with which the interrupts are issued is
given either internaly or externally by some other device. When the VLIW

SDRAM
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115, DC-100 kHz "+ Audio Out - Timers
HE bus to Synchronous Se Analog modem or
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Figure 4.1. TriMedia Block Diagram as pictured in the TriMedia manual,
courtesy of Philips.

CPU updates the pointer to the next data to be transmitted, the new pointer
value is used at the start of the next video or audio data.

The interrupts are maskable implying that nesting of interrupts is allowed.
However, to ensure that the real time constraints for the execution of the video
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and audio renderer components are met, only limited nesting of events is a-
lowed. In that sense it is required that the execution of the video and audio
renderer must be completed within a certain interval of time (flush time) that
starts with the next period (Figure 4.2).

flush time flush time
To(k-1)*Tw '+ kT
I - execution of C,,
z - execution of C,, ..., C,

Figure4.2. Execution of component Cy cannot be scheduled before ToN + kx
Tn and must finish before TN + k+ Ty + flush.

We express this property of a system (sub-)trace as follows:

SQosc(t, pref, foy_y?, foy!, T, Tw) &

(Vs1,% € S(t), Yke N, s~foy 1 € oy C t:
o(pref~s,~foy!%) < TN +kx+Ty+ flush A
o(pref~si~foy_17) — 8(fay_17) > TN +k*Ty)

where pref~t € S(p). TON is the time until the first packet is processed by
Cn. We cdll thistime start-up time. Tracet specifies a (sub-)trace of the over-
al system execution that follows a prefix pref. The flush term refers to the
flush time. o refersto the eager schedule for p. Our observation above implies
that the execution start of component Gy can only be delayed within the limits
of the flush time. This delay occurs due to the fact that in some cases at the
time that Cy must start executing, an atomic action of another component ex-
ecutes on the CPU. Given the atomicity of the action, its execution cannot be
preempted by Cy despite the higher priority, and therefore G, is delayed until
the end of the action execution. Here we make the observation that the flush
time must also deal with the jitter induced by variable computation time of the
atomic action that delays the execution start of Gy. This delay is limited to
the value [ defined in (2.15). Therefore the flush time satisfies the following
property:

flush > pu+ S(tg, ~tey) (4.1)
As defined in section 2.6.2, $(t3,~tg,) returns the sum of the computation
times of actions in trace thAtcN, meaning the sum of the computation times
of actions executed during one iteration of Gy.
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In fact Cy isaregular rea-time periodic task where the activation time is
Ta' + k= Ty and the deadline is T + k* Ty + flush. Given the fact that Gy
is implemented in practice as an interrupt service routine we will reflect this
implementation decision in our model by considering Gy to have the highest
priority in the chain.

SQosc(t, pref, foy_1? fay!, TON, Tn) specifies a timing requirement of
the Cy components but it specifies also a Quality of Service (QoS) requirement.
Indeed in practiceif Gy isavideo or an audio renderer and its execution (within
the overall execution of the system) would not satisfy the property specified by
SQo<c, the human user would notice video or audio artefacts. This means
that the Quality of Service provided by the system is lower, or that the QoS
requirement of the system is not satisfied. For this reason the SQoSc predicate
is pronounced as ” QoS requirement on a (sub-)trace t following prefix pref”
and the value returned by predicate SQoSc applied on a (sub-)trace t shows
whether the QoS requirement is satisfied on this trace or not.

We present below ageneral formal definition of the QoS requirement for a
time-driven component:

def

SQoc(t, pref, a, b, Ts, Tp) =
(Vs1,S € S(t), VKEN, s~af C s~bk C t:
o(pref~~b¢) < Ts+k«+Tp+ flush A
o(pref~s—~ak) - §(a) > Ts+kxTp)

To simplify making reference to a group of components in a chain, we intro-
duce the following notations: LSG denotes the set of components preceding
component G in a chain, and RSC; denotes the set of components following
component G; in a chain. We denote with CN the entire chain composed of
C1,Cy,...,Cn.

411 QoSrequirements

The question experts in the media processing domain seek to answer is how
can the QoS requirement be satisfied for the trace p. Better even, is there a
condition that can be imposed at design time of a media processing chain such
that the quality of service requirement is satisfied. We start answering that
guestion by analyzing the behaviour of the left subchain (LSGy), composed of
components C;,Cp,...,Cn_1.

Subchain LSCy is composed of only data driven components. Aslong as
L(fgy_1) < Cap(fgy_1), LSCn executes exactly the same as the chain com-
posed of only data driven components presented in Chapter 3. Before LGy
produces the first packet in fo_ 4, the subchain reaches its repetitive execution
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(stable phase) as shown in Chapter 3. The stable phase traceis
(Ytrue ~ fo,, 12~ bom?~ G~ bam_11% ~ tL ~ fo! ~ tr)',
where Cpy, is the component with minimum priority in LSCy. Tracet, records
the interleaved execution of components G,...,Cn_1, and tr records the in-
terleaved execution of Gy 1,...,Cn_1. | isafinite number of iterations of the
stable phase of sub-chain LGy until fgy_ isfilled to its capacity.
Once the stable phase is reached, each packet is produced in fg,_, at the

end of one iteration of the stable phase. The iteration of the stable phase that
processes packet k to the end of the subchain LSGy (in foy_q) is

(strue~ fo, 1?7~ bOm? = Cm ~ bOm-1!% ~ tL ~ fo,,! — tR)k

Note that this stable phase lasts only as long as fq,_4 has not yet become
filled to its capacity (bgy_1 drained).

The sum of the computation times of actions during the K" iteration of
component G, i <N is Sa(té ). We consider for the beginning fixed computa-
tion times of actions of G. In this case, the sum %(té) has the same value for
any packet k, therefore we drop the superscript k in é . In Chapter 3 we show
that during one iteration of the stable phase each component G, ...,Cy_1 ex-
ecutes one iteration of itsindividual trace. The eager schedule does not allow
for any unused time between the actions of data-driven components asthosein
L. From here follows that the duration of one iteration of the stable phase

of LCy is 2 SB(tQ)

In Chapter 3 we explain that each packet is produced in fq,_, at the end
of each iteration of the stable phase of LSGy. From here follows that the pro-
cessing time between the production of two consecutive packets (k and k+ 1)

N-1
infoy_q is 2 Ss(t,) for two consecutive iterations uninterrupted by the con-

sumption of a packet by Gy from fgy_; and 2 S(tc,) otherwise. This means
that the processi ng time between the productlon of two consecutive packetsis
always at most 2 S(tc, ). We denote this sum with S,

i=1

N
S= _;Sa(tq)- (4.2)

In the next subsection we show that after afinite prefix of p, regardless of the
priority assigned to Gy,
S< Ty (4.3)
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ensures that Gy aways executes periodic, at time interval Ty. This would
imply that if at design time of the chain it is ensured that the sum of the com-
putation times of actions in one iteration of G,...,Cy is aways smaller or
equal than Ty, SQoSc(p, &, fay_1? fay!, T, Tn) isalso satisfied. We set out
to show this while characterizing the trace p.

4.1.2 Stablephasecharacterization

Based on the constraints imposed by invariants Scc, Spc, the schedule con-
straints, and the imposed condition that Sis aways smaller than |(4.3), we
characterize the trace p. Aside the fact that this characterization shows what
are the sufficient conditions needed such that p satisfies the QoS requirement,
it also yields facts about the execution of the chain that allow the calculation
of the trace p at design time of the chain.

We have seen in the previous subsection that when the subchain LSG
produces the first packet in fqy_4, it has already reached its stable phase as
explained in Chapter 3. During this stable phase, when the component with
minimum priority in LSCy (Cr) executes, al backward queues bg,1 <i<m
are drained (Lemma 3.1, Chapter 3). We denote with py_1 the trace starting
with the first execution of Cy, and ending with the execution of fg_,!*:

P=Pm-1" Sm-1,
Pm-1= Um-1 ~ fo_4!

Trace pm-1 includes the initial phase of the LSCGy sub-chain and the first
iteration of its stable phase.

Next we analyze how many packets are put in fgy_, every period and how
many are taken every Ty. We study the behaviour of the chain from the action
following pm-1 of each iteration of the stable phase of LSCy. That means that
the time between the production of two consecutive packets (k and k+ 1) in
fon_ 1 during one period Ty isS.

S < Ty implies that during s,-1, within one period Ty, on average Ty/S
packets are produced in foy_;. Even if we do not make any assumption
about the priority of Gy, we can say that Cy will execute (and thus con-
sume a full packet from fo_;) a most once every Ty. This implies that ev-
ery new period Ty at least Ty/S packets are produced in fgy_; and at most
one packet is consumed. Hence every new period the length of fqy_4 in-
creases with at least Ty /S— 1 packets. This also implies that after maximum
Cap(fay_1)/(Tn/S— 1) periods Ty, fay_; will be filled to its capacity. We
use the value Ty /S in the real numbers domain as opposed to the same value
rounded down to emphasize that even when Ty /S < 2, once every few periods,
during one period Ty, LSNy produces 2 full packets in fgy_, while Cy con-
sumes only 1, implying steady growth in the queue length. It follows directly

1
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from the formulas above that the smaller the difference between Sand |, the
higher is the number of periods Ty until fgy_, isfilled to its capacity.

When fqy_, isfilled to its capacity, bgy_1 is drained, which implies that
Cn—1 becomes blocked on bgy_;. Let xy_1 denote the iteration number such
that Cy_1 is blocked for the first time. We denote with py_1 the trace start-
ing with the first action following prefix pm_1 and ending with the action
fon_,?™-1 after which Cy_1 becomes blocked at boy-—1?.

P=Pm17 PN-17 SN-1, PN-1=Un-1 7 foy N
In the suffix following pn_1 (Sn—1), Cn—1 is de-blocked (and therefore exe-
cutes) only when Gy produces an empty packet in bgy_1, which happens at
most once every Ty. Thisimpliesin turn that Gy_; will consume now every
Ty at most 1 full packet from foy_».

By repeating the reasoning above for the sub-chain composed of com-
ponents Cy,..., Cy_2 we find that within maximum Cap(foy_») * (Tn/(S—
Sv-1) — 1) periods Ty, fay_, will be filled to its capacity and bagy_» will be
drained. We denote with py_2 the trace starting with the first action following
prefix pm—1~pn—1 and ending with the action fqy_53? after which Cy_» be-
comes blocked at bgy_»?. We denote with xy_» the iteration number such that
Cn_2 isblocked for the first time.

P=Pm1 " PN-17 PN-27 SN-2, PN-2=Un_2 " foy 3?%2
The reasoning continues with al other components up to and including Gy,

and we define the subsequent p; subtraces (i =N —3...m) inasimilar way as
shown above. We rewrite p as

P=Pm-1"PN-1" PN-2" -7 Pm ™ Sm,
Pm=Um ~ fgm_, 7"
We denote with tiyi; the prefix pm-1 ~ pn—1 ™ PN—2 — ... ~ pm and we
call this prefix the initial phase of the entire chain CN.
P =tinit = Sm
Lemma4.1l. When S< Ty, then G b bg?Zin tii; of p ], Vi, 1 <i < N.
Proof. We know that at the end of py,_1 backward queues bg, 1<i<m
are drained (due to LSCy have been reaching its stable phase as explained in
Chapter 3). In addition, the discussion above shows that at the end of each sub-
trace p; (i=N—1...m) each backward queue bg (i =N —1...m) isdrained.
Thisimpliesthat at the end of t;; all backward queues in the chain are drained.
O

In the following theorem we show that after t;; the execution of the system
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becomes repetitive and from this point of view stable. For this reason we
rename sy, (the sub-trace following ti,it in p) with tgapie.

Theorem 4.1. When S< Ty and P(Cy) = mi\élx P(Ci), the pipeline system in
i=

which the last component is time-driven, assumes a repetitive, periodic behav-
ior after afiniteinitial phase. The complete behavior is characterized by

P =Ttinit ~ tqable

tganie = (toy ~ tL —~ d(TQ +ixTy))®

te, = Jtrue~ foy_1?2~ ban?~ ¢y ~ &~ ... ~ ¥ ~ bon_1! ~ foy!
=416

asillustrated in Figure 4.3.

e t| isthetracerecording theinterleaved execution of componentsin sub-
chain LCy.

e During one iteration of tyane all components execute one iteration of
their loop. At the end of each iteration of tsae COmponentsin LCy are
blocked at bg?, 1 <i <N.

o SQO0SC(tyale, tinit, fan_1? fan!, To', Tn) holds.

Proof. According to Lemma 4.1, at the end of ¢, all components in LSCy
are blocked at action bg?, i < N, and therefore dependent on Gy to produce
one empty packet. Follows directly that the only component that can execute
after tinit ISCn. So far trace p can be expressed as:
p=tint ~tc, ~ U

where tc,, records the execution of Gy just before the delay action:
te, = Jtrue ~ fogy_1?~ bgn?~ ¢y ~ &~ ...~ " ~ ban-1! ~ fou!

i=i+1%
When Cy executes bgy_1! it de-blocks Cy_1. However because Cy has the
highest priority in the chain, Gy_1 will not preempt Cy. The execution of Cy
continues according to its program until just before the delay action. Given
the restriction imposed by predicate Soc presented in Chapter 2, adelay action
can only be executed when no other regular actions are ready or the time has
come, which here it is not the case (Cy_1 is ready-to-run). This implies that
after tc,, the only actions that can follow are those of Gy_1. When Cy_1 exe-
cutes bgy_»!, Cn_2 isde-blocked. In fact, ultimately all components in LSGy
are de-blocked in cascade (exact order of execution is determined by priority
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assignment). All these components G,i < N will execute one iteration of their
individual traces after which they become again blocked at the bq? action, and
must wait again for Cy to produce 1 empty packet in bay_1. The interleaved
execution of components in LSCy is recorded by trace t,. At this point p can
be expressed as:

p=tint " lgg, "L~ u
Given the fact that S< Ty implies that 6(tint ~ to, — tL) < T + 1% Tn. At
the end of t, all components in LSCy are blocked again, which implies that the
delay action follows in the trace. Hence at this point p can be expressed as:
p=tint ~to, ~tL~ d(TN+1%Ty) ~u
o(tint "ty L) < TO'\I + 1% Ty aso implies that the effect of the delay action
is to advance time until moment T3! + 1 « Ty. Thisimplies that

Otint ~ toy ~tL~ (T +1+Th) = Ta + 1+ Ty (4.4)

At moment TON + 1 % Tn, Cn becomes ready-to-run from time perspective and
all the other components are blocked at action bq?, i < N, and therefore de-
pendent again on Cy to produce one empty packet. Thisisasimilar situation
as the one at state t;;, meaning that the execution of the system repeats in the
manner as explained above. Therefore p can be expressed as:

p=tint ~ (toy ~ tL ~ d(Tg' +1+Tw))®
Trace $(tg, ~ t ~ d(TN +i%Ty))®% isdenoted with tyapie SO We have:

p =Ttinit ~ tsable

The repetitive execution expressed above and (4.4) show that for each iteration
of Cy during tgaple:

o(si~fay_17) —8(fan_1%) > Tg' +k* Ty,

Vsi—~foy 1% € X(p), tint € 1, YKEN
Also given (4.1) we have that

o(~fou!%) < TN +ks* T+ flush, Vs~ fay!* € S(p), tint € S, YN
Thisimplies that SQ0SC(tgable, tinit, fan_1?, fan!, ToY, Tn) holds.

Given that the sum of each iteration of components G,i < N is lower
than Ty (S< Tn) implies that Cy becomes ready-to-run every Ty both from
time and channel perspective. This makes the execution recorded in tape NOt
only repetitive but also periodic. Note that during tsane, Cn €Xxecutes periodic
(strictly at timeinterval Ty), regardless of its priority. )

Important to note is that in this case, the time-driven component Gy, even
when it has the highest priority in the entire chain, has the same effect on the
stable phase trace of the data-driven components in the chain, as a data-driven
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Ty

idie time idfe time idie time

inif

i C,, execution

D t, execution

Figure 4.3. Execution of system ending with a time-driven component. Cy
has the highest priority.

component with minimum priority has on the rest of the components in the
case of achain composed of only data-driven components. This observation is
coined "time beats priority”.
Note that if Cy would not have the highest priority in the chain, trace p
would have been:
p =tint ~ (Jtrue— foy_,?~ bagn?~ ¢y~ &~ ...~ o ~ bagy_1!6 ~ t, ~
Hoy! ~ =i+ 16~ b, ~ d(TN 0% Th))®

wheret, ~ t, =t;, and t,_is the trace recording the interleaved execution of
components in sub-chain LSCGy. When Cy is assigned the lowest priority in
the chain then t., is the empty trace €. The order of execution is again entirely
determined by the priority assignment to the components.

I C,, execution

D t, execution

Figure 4.4. Execution of system ending with a time-driven component. Cy
has the lowest priority.

The following corollary shows that if Gy has the highest priority, then
whenever Cy executes during the stable phase, al the other components in
the chain (G,1 <i < N) are blocked at action bg?.
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Corollary 4.1. Consider t a prefix of trace p such that §; € S(t) and the next
action after t isbgy_1!%, k> 0. If S< Ty and P(Cn) = mNaxP(Ci) thenC b
bg?int, for all i,1<i < N. -

Proof. Follows directly from Theorem 4.1. O

Thelemmabelow states that under the condition that S< Ty and Cy isassigned
the highest priority in the chain, SQoSc(tyit, €, fay_1 2, fay !, TON , Tn) holds.

Lemma4.2. S< TyAP(Cy) = mNalx P(C) =
=

SQO(tinit, €, fan_ 12 fan !, TV, Tn).-
Proof. Consider s;, s, such that s~ fgy_; C s~ foy_1!¥ C tinit, k> 0.

Proving o(s1 ~ fay_17) — 8(fay_17) > T3 + kx Ty istrivial by virtue of
the delay action that precedes fgy_;? in the program trace of Cy.

At moment TN +kx* Ty at least k productions of full packets have been
completed in fay_1 (S< Tn), hence L(fgy_4) > 0 at thistime. Thisimplies
that at moment TN + k* Ty Cn becomes ready-to-run (given the availability
of input in fgy_, and the time). Since that Gy has aso the maximum priority
in the chain, follows that Gy will aso execute (the latest at ToN +kxTy+ M
because it may preempt the execution of componentsin LSGy). The maximum
priority of Cy aso impliesthat the execution of Gy isuninterrupted until action
fon!. Given (4.1) followsthat 6(s ~ foy!*) < T8 + ks Ty + flush. |

The corollary below states that the QoS requirement is satisfied for the entire
execution of the chain (entire trace p) if at design timeitisensured that S< |
and Cy is assigned the highest priority in the chain.

Corallary 4.2. S<Ty A P(Cn) = mhé{(P(Ci) =
=

SQOSC(p, 87qufl?v qu!aToNaTN)'
Proof. Follows directly from Lemma4.2 and Theorem 4.1. O

When considering variable computation times for the actions of components,
by imposing S < Ty where

N
Wz%%%»

the stable phase is reached again and all lemmas and corollaries presented
above hold as well, given that P(Cy) = m'\élx P(Ci). This means that again the
i

trace p satisfies the QoS requirement. Indeed by ensuring at design time that
SM < Ty where here SY takes into account the worst case computation time
for al actions of components, the reasoning and the conclusions about the
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execution of the chain presented above hold again. Such a restriction in the
design of achain can be verified by measuring the load on the processor of one
iteration of each component.

4.1.3 Practical Applications

Similarly asin Chapter 3, trace p can be calculated by choosing in each state
the ready action of the component with the highest priority. Knowing the trace
allows to calculate the number of context switches, and the number of actions
needed to process a packet from input to the output of a chain. The eager
schedule of the unique trace can also be calculated provided that the computa-
tion times of each action processing an input stream are known. This renders
the start and response times for individual tasks and response time of the chain.

Important to note is that because $ < Ty, regardless of its priority, com-
ponent Cy has the same effect on the stable phase trace of this chain, as a
data-driven component with minimum priority has in the case of a chain com-
posed of only data-driven components (described in Chapter 3). Owing to this
fact, we find that corollaries addressing the stable phase of a chain composed
of only data-driven components (with Gy having the lowest priority) hold in
this case as well. From here we deduce that:

e the minimum necessary and sufficient capacity of each queue in the
chainis1 (Corollary 3.3).

e theresponse time of the chain isto be calculated as shown in Chapter 3,
in the case of a chain composed of only data driven components with
m = N. Also follows directly that response time of the chain cannot
be improved by assigning the minimum priority to G as suggested in
Chapter 3 because that does not change the influence of the time-driven
component Cy.

e according to Theorem 3.3 the response time of the chain is reduced by
reducing the capacities of queues preceding Gy.

e the number of context switches during the stable phase is minimal by
assigning prioritiesas P(C;) < P(Cy) < ... < P(Cn-1) and Cap(fg,) = 2
Vi,1<i < N-—1(Theorem 3.2).

4.1.4 Modeing overload situations

In practice ensuring at design time that the QoS requirement is satisfied for the
entire execution of the chain (entire trace p) by guaranteeing that &' < Ty, is
either too costly and pessimistic, or it implies reducing the functionality of the
chain. That is because if measurements reveal that ! < Ty does not hold,
either the processor speed has to be increased, or the number of components
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in the chain needs to be reduced such that for the new 9, the condition is
satisfied.

In the first case, increasing the speed of the processor makes the system
more costly. This solution is also pessimistic because the computation time
of components actions that process media streams varies greatly depending on
the contents of the input media stream. Experience shows that in genera the
computation times of component actions only occasionally reach peaks such as
specified in S. The second aternative - reducing the number of components
in the chain implies reducing the functionality of the chain, which is aso not
desirable.

Because of the above reasons we do not propose guaranteeing ' < Ty in
order to satisfy QoS requirements. We choose for a” middle ground” solution
in which the QoS requirements are relaxed, and guaranteed to be met during
an infinite suffix of p, despite computation times peaks. This solution alows
us not to impose at the design time of the chain a too strict restriction that
accommodates the rare worst case computation times of components actions
(SY < Ty). We make a compromise and we propose chains are designed such
that they satisfy the following constraint:

k
Y S+E<MxTy, MeN. (4.5)
i—k—M+1
S represents the time between the production of packetsk — 1 and kin fg,_;.
We assume the following priority assignment:

P(Cn_1) = rirlNipP«:i) and P(Cy) = maxP(C).

In this case the subchain LSCy isallowed to not produce anew packet in fgy_;
every period, but within any M x Ty periods of Cy at least M packets are pro-
duced in fgy_;. Such arestriction can be verified at design time of the chain
based on experience and measurements as we mentioned before.

We mentioned before that we relax the QoS requirement such that it spec-
ifies that after a finite prefix, there does exist an infinite suffix during which
SQoSc is satisfied. This relaxation is specified by SQoS@ve"%ad pelow:

def
) =

SQoscverload(p) = (Jpref,t, pref~t=p:

SQoSc(t, pref, foy_ 1?2, fon!, ToNa Tn))
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Lemma4.3. Given that equation (4.5) is a property of the system execution,
N
P(Cn-1) = mi?P(Ci) and P(Cy) = m'\élx P(Ci), then there exists a state i in
1= 1=
which all forward queues are filled to their capacity.
Proof. The priority assignment assumed above implies that there exists a state
t' i inwhich al forward queuesfg, 1 <i < N — 1 arefilled to their capacity.
We wish to prove that there also exists tinit € S(p), t/i; € S(tinit) in which
al forward queues arefilled to their capacity.
After t/;; the system executes according to the pattern described in Theo-

rem 3.1, producing 1 full packet in fgy_; at the end of each .
Let k =z« M. We have then that

k .
S+z+xE
-1

z i*xM

S Y (9+E)

i=1j=ixM—-M+1
{2(4.5)}

M *TN
=1

IN

zxMx Ty

K x TN.
In short,

k .
S+z+E <kxTy (4.6)
i=1

|
The number of consumed packets from foy_; isk at T + ks Ty. The number
of produced packets in foy_q isk+z+«E/S" a TN + kx* Ty, at least. M isa
maximal value for &, for instance M « Ty according to (4.5).
When z+E/M Ty > M, or z+ E/M2x Ty > 1, or z> M? x Ty /E we have:
e at k=zxM, at least M packets are stored in fg_4, hence
e there existsatime 1 < kx* Ty such that at this time precisely M packets
are stored in foy_4.

This means that for a finite buffer (of capacity M), this buffer will fill to its
capacity after afinite time. O

Lemma4.4. Given that equation (4.5) is a property of the system execution,
N

P(Cn-1) = miPP(Ci), P(Cn) = m'\élx P(Ci), and Cap(fgy_;) = M, then there
1= 1=
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idle time idle time idle time idle time

-
Linit
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I 1y l Tiscy I TLscy I TLscn

Figure 4.5. Execution of a system where the last component is time-driven.
Overload situation.

exists € S(p), i e Nsuchthat 6(s) = o(tinit) +i«M =Ty and L(s, fay_1) =
M.

Proof. We denote 6(tjnit) with TON'. The execution of the systemiisillustated in
Figure 4.5. Lemma4.3 implies that at the end of t,;; all componentsin LSCy
are blocked at action bgq?, 1 <i < N. We aso have that

L (tinit, fay_1) = Cap(fay_1) = M.
and

L (tinit, ban-1) = 0.
We want to calculate L(fgy_4) at the end of M «x Ty periods after TON'. For now,
we express L(fgy_4) at the end of M « Ty periods as

L(fan_1) =M+ Xo.
During each of the next M = Ty periods, Cy consumes 1 full packet from foy_;
(L(fgn_4) isdecremented) and produces 1 empty packet in bgy_1. Thisimplies
that after M « Ty periods L(fqy_4) is decreased with M packets. Therefore we
can express xp = —M + x; meaning that L(fgy_4) at the end of M « Ty periods
becomes

L(fgy_1) =M —M +x3.
Each time Cy produces 1 empty packet in bgy_1, it allows the components
in LLy to be de-blocked in cascade. During each cascade de-blocking the
components in LSCy execute one iteration of their loop after which they be-
come blocked again at action bg?, 1 <i < N. We denote with t'L‘SCN the trace
recording the k cascade de-blocking of components in LS. Note that at the
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end of each t'lfSON, 1 full packet is produced in foy_; (Cn-1 has the lowest pri-
ority in the chain therefore it executes last in LSGy). Given that during each
of the next M « Ty periods, Cy produces 1 empty packet in bgy_1, follows that
LSCy isde-blocked M times, and therefore Gy_1 produces M packets in foy_ 1.
Therefore we can express x; = M meaning that L(foy_,) at the end of M x Ty
periods becomes

Note that each execution of tlfsoNv k= 1..M is characterized by
o(U-tg,) < T +MxTy, k=1.M, u~thg, Cp
and
o(tis,) — S(tiay,) > 0(v-tE ), k=1.M, v-t& Cop.
wheret§ isthek iteration of tracetc,. Thisimpliesthat eachtfq. , k=1..M
can execute in a later period than the period in which the empty packet that
de-blocks LSCy is produced by Gy but no earlier than that period. Also, it
follows that tﬁ"SCN ends before the end of the M x Ty periods and that at that
time (TON’ +M=xTy), al components in LSCy will have executed one iteration
of their loop and they are blocked again at action bq?, 1 <i < N, leaving
again Cy the only ready-to-run component in the system. Gy executesits delay
action which advances time until TV + M x Ty. We denote the state that follows
tinit and ends with the delay action of Gy with s;. Given the discussion above
follows that state s; ends at moment TV + M  Ty:
6(s1) = o(tinit) + M=+ Ty.
To summarize, the above reasoning shows usthere exists astate § that ends at
moment G(tinit) + M * Ty and that at the end of 5

L(s1, fay_1) = Cap(fay_1) =M,
and
L(s1, bay-1) = 0.
and all componentsin LSCy are blocked at action bg?, 1 <i < N, withCy the
only ready-to-run component in the system, situation identical with the one at
the end of t;;. Thisimplies that this situation is repetitive hence the statement
of the lemma holds at the end of each V' +i M Ty, i € N. O

We denote the trace that follows tinit in p with t31%2d with the mention that
during t3451/9 the repetition consists only of the order of actionsinfg, , k=
1..M and the times at which Gy executes.
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Corollary 4.3. Given that equation (4.5) characterizes the execution of the
N

system, P(Cy-1) = minP(Ci), P(Cn) = m'f'ﬂlx P(Ci), and Cap(fay_1) = M, then
1= 1=

SQoSc(tQ1oad i fan_1?, fan!, TgY, Tn) holds and hence SQoSc21%%d ()
holds as well.
Proof. Results directly from Lemma4.4. O

4.2 Theinterlaced standard

In this section we present a different behaviour of the time driven component,
as it appears in practice in the case of the visualization according to the in-
terlaced standard. In this standard, video frames are displayed on the screen
periodicaly, where every first period the even fields are displayed and every
second period the odd fields are displayed. That means that every frame takes
two periods of the time driven component to be displayed on the screen.

Component Cy receives one input full packet containing a decoded frame
from fqy_4, Separates the even from the odd fields and sends the odd fields and
the even fields alternately, every second period. At the programming level, the
basic statement process fcty' (VAR VAR) denotes the processing during the
first period of the time-driven component. process fcfy” (VAR VAR) denotes
the processing during the second period of the time-driven component. We
indicate in Figure 4.6 the program that specifies this behaviour.

The corresponding trace actions in the trace aphabet of the new basic
statements are defined below:

Al ph(’process. fety/(VARLIST)) % {cl/, ..., d™'}
Al ph(’process. fcty”(VARLIST)') def (e, ..., demy

The trace associated with each basic statement is
f
de Yo'~ ..~ g

Tr("process_fcty'(VARLIST)) =
Tr (' process. foty” (VARLIST)) € 3 e ~ ... ~ e ¢
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Cv: {gaTime(Ty )i iz=0:

while (rrue) do !

{ i

receive(fgy_y, fPacket  1); receive(bqy,ePacket.1); |

process_fcty'( fPacker, ePacket ) P (I\
send(fqy.ePacker.1);

copy fPacker = fPacker: send(bgyx-y. fPacker. 1),
it=i+1:

receive(bgy ., ePacker . 1);
process_fey” (copy fPacker . ePacker ):

9
A
send (fgy . ePacker, 1): ‘ Icy
N L] & - I O S y
delay_until ( [U\ +i=Ty):

Figure 4.6. Program of a time-driven component Cy. Implementation ac-
cording to the interlaced standard.

The associated trace set of component Gy is
Tr(Cy) = {th ~ false,
g, ~ (Ltrue~
fay_ 12—~ ban?—~ ¢~ ...~ v ~ fgy! —
copyfPacket = fPacket ~ bgn_1! ~
=i+l d(TN+ixTy) ~
ban?~ ¢’ ~ ...~ e~ fogy! ~
=i+l d(TN+ixTn) £)° ),
where 3 specifies the statements preceding the loop guard in the program:

2 =¥ot(Tg) ~i:=0%.
As previoudly, in the trace recording the actual execution of Gy the while
guard value is true. For denotational purposes we consider as illustrated in
Figure 4.6:

td, = true~ foy 12~ bon?~ ¢y’ ~ ...~ W ~ foy! ~
copyfPacket = fPacket ~ bay_1! ~i:=i+1%,

2 =3bon?~ o}’ ~ ..o gyl ~ =i+l
In the following paragraphs we study the influence of this new behaviour
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on the execution of the entire chain. We revisit the theory presented in the
previous sections and we show in what way the previous findings change, and
why. We consider for the beginning fixed computation times for all compo-
nents actions.

We make the observation that the procedure of selecting the trace(s) which
specify the overall execution of the chain does not depend on the individual
traces of the components. Therefore this process remains the same as described
in section 2.6.3 and the conclusion applies here as well, that there exists a
unique trace that represents the system behavior.

421 QoSrequirements

Next we examine the new QoS requirements brought up by this new behaviour
of Cy and the mechanisms used to satisfy these requirements. In general the
QoS regquirement for any time-driven component that executes according to the
interlaced standard is re-defined as
SQosi(t, pref, a, b, ¢, d, T, Tp) def
(Vs1,%,%3,54 € S(t), VKEN,
s—a C 55-bK C g~k C g~ dvtL C ¢t
o(pref~s~b) < To+kxTy+ flush A
o(pref~s—~a) —8(a) > Ts+kxTp,
o(pref~s~d¥) < Ts+ (k+1)*Tp+ flush A
o(pref~s~c) —8(c¥) > Ts+ (k+1)*Tp)

where pref~t € S(p). The parameters have the following meaning: a, b, c, d
are the receive and respectively send actions executed during each of the two
parts of the interlaced execution of a time-driven component (a and b corre-
spond to the first part, c and d to the second); T denotes the execution be-
ginning time of the time-driven component and T, its period. The QoS re-
quirement specified above imposes that each part of the interlaced execution
of atime-driven component must be executed at a constant rate T, (within the
flush time).
In particular for Gy the QoS requirement is specified as follows:

SQoSxi(t, pref, foy 12, fay!, ban?, fay!, T2, T) <

(Vs1,%2, 83,54 € S(t), VKEN,

si—foy 1 C s fog! € ss~bgy L € g~ Ty !kt Cit:
o(pref~s~fou!¥) < TN +ks*Ty+ flush A
o(pref~si—~foy_1?) —8(fay_1?) > TN +kxTy A
o(pref—~sy~fou!* 1) < TN+ (k+ 1)+ Ty + flush A
o(pref~ss~bagy?* 1) — §(bgy* 1) > TN + (k+1) * Tn)
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where pref~t € S(p) and

flush > p+ max(§'(t5,) + S'(t,), $'(,) (4.7)
When SQoSci(p, €, fay_1?, fay!, ban?, fan!, To', Tn) holds, Cy executes at
aconstant rate Ty, within the flush time interval (Figure 4.7).

flush time flush time flush time flush time
- ™ ™ M
To+k* T TH+(k+1)* Ty To+(k+2)* Ty o'+ (k+3)* T
I - execution of G,
z - execution of Cy, ..., Gy

Figure4.7. Component Cy executing according to the interlaced standard.

4.2.2 Characterization of system behaviour

We have shown in section 4.1.2 that afirst mechanism designed to ensure the
QoSrequirement (imposing S< Ty at chain design time) guarantees that when-
ever Cy isready to run from time perspective (which is strictly every ), itis
ready also from channel perspective. This meansthat once Gy starts executing,
whenever Cy must execute fgy_,? (which is strictly every Ty), fay_q is never
empty.

Given that according to the new program of Gy, anew full packet is needed
to be consumed only once every 2Ty, we can relax the S < Ty condition and
impose S < 2Ty instead. Indeed the only difference between the previous be-
haviour and the new one in terms of the rate of performing operations on the
fon_1 and ban—1 queues, is that instead of receiving/sending packets in these
gueues at rate Ty, itisdoing it at rate 2Ty. For thisreason, al results regarding
the status of these queues and all other queues derived from the fact that S< |
will hold now for S< 2Ty.

In thisway wefind again asin Lemma4.1 that when S< 2T there exists a
finite prefix of p, tinit, @ the end of which all componentsG, for all i,1 <i <N,
are blocked at action bg?.

Lemma4.5. S< 2Ty = it € S(p): G b bgin tini; of p ], Vi,1 <i < N.
O

S < 2Ty has aso an influence on the overall behaviour of the chain. Asin
Theorem 4.1, the Stable Phase Theorem below characterizes this behaviour in
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terms of the trace of actions executed by the components in the chain. Trace p
is different here due to the different trace of component Gy. The proof of the
theorem explains in more detail the nature and cause of differences.

Tush d(To+ixTy)

— a
12Ty 1
| 1 H

I I
3 7 N
N %ll N

idle time idle time idle time idle time

idle time

- ==
Linit

r(l",\v I(;J',\r l I, D I,

Figure4.8. Execution of a system ending with a time-driven component. The
time-driven component executes according to the interlaced standard.

Theorem 4.2. When S< 2Ty and P(Cy) = m'%( P(C;), the pipeline systemin
J:

which the last component is time-driven and implements the interlaced stan-
dard, assumes a repetitive, periodic behavior after a finite initial phase. The
complete behavior is characterized by

p = tinit ™ tgaple

tgable = (%:tcl:N -~ t|_1 ’\ d(TON +i *TN) - téN ’\ th - d(TON +i *TN) I@)m

asillustrated in Figure 4.8. Also:

e t,, and t,, are the traces recording the interleaved execution of compo-
nents in sub-chain LCy.

e Sub-trace t., records the interleaved execution of components in LSGy
between t3 and d(TJ' +iTy).

e Sub-trace t, records the interleaved execution of components in LGy
between t2 and d(T{' +i*Ty) (of the next iteration i) when Ty < S<
2Tn. Tracet,, isempty when S< Ty.

e During one iteration of tgape @l components execute one iteration of

their loop. At the end of each iteration of 445 e COMponentsin LSCy are
blocked at bg?, 1 <i <N.
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4 S}OSCI (tS[ab|87 til‘litz qu—l?> qu!a qu?a qu!> T0N7 TN) holds.

Proof. According to Lemma 4.5, at the end of t, al components C;, for

al j,1<j <N, areblocked at action bg;?. Due to this all components in the
chain are dependent on Cy to produce one empty packet. Followsthat the only
component that is ready-to-run from channel perspective in the chain in this
state is Cy. However Cy becomes ready-to-run only at moment 16'\‘ +1 % Ty.

Therefore state tiyit is followed as of moment To'\I + 1 % Ty by actions of Gy

according to its program:

&, =true~ foy 1?2~ ban?~ ' ~ ...~/ ~ fay! ~ bon_1! ~
i=i+1%,

At this point the system trace can be expressed as:

p = tint ~ 1§, ~ U.
Also note that

o(tint~ s~ fon_1?) —8(fan_1?) > TN +1 Ty, (4.8)

and given that the execution of Gy is not preempted due to its maximum prior-
ity in the chain and due to (4.7), we also have:

ot~ foy!') < To'+1+Ty+ flush (4.9)

wheres;~fay 1? C s-fay!' C teaple

When Cy produces an empty packet in bgy_1 by executing bgy_;! it de-
blocks component Gy_1. The next action of Cy according to its program is
the delay action d(T + (I + 1) x Ty)). However the delay action cannot be
executed at this point because now there exist other actions (of Gy_1) than
delay that are ready in this state. Therefore the next actions in the trace are
those of Cy_1.

When component Cy_; executes bay_»! it de-blocks Cy_2, which post-
pones the execution of the delay action again. In fact the system experiences
ade-blocking in cascade of components in LSGy, from Cy_1 down to C;. We
distinguish the following case anaysis:

A.When Ty < S< 2Ty

Attime TN + (I + 1) = Ty + 1, given that Cy has the maximum priority in
the chain, d(T3' + (I + 1) * Ty) is executed. The additional 1 time comes from
the fact that Cy preempts the execution of another component only after the
atomic action that was executed at time T + (I + 1) = Ty is completed. The
trace recording the interleaved execution of components in LSGy between the
execution end of téN and execution start of d(TN + (I + 1) x Ty) ist.1. At this
point the system trace can be expressed as:
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p=tint ~t&, ~ti ~ d(TQ+(1+1)«Ty) ~ u.
Because Ty < S< 2Ty, followsthat o(tint ~ t&, ~ tL1)/0eqTg + (I +1) Ty,
This means that action d(TJ' + (I + 1) x Ty) does not have any effect in this

case. Given that at moment TN + (I + 1) * Ty Cy is ready-to-run, Cy continues
its execution according to its program (Figure 4.6) with IéN X

2, =3bon?~ oy’ ~ ..y~ fo! ~ =i 1%
Note that
o(tint~s3~bon? ™) = 8(ban? 1) > TN+ (1+1) * Ty, (4.10)

and given that the execution of Gy is not preempted due to its maximum prior-
ity in the chain and due to (4.7), we also have:

ot~ sa~fop!'™1) < TN+ (1+1) % Ty + flush (4.12)

wheres;~foy 1? € s~ foy!! € ssmban? ! C s fop!'™t C teaple.
Trace p can be expressed as.
p=tint ~t&, ~t ~dT+(+D)«Ty) ~ &~ u
Note that in this case, the execution of Gy preempts the cascaded execution of
components in LSCy. The delay action following téN according to the program
of Cy cannot be executed yet because at the end of @N there exist actions of
components in LSCy other than delay that are ready in this state.

Therefore the cascaded execution of components in LSGy is resumed and
recorded by t . At the end of t;», al components in LSCy have executed
one iteration of their loop and became blocked again at action bg, 1< j <
N. Indeed this happens because al these components have had only 1 empty
packet to process. The exact order of execution inf; andty, is determined by
priority assignment. At this point trace p can be expressed as:

p=tint ~ & ~ta ~ d(TP+(1+1)xTy) ~ & ~tio—~ U
Because Ty < S< 2Ty at the end of t; » there are no other actions ready than the
delay action of Cy. Therefore d(Tg' + (I +2) * Tn) is executed which advances
time until moment TN + (I + 2) x Ty. Trace p can be expressed as:

p =
tint ~ t&, ~ i~ d(T' + (1 +1)#Tn) ~ &, ~ iz~ d(Tg' + (1 +2) #Tn) ~ U
At thismoment and state in the trace, the situation of componentsin the system
isidentical with the one at the end of t,;, therefore the execution of the system
repeats and can be expressed as:

p =Ttinit ~ tsable

tstable = (%: tcl:N - t|_1 - d(TON +i *TN) - tCZIN - t|_2 - d(TON +i *TN) :&)w
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Also given the the repetitive beviour of the system we aso have for all
ieNands~fay_1? € -foy!' € ss~bay?*t C sp~foy!'™ C tyane:
S (tinit~ S~ fo!) < TON+i*TN+ flush A
S(tine— 51~ fan_1?) — 8(fan_1?) > T +i%Tw) A
o(tinit~sa~fon ™) < TP+ (i+ 1)« Ty + flush A
o (tinit~S3~bgn? 1) — 8(bgn? 1) > TN+ (I +1) x Ty
which implies that SQOSCi (tyable, tinit: fan_1? fan!, ban? fay!, T3, Tn)
holds.

B. When S< Ty the execution of t, ends before moment ToN +(I1+1)«Ty and
d(T + (I + 1)« Ty) advances time until T + (I + 1) =« Ty. Tracety, is empty
because in this case the cascaded execution of components in LSGy is entirely
recorded by t,,. Therest of the statements are to be proved in the same manner
asincaseA. 0

As a direct consegquence of the above theorem, the following corollary
shows that during the stable phase, whenever Gy executes foy_1?, al the other
components in the chain (G,1 <i < N) are blocked at action bg?.

Corollary 4.4. Consider t a prefix of trace p such that tn: € S(t) and the
next action after t is boy_1!(tint € t~bogn_1!"p). If S< 2Ty and P(Cy) =

m“éfp(ci) then G, b bgi?, for all i,1 <i < N.
1=
Proof. Follows directly from Theorem 4.2. O

P(Cn) = mi\élx P(C;) ensures that whenever Gy is ready to run, it can run.
1=
This ensures Cy executes at a periodic rate as required by SQoSci. We include
below the corollaries showing how the QoS requirements can be satisfied dur-
ing the finite prefix t,;: and subsequently for the entire trace p.

Corollary 45. S< 2Ty A P(Cy) = m“élx P(C) =
=

Qo (tinit, €, fay_1?, fan!, ban?, fa!, T, Tn).
Proof. SQo<ci(tinit, €, fay_1?, fan!, ban?, fay!, TON, Tyn) holds when com-
ponent Cy executes with rate Ty (within the flush time) during ;.

S < 2Ty implies that the rate at which packets are produced in fgy_4 is
higher than their consumption rate. Therefore during ty;;, at the end of every
2Ty the length of foy_ is strictly positive. This implies that after the first
execution of Cy during tiit, Cn Will never become blocked from channel per-
spective. It also means that Gy is ready to run from both time and channel
perspective every Ty because according to its program, Gy heeds to consume
afull packet only once every 21y.
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When Cy has maximum priority, it also executes whenever it is ready to
run which means that during ti;, Cy Will execute at rate Ty which implies that
QO (tinit, €, fay_1?, fan!, ban?, fan!, T, Tn) holds. O

Corollary 4.6. S< 2Ty A P(Cy) = mNale(Ci) =
=

SQOSCI(p, €, qu—l?7 qu!7 qu?a qu!7 T0N7 TN)
Proof. Followsdirectly from Corollary 4.5 and Theorem 4.2. O

When considering variable computation times for the actions of compo-
nents by imposing ¥ < 2Ty where

N
¢=§¥®»

the stable phase is reached again and all lemmas and corollaries presented
above hold as well, which means that again the trace p satisfies the QoS re-
quirement. Indeed by ensuring at design time that &' < 2Ty where here SV
takes into account the worst case computation time for al actions of com-
ponents, the reasoning and the conclusions about the execution of the chain
presented above hold again. In this case the above corollaries become:

Corollary 4.7. M < 2Ty A P(Cy) = mhé{(P(Ci) =
i=
SQoXi (tinit, €, fay_1? fay!, ban?, foy!, To, Tn). O
Corollary 4.8. S < 2Ty A P(Cy) = m“élx P(C) =
i=
330&“(‘)7 g, qu—l?> qu!> qu?a qu!a TONz TN) u

Note that the S < 2Ty restriction can be verified at the design of achain
by measuring the load on the processor of one iteration of each component.

4.2.3 Practical Applications

Trace p and its eager schedule can be calculated when knowing the computa-
tion times of all component actions, and by choosing in each state the ready
action of the component with the highest priority. Knowing the trace and the
schedule allows to caculate the number of context switches, and the number
of actions needed to process a packet from input to the output of a chain. The
schedule also renders the start and response times for individual tasks and the
response time of the chain.

As in the previous case where Cy is a time-driven component, because
SM < 2T, component Cy has the same effect on the interleaved execution of
the rest of components during the stable phase tyan1¢ as a data-driven Gy with
minimum priority (case described in Chapter 3). Due to this, we find again
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that corollaries addressing the stable phase of a chain composed of only data-
driven components (with Gy having the lowest priority) hold in this case as
well. From here we deduce that:

e the minimum necessary and sufficient capacity of each queue in the
chainis 1 (Corollary 3.3).

o the response time of the chain isto be calculated as shown in Chapter 3,
in the case of a chain composed of only data driven components with
m= N. Also follows directly that response time of the chain cannot
be improved by assigning the minimum priority to G as suggested in
Chapter 3 because that does not change the influence of the time-driven
component Cy.

e according to Theorem 3.3 the response time of the chain is reduced by
reducing the capacities of queues preceding Gy.

e the number of context switches occurring due to the interleaved exe-
cution of the data driven components during the stable phase can be
reduced by assigning priorities as P(G) < P(Cy) < ... < P(Cn-1) and
Cap(fg) =2Vi,1 <i < N-—1(Theorem 3.2).

¢ the number of context switches occurring due to interleaved execution
of the data driven components with actions of Gy (during the stable
phase) can only be reduced by one context switch. This is the con-
text switch due to preemption when Gy has a higher priority than other
components in the chain. This context switch can be avoided by assign-
ing to Cy the lowest priority in the chain. However this comes at the
cost of alower QoS when S > Ty given that in this situation predicate
SQosxi (p, &, fay 12 fan !, ban 2, fay !, TaY, Tn) is not satisfied.

4.2.4 Modeing overload situations
In the case of overload situations, for the same reasons as explained in sec-
tion 4.1.4 we modify the constraint S < 2Ty to

k .
Y S+E<Mx2xTy, MEN. (4.12)
i=k—M+1

The QoS requirement in this case is specified as:
SQoscieload () €' (3pret, t, pref~t = p:
SQoci(t, pref, fay_1? fay!, ban? fay!, To's T))-

By using asimilar reasoning we find that Lemma4.3 holds in this case as well.
Also Lemma 4.4 becomes in this case
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Lemma4.6. Given that equation (4.12) is a property of the system execu-
tion, P(Cy_1) = rirlNi{w P(Ci), P(Cn) = rp:‘alx P(Ci), and Cap(fgy_1) = M, then
there exist 5§ € S(p), i € N such that o(5) = o(tinit) +i1*M*2x Ty and
L(s, fay_1) =M.

Proof. Identical approach as in the proof for Lemma 4.4. The only differ-

ence isthat where we used Ty in the non-interlaced case becomes 2x Ty in the
interlaced case. O

As in the non-interlaced case Corollary 4.9 regarding satisfying the QoS
requirement follow immediately.

Corollary 4.9. Given that equation (4.12) characterizes the execution of the
N

system, P(Cy-1) = MINP(G), P(Cy) = maxP(C,), and Cap(fay 1) = M, then
1= 1=

SQoSci (13481934 tiit, fan_1?, fan!, ban? fay!, T, Tn) holds and hence

SQoScVe9%¢ () holds as well.
Proof. Similar proof asfor Corollary 4.3. O

4.3 A linear chain wherethefirst component istime-driven

In this section we study the execution of alinear chain in which the first com-
ponent istime driven (Figure 4.9). An example from practice of such acompo-
nent isthe video digitizer component. The video digitizer captures periodically
video images (frames/fields) viaavideo camera. Theseimages are passed on to
the other components down the chain most commonly to be displayed onaTV
screen, or to be encoded and saved on a storage facility. In the interlaced stan-

fgo fqy faz fqa fan-2 figin-1 fan
=) & () & () & (om0 s G (o
bqp i bq, ' bg: bqs bgn-z Qn-1 ! ba
* ____________________ NTTTTTTTT T T T ’
Time-driven Data-driven
companent components

Figure 4.9. Chain consisting of a time-driven component followed by data-
driven components.

dard, the video digitizer captures an image (field) each period. The two fields
are then combined into one frame that is eventually passed on in the chain.
At the programming level, the basic statement process fcy?(VAR,VAR) de-
notes the processing during the first period of the time-driven component.
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process. fct; P(VAR, VAR) denotes the processing during the second period of
the time-driven component. The program that specifying this behaviour is pre-
sented in Figure 4.10.

while (true) do
{ receive(fqy, fPacket,1):
/I the first field of the image is stored in fPacket.
receive(bqy.ePacket . 1),
process_fety'( fPacket, ePacker):,
I first field is stored in ePacket.
send(bqq. fPacket ,1);
i=i+1:

receive(fqy. fPacker . 1),

i the second field of the image is stored in fPacket.
process_fct" ( fPacker ,ePacket);

Il rwo fields are merged into one image srored in ePacker.
send(bgo. fPacker.1).

send(fq,,ePacker . 1);

Il the image stored in ePacket is sent to Cy.

‘______\,______,
f
-
1]

delay_until (T} +i+Ty); }

Figure 4.10. Program of a time-driven component C1. Implementation ac-
cording to the interlaced standard.

The corresponding trace actions in the trace alphabet of the new basic state-
ments are defined below:
Alph(’process.fct; (VARLIST)) def (e, ..., 'y
Al ph(’process. fot,™ (VARLIST)) & (", ..., ¢}
The trace associated with each basic statement is
Tr(’ process. foty (VARLIST)) & 3/ ~ ... ~ ™' ¢
Tr (' process. fcty”(VARLIST)) & g ot ~ . ~ M’ ¢

The associated trace set of component G, is:
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Tr(Cl):{taA false,
g~ (Ltrue~
fgo? ~ bqu?~ i’ ~ ... ~ ™' ~ bgo! ~
=il d(TE+iTy) ~
fgo?~ &’ ~ ...~ ¢ ~ bgg! ~ fa! ~
i=i+1-d(Td+ixT)$)°},

wheret? specifies the statements preceding the loop guard in the program:

2 =Jot(Tg) ~i:=0%.

The while guard is evaluated to true in the trace recording the actual exe-
cution of the component. In the following we will use the following notations
for the actions of C; during the odd and even iterations as illustrated in Fig-
ure 4.10:

td, = Ltrue~ fgo?~ bop?~ ¢’ ~ ...~ ™' ~ boo! ~i==i+1%
2 =¥fap?~ ct’ ~ ...~ " ~ boo! ~ foy! ~i=i+1%

4.3.1 QoSrequirements

In the case of the chain where the first component is time driven the QoS re-
guirement demands that C; executes periodically, at rate Ty within the flush
time. To explain this requirement we consider the case of a video processing
chain, where C; is a video digitizer. If C; does not execute at rate Ty, it will

not be able to capture video frames at the correct rate, which induces video
artefacts such as breaks in the movement of the video objects in the image, or
in more severe situations, abrupt changes of images when the captured video
contents is eventually displayed on a screen. Obviously all these artefacts im-
ply alower perceived QoS from the perspective of the human user. The QoS
requirement is expressed as.

SQo<ci(t, pref, fgy?, bao!, fae?, fo,!, T, Tu) def

(Vs1,9,%8,% € S(t), Vke N,

s1—fge* C bk C s>t C y—fgylktt Cit:

o(pref~s~bgo!%) < T4 +k+Tp+ flush A

o(pref~s~fgy™) — 8(fge™) > T¢+k*T) A

o(pref~s~fg, 1) < Td+ (k+1) Ty + flush A

o(pref~sg—fge®*1) — §(fge™ ) > Td+ (k+1)+Ty).

The meaning of the predicate above is that if

No<ci(p, &, fgp?, bao!, foe?, fg,!, T4, Ti) holds, then C; executes at
aconstant rate Ty, within the flush time interval, where:

flush > pmax(S' (15,) + S (1), (1)) (4.13)
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4.3.2 Characterization of system behaviour

We consider for the beginning fixed computation times for al component
actions. We consider in this section that S denotes the processing time be-
tween the production of two consecutive packets (k and k+ 1) in fgy. Sis
defined in (4.2). In the remainder of this section we show that S< 2T and

P(Cy) = mNalx P(Ci) are sufficient conditions such that the QoS requirement
1=
would hold for the entire p. To prove this, we analyze first the behaviour of the
chain when S< 2T; and P(C) = m'\élx P(C;) are imposed.
1=

Theorem 4.3. When S< 2T; and P(Cy) = mNalx P(Ci) the pipeline system de-
1=

picted in Figure 4.9 assumes a repetitive, periodical behavior called stable
phase after a finite initial phase. The complete behavior is characterized by

p =Ttinit = tsable
where
tinit = L1, tél ~d(TE+i*Ty) %,
tstable = (%: tC2:1 - tRl - d(Tol-l-i *T]_) - tClil - tR2 - d(T01+ i *Tl) Ié)w
asillustrated in Figure 4.11 and:
e Sub-tracestr, and tr, record the interleaved execution of componentsin
RSC;.
e Sub-trace tg, records the interleaved execution of components in RSG
between the execution end of {2 and start of d(Tg + i+ T).

e Sub-trace tg, records the interleaved execution of components in RSG
between the execution end of £, and start of d(Tg +i % T1) (of the next
iteration) when Ty < S< 2T;. Tracetg, isempty when S< T.

e During one iteration of tgane @l components execute one iteration of
their loop. At the end of each iteration of tyane COMponents in RC; are
blocked at fg,_4?, 1 <i <N.

Proof. We prove the statement of the theorem by construction of this trace p.
The assumption about the initial state of the queuesin the chain (excepting
fgp and bgp) isthat all forward queues are empty and all backward queues are
full. This means that the initial state of all components except G is that they
are blocked at action fg_4?.
The only component that is ready-to-run in the chain isG. Therefore trace
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Istable

idle time idle time idle time idle time idle time
-
Linit
: 7 1 N 2
| = e d } = O =

Figure4.11. Execution of a system where the first component is time-driven.
The time-driven component executes according to the interlaced standard.

p starts with the first actions of C; according to its program (Figure 4.11):
tinit = itél - tél - d(TOl+T1) :é

Given that after action bp! there are no other actions ready, action d(T; + Tr)
follows in the trace. Since 6(t) < TOl +T1 it =t ~ d(TO1 + T1)), hence
action d(TO1 + T1) advances the time until moment 1})1 + Ty, and the system
experiences idle time.

At moment T4 + T, C; becomes ready to run from time perspective, the
other components in the chain are still blocked, therefore G executes the fol-
lowing trace according to its program:

¥fge?~ ¢l ~ ...~ <M ~ bgo! ~ g%
When fq,! is executed, it de-blocks from channel perspective G. However
given that P(Cy) = mi\élx P(Ci), C, cannot execute in this state, leaving G to
1=
continue its execution with action i := i + 1 according to its program. This
means that the sub-trace executed by G after tini; is
8, = ¥fap?~ e’ ~ ...~ "~ bag! ~ fop! ~ i=i+1f
Also follows that p can be expressed so far as:
p=tnt ~t& ~t.
Given that in state tiy; ~ tZ there exist other ready actions than d(Tg + 2
T1)(C> has been de-blocked), implies that the delay action is postponed until
all components in RSC; are blocked again, or until o(s~d(T&+2%Ty)) >
T + 2+ Ty where tigy — t8 € S(s).
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Because o(tint ~ t&) < Tg + 2+ Ty, state tin — t& isfollowed by actions
of C,. This component executes one iteration of its loop and becomes blocked
again at action fq, ? because it has only one full packet to process. Moreover
when C, executes fg,!, it de-blocks component Gz, which aso executes one
iteration of its loop and becomes blocked at action fg?. In fact, in this man-
ner all components in RSC; are de-blocked in cascade, execute one iteration
of their loop and become blocked again at action fg_4?, 1 <i < N. Thein-
terleaved execution of components in RSG; is completely determined by the
priority assignment. We denote the trace recording this execution with . We
distinguish the following case anaysis:

A. When T; < S< 2Ty, the execution of components in RSC; is preempted
at moment TOl + 2xT1 + p by C; which has the highest priority in the chain.
Cy executes d(Tg + 2+ Ty) because o(s~d(Td + 2+ Ty)) > T +2+T1. The
interleaved execution of componentsin RSG; between tZ and d(Tj +2xT1) is
denoted with tg,.

After d(T¢ +2xTy), C; executes tél according to its program. At this point
p can be expressed as:

p = tinit - tél - tRl - d(Tol+2*Tl) - tél - tl, Whel’e

tél = J (true~ fgo? ~ bqy?~ c}/ ~ ... ch’ ~bo! ~i:=i+1
Sub-trace tél is followed by the rest of the actions in tr, denoted astg,. p can
be expressed as:

p=tint ~ & ~tr, ~ d(Tg +2xT) ~ & ~tg, ~ to.

At the end of tg,, all componentsin RSC; are blocked at action fg_1?, 1 <i <
N. Therefore the action following tr, isd(Tg + 3% Ty).

S< 2Ty implies 6(tint ~ t& ~ tr, ~ d(Tg +2%T1) ~ & ~ tr,) < Tg+3x
T;. This means that d(T¢ + 3% T;) advances time until T + 3 Ty. p can be
expressed as:
p=tint ~ & ~tr, ~ d(Tg +2xTy) ~ &, ~ tr, ~ d(Tg +3%T1) ~ ta.

At moment T¢ + 3+ T component C; becomes ready from time perspective
while the other components are all blocked. This situation isidentical with the
one at the end of tni; which implies that the execution of the system will repeat
in the same manner as presented above.

B. When S < Ty, the execution of tr, records the entire cascaded execution
of components in RSCy, therefore tg, is empty. tg, ends before moment TOl +

2+ Ty and d(T4 + 2% Ty) advances time until T¢ + 2+ Ty.
O



96

The following corollary states that when S < Ty, whenever C; executes
fgp?(p1), al the other components in the chain (G,2 < i < N) are blocked at
action fg;_4?.

Corollary 4.10. Consider t a prefix of trace p such that {,i; € S(t) and the
next action after t isfqy! (tinit Ct—~fgy! Cp). If S< Ty and P(Cy) = mi\élx P(Ci)
1=

thenC bfg,_,? for alli,1 <i <N.
Proof. Followsdirectly from Theorem 4.3. O

Corollary 4.11. S< 2T AP(Cy) = mNalx P(C) =
i=
SQOSCI(p, g, qu?, bqO!a fCIo?v fq1!7 Tola Tl)

Proof. Followsdirectly from Theorem 4.3 (Figure 4.11). O

When considering variable computation times for the actions of compo-
nents by imposing ¥ < 2T; where

N
Wz%%%»

the stable phase is reached again and all lemmas and corollaries presented
above hold as well, which means that again the trace p satisfies the QoS re-
quirement. Indeed by ensuring at design time that ! < 2T; where here SV
takes into account the worst case computation time for al actions of com-
ponents, the reasoning and the conclusions about the execution of the chain
presented above hold again. Such a restriction in the design of a chain can
be verified by measuring the load on the processor of one iteration of each
component.

4.3.3 Practical Applications

Trace p and its eager schedule can be calculated when knowing the computa-
tion times of al component actions, and by choosing in each state the ready
action of the component with the highest priority. Knowing the trace and the
schedule allows to calculate the number of context switches, and the number
of actions needed to process a packet from input to the output of a chain. The
schedule also renders the start and response times for individual tasks and the
response time of the chain.

Important to note is that because ! < 2Ty, regardless of its priority, com-
ponent C; has the same effect on the interleaved execution of the rest of com-
ponents during the stable phase as a data-driven G with minimum priority (as
described in Chapter 3). Owing to thisfact, we find that corollaries addressing
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the stable phase of a chain composed of only data-driven components (with G
having the lowest priority) hold in this case aswell. From here we deduce that:

e the minimum necessary and sufficient capacity of each queue in the
chainis1 (Corollary 3.3)

e the response time of the chain is to be calculated as shown in Chap-
ter 3, in the case of a chain composed of only data driven components
with m= 1. The response time is not improved by assigning the min-
imum priority to C; because time-driven C; already has the effect of a
component with minimum priority on the execution of the data-driven
components in terms of the queuefilling. The response time of the chain
can only be improved more by assigning P(G) < P(C3) < ... < P(Cn)
as suggested in Theorem 3.3.

e the number of context switches occurring due to the interleaved exe-
cution of the data driven components during the stable phase is not
improved more by assigning the minimum priority to G as suggested
in Theorem 3.2 b-(i). That would be superfluous given that the time-
driven component C; has the same effect as a data-driven G, with low-
est priority in the chain. NCS is improved in this situation by taking
P(Cz) > P(C3) > ... > P(Cy) as suggested by the same theorem.

o the number of context switches occurring due to the interleaved execu-
tion of the data driven components with actions of G (during the stable
phase) can only be reduced by one context switch. This is the context
switch due to preemption when C; has a higher priority than other com-
ponents in the chain. This context switch can be avoided by assigning
to C,; the lowest priority in the chain. However this potentially comes at
the cost of alower QoSwhen S> T;.

4.4 A video surveillance system

In this section we present the analysis of the execution of a surveillance sys-
tem. The system consists of avideo digitizer component as presented in sec-
tion 4.3, avideo renderer component (section 4.2) and anumber of data-driven
components. The video digitizer and the video renderer execute according to
the interlaced standard. The data-driven components have the role of improv-
ing through addditional processing the video frames received from the video
digitizer.

For the purposes of this analysis we consider the periods of the video dig-
itizer and of the video renderer equal:

T1=Tn (4.19)



fao fay fqa fqa fan-2 fQn-1 fan
i | |1 ) o 1 i
0 1 bCh I bq2 b[h qu_Q : qN 1 : qu
1 ~ » 1
L 20 y TTTTT T T ¥
Time-driven iﬁi’::;:g Time-driven

component component

Figure 4.12. Surveillance system consisting of N — 2 data-driven compo-
nents and a time-driven components at the beginning and respectively end
extremity.

We also assume that C; has the highest priority in the chain, and Gy the
second highest priority.

P(Cy) = maxP(G) A P(Cy) = maxP(C) (4.15)

The QoS requirement is as expected a combination of the QoS requirements
as defined in section 4.2 and section 4.3.1:
SQosc(t, pref)dif
Qo<ci(t, pref, fay?, bao!, fae?, fou!, T, T1) A
SQosxi(t, pref, fay_1?, fay!, ban? fay!, T, Tn).
We consider variable computation times for the components actions and

N
s :__21@4%). (4.16)

We denote with M SC the sub-chain consisting of componentsG,2 <i <N-—1.
We denote with A, the time between the execution start of %1 during which a
packet K is produced in fg;, until the beginning of the execution of %N (for
k> 1), or téNAtéN (for k = 1), during which packet k is consumed from fgy_4:

Ak:{ S(U-t,) ~ S(t§, ) ~o(v-) ~S(B) k=1
olui-td) -, -o(v-8)-$®)  k>1

Theorem 4.4. Consider a system as in Figure 4.12. Given that (4.14), (4.15)
and SM < A; < 2Ty hold, the video surveillance system assumes a repetitive
behavior is characterized by

P = tinit " tgavle
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Figure 4.13. Initial and stable phase of a video surveillance system.

&, " the ~ 8, 7§, d(Tg +3%T1) £

tyapie = (S 1& e~ d(TY +i+Tn) & ~thee~d(Tg +i % T1)~
t& ~tuge d(Tg +ixTn)~tg, ~d(Tg +i%T)$)®

asillustrated in Figure 4.13. Also:

o Sub-tracesty o, t3oo, tihges thse @nd to record interleaved executions
of components in sub-chain MSC.

e Sub-tracestf o and tp,o are empty when S < T;.

e During one iteration of tgape @l components execute one iteration of
their loop. At the end of each iteration of tyane COMponents in MSC are
blocked at fg,_;?, 1 <i <N-—1.

o A=TN-Tg—Ti, VkeN, k> 0.

o SQ0SC(tgaple; tinit) holds.

Proof. We prove the statements of the theorem by construction of thistrace p.

|. We start by proving that the execution and properties of the system dur-
ing tini; are as stated in the theorem.

The assumption about the initial state of the queuesin the chain (excepting
fgo and bap) is that all forward queues are empty and all backward queues
are full. This means that the initial state of al components except G is that
they are blocked at action fq_4?. The only component that can execute isG,.
Component C, starts at time Tol. Given that the execution start of G, marks
also the execution start of the system, we consider
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Tol == 0.
According to the program of Gy, & — t& areexecuted. Sincein statetg ~ ¢,
all other components are till blocked, the delay action d(T + T1) of C; can
be executed. Therefore at this point p can be expressed as:
Action d(T4 + T1) advances time until moment T3 + T;. At this moment the
only component ready-to-run is still G. Thisimplies that the execution of the
system continues with tél according to the program of G;. p can be expressed
as:
p=tg ~ & ~d(T+T) ~tZ ~u

During tél, action fq,! is executed which makes component G, to become
ready-to-run from channel perspective. This postpones the execution of
d(T¢ + 2+ Ty) according to the conditions expressed by predicate Soc. In-
stead 2 is followed by an execution in cascade of components in MSC. That
is because when action fg;! is executed during tél, all componentsin MSC are
de-blocked in cascade, execute one iteration of their loop and become blocked
again at actionfg_1?, 1 <i <N-—1.

A.When Ty < SV < 2Ty, the interleaved execution of components in MSC
continues until moment T + 2+ Ty + 1 when it is preempted (on an atomic

action boundary) by action d(T +2*Ty) of C; (P(Cy) = mNalx P(Ci)). The
i=

interleaved execution of components in MSC until moment 'I'o1 +2xTy 4+ pis
recorded by trace tyg.. The delay action d(Tg' + 2 T1) is followed by t&,
according to the program of C;. So far p can be expressed as:

p=t ~tg ~d(T+T) ~t& ~the ~ d(Td+2+Ty) ~ & ~u.
After tél, C; becomes blocked from time perspective and the interleaved exe-
cution of components in MSC is resumed. The delay action d(T¢ + 3% Ty) is
postponed because there exists a ready action of a component in MSC other
than delay. This second part of the interleaved execution of components in
MSC is denoted by t3o-.

At the end of tZ4., action foy_,! is executed. This de-blocks component
Cy at action gt(T{). Given the fact that Cy is bloked, and P(Cy) = m%zx P(C),

1=

trace g ~ téN of Cy are executed according to the program of Gy. p can be
expressed as.

p :tél - tél - d(T01+T1) - tcz:l - tl\])|3: - d(T01+2*T1) -

%1At54$AtCNA%NA u.
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After téN Cn becomes blocked from time perspective. Indeed, athough
there are no other regular action ready in this state, there exists another delay
action (d(Tg + 3+ T1)) for which the delay time is due earlier (T + 3+ Ty <
To'\I + Tn). Therefore after téN, according to Soc, C; becomes ready from
time perspective and since no other components are ready-to-run in this state,
d(T¢ + 3% Ty) is executed. Trace p becomes:

p=3 ~ & ~d(Td+T) ~ & ~ the ~ d(Tg+2xT) ~

€, "t ~ 1§, 7 1§, ~ d(Tg +3%Tw) ~ uf.
We have therefore so far that
p =Ttinit ~ U

B. When SV < Ty, t{, & records the entire interleaved execution of compo-
nents in MSC and therefore t,%,sc isempty. Therest of the actions sequence in
tinit remains the same for the same reasons as explained at A.

So far, from the system execution (illustrated in Figure 4.13) we conclude
that during tinit:

tg ~ t& starts executing at moment Tg.

tg starts executing at moment T¢' + Ta.

t&, starts executing at moment T + 2+ Ty.

t, starts executing at moment T3,

Given (4.13) and 4.7 follows directly that
$0&| (tl nit » €, fq0?7 bqO' P qu?7 fqll ) T017 Tl) and
o (tinit, €, fay_1?, fay!, ban? fay!, TON, Tn) hold, which implies
that SQoSc(tinit, €) holds. Also results immediately that

A =TN-Td-T. (4.17)

I1. We continue with proving that after ty;; the execution of the system be-

comes repetive. Since 1 < Ay < 2T; follows that o(t~t8 ) < Tg + 3 Tu.
Therefore the last action in tit, d(To1 + 3% Ty) advances time until moment
Tol +3xT;.

At moment T4 + 3Ty, C; continues its execution according to its program
witht . This means that

o(t~td)-S(td) =Tgd+3+Ty (4.18)
Trace p can be expressed at this point as:
p="tint ~ g~ U.



102

During tél action fqg;! executed which determines G, to become ready-to-run
from channel perspective. Sincein this state there exists another action than a
delay that is ready, d(T + 4 T1) is postponed. t is followed by actions of
C,. C, executes one iteration of its loop and becomes blocked again at action
fg,? because it has only one full packet to process. When G executes fq,!, it
causes a de-blocking in cascade of components in MSC. All components in
MSC execute one iteration of their loop and become blocked again at action
fg_1? 1<i<N-1

C. When T; < SM < 2Ty, the interleaved execution of componentsin MSC
continues until moment ToN + Tn + p when Cy becomes ready-to-run from time

perspective. Because P(Cy) = mi\ézx P(Ci), Cn preempts this interleaved execu-
1=

tion by executing action d('l;)N +Tn). Theinterleaved execution of components

in MSC until moment TN + Ty + p is recorded by trace t .. Trace p can be

expressed at this point as:

At moment TN + Ty + K the delay action d (T3 + Ty) does not have any effect.

The execution continues with téN according to the program of Cy. That is

because at moment TON + Tn, Cy is till blocked from time perspective and Gy
has a higher priority than all components in MSC. This means that

o(t~t3,) - S(t&,) =T + T+ (4.19)
After téN the interleaved execution of components in MSC is resumed and the
delay action d(T + 2 Ty) of Cy is postponed given that in the current state
there exist ready actions other than delay.

The interleaved execution of components in MSC continues until moment
TOl + 4+ Ty + pwhen C; becomes ready-to-run from time perspective. Because

P(Cy) = m'\élx P(Ci), Cy preemptsthisinterleaved execution by executing action
i=
d(Tg +4*Tn). Theinterleaved execution of componentsin MSC until moment

Tg + 4+ Ty + pisrecorded by trace tyo. Trace p can be expressed at this point
as:

p=tint ~ Xt& ~ thee ~ AT +Tn) ~ 1§, ~ tiuge — d(Tg +4%T1) ~ ukb.
At moment Tg + 4 Ty the delay action d(Tg + 4+ T;) does not have any effect

of advancing time. The execution continues with %1 given that C; has the
highest priority in the chain. This means that

At the end of t& the interleaved execution of components in MSC is re-
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sumed and the delay action d(T¢ + 5+ Ty) is postponed. We show below that
the interleaved execution ends before moment T + 2 Ty. The sub-trace that
records the last part of theinterleaved execution of componentsin MSCisq-.
Hence we will show that o(t ~ o) < To¥ + 2% Tn.

Given the system execution so far we have:

ot ~ thg)

(tlnlt)+sﬁ(t%1)+sﬁ tcz:N +Sﬁ tMSC
S(t,) + S(tusc)-

Tol+3*T1+36(tc2;1) S(tuge) + S,) + Sthe)+
S+ St

< {(4.16)}
Td+3%Ty+SM
<
T01+3*T1+A1

T01+3*T1—|-T0N —Tol—T]_
= {(4.14)}
= {414}
Hence we have that
ot~ thee) < TV +2xTy.
Trace p can be expressed at this point as:
2 ~ g — Ub.
C1 MSC
At the end of t3o all components in MSC have executed one iteration of
their loop and have become blocked again at action fq_;?, 2 <i < N. Given
that at this point no regular actions are ready, the delay action d('[g\I +2xTy)
of Cy is executed. From (4.17), (4.14) and A1 < 2T; follows directly that
T 425 Ty < T¢ 4+ 5% T1. Hence, according to Soc, d(T)! + 2+ Ty) is executed
before d(T¢ +5xTy).
The delay action d(TJ + 2 Ty) advances time until TN + 2 Ty when the
execution of Gy continues according to its program with %N . This means that

ot~tg,) - S(td,) =T + 2+ Ty (4.21)
We have therefore that
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T +2xTy— (Tg+3xTh)
= (4.14)
TN +2%Ty— (T4 +3%Ty)

TN -T¢ - T
Because S < 2Ty, t& ends before moment T +5x Ty. Aftert} the delay
action d(T3' +2xTy) is postponed because T + 2+ Ty < Tg +5T1. All
components in MSC are till blocked, therefore the next action is d('l[)l + 5%
T1). The delay action d(Tg + 5+ T;) advances time until moment T3 + 5x Ty.
Trace p can be expressed at this point as:
p="tint ~ & ~ g ~ d(Tg' +Tn) ~ &, ~ thge ~ d(Tg +4%T) ~
g~ thge ~ AT +2%Tn) ~ t§ — d(Tg+5xT1) ~ ut.
At moment T4 + 5 Ty al component in MSC are blocked at action
fg,_1? 1 <i < N,Cy isblocked from time perspective and G is ready from
time perspective. That means that the state of all components in the chain is
exactly the same as at moment To1 4 3% T; which marks the end of the tt.
This means that the execution of the system is repetitive and trace p can be
expressed as.
p =Ttint — (itél ~ e~ AT +Tn) ~ téN ~thge ~ d(Tg+4xTy) -
g~ the ~ AT +25Ty) ~ &, — d(Tg+5%To)$)°.

or as.
P =tinit ™ tganle

D. When SV < Ty, t3, o and ty- record the entire interleaved execution of
components in MSC and for this reason 7,4 is empty. The rest of the actions
sequence in tgape remains the same for the same reasons as explained at C.

So far, from the system execution (illustrated in Figure 4.13) we conclude
that during the first iteration of tgapie:

tg starts as of moment T + 3 Ty.(4.18)

td, startsas of moment Ty + 4 Ty + 1.(4.20)
tg, starts as of moment T¢ -+ Ty + |.(4.19)
tg, starts as of moment Tj¥ + 2+ Ty.(4.21)
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Given the repetitive execution of the system during tsanie follows that dur-
ing each iteration of this sub-trace of p:

o tZ startsasof each moment T+ k« Ty, Vk € N, k> 2.

o & startsasof each moment T + (k+ 1)« Ty + 1, VK€ N, k> 2.

o tZ startsasof each moment T + kx Ty + 1, Vke N, k> 1.

o & startsasof each moment T) + (k+ 1)+ Ty, Vk € N, k> 1.

Given (4.13) and 4.7) follows directly that
NOi (tgapies  tinit,  1G? b, foe?,  fgi!, TE, Ti)  and
QOi (tgables tinit, fan_1? fan!, ban? fay!, T, Tn) hold, which implies
that SQOSC(tgapie, tinit) holds. Since we aso have shown that SQoSc(tinit, €)
holds, results directly that SQoSc(p, €) holds.

Due to the repetitive behaviour we also find that

Ag=TN-Td T, Vke N, k> 0.
O

Corollary 4.12. S < A; < 2Ty A ((P(Cy) = m'\éle(Ci) A P(Cy) =
=

m%gp(ci)) ATi=Ty = Vs~fq,! Cp, G bfg ;?[insof T (1 <i < N).
1=
Proof. Followsdirectly from Theorem 4.4. O

Corollary 4.13. S < A; < 2Ty A ((P(Cy) = _Nale(Ci) A P(Cy) =
i=

m“ézx P(C)) A Ty= Ty = SQ0Sc(p, ).
1=
Proof. Followsdirectly from Theorem 4.4. O

In practice, the conditions suggested in Theorem 4.4 can be imposed by
measuring the duration of $* and ensuring at design time that $! < 2T;, and
controlling the start of the first iteration of Gy so that S < A; < 2T;. Thiscan
be done by adding adel ay action at the statup of Gy such that Cy does not start
as soon as it becomes ready to run from channel perspective but no sooner than
Tg+T1+S". Inthiscasetg  would become:

2 =3d(Tg+Ta+M) ~ gt(Tg') ~i:=0%
Condition SV < 2T, isreasonable to accomodate in practice because variations
in computation times of componentsin the chain are not large. Video upscaling
is excluded given that we consider equal periods for the video digitizer and the

video renderer. For this reason we do not approach overload situations in this
section.
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4.4.1 Practical Applications
Given the fact that when ! < A; < 2Ty, P(Cy) = mi\élx P(C),
=

P(Cn) = mi\ézx P(Ci), and T, = Ty, al components in RC; depend on C,
i=

the reasoning regarding practical applications is similar to that used in sec-
tion 4.3.3. Hence we find that:

e the minimum necessary and sufficient capacity of each queue in the
chainis1 (Corollary 3.3)

e the response time of the chain is to be calculated as shown in Chap-
ter 3, in the case of a chain composed of only data driven components
with m= 1. The response time is not improved by assigning the min-
imum priority to C; because time-driven C; already has the effect of a
component with minimum priority on the execution of the data-driven
components in terms of the queue filling.

e the number of context switches occurring due to the interleaved exe-
cution of the data driven components during the stable phase is not
improved more by assigning the minimum priority to G as suggested
in Theorem 3.2 b-(i). That would be superfluous given that the time-
driven component C; has the same effect as a data-driven G with low-
est priority in the chain. NCS is improved in this situation by taking
P(Cz) > P(C3) > ... > P(Cn_1) as suggested by the same theorem.

45 Summary

In this chapter we have presented a behavioural analysis of four types of sys-
tems with timing constraints. In al cases components can have variable com-
putation times. data-driven components and ending with a time-driven com-
ponent (section 4.1). Section 4.2 presents the behavioral analysis in the case
where the last component is time-driven and executes according to the inter-
lacing standard. The case of a system where the first component istime-driven
executing according to theinterlacing standard and the rest of the N — 1 compo-
nents are data-driven is presented in section 4.3. Finally, section 4.4 we show
the behavioural analysis of asystem encounered in practice. Thisisthe case of
video-surveillance system where the first and last components are time-driven
and the rest of N — 2 components are data-driven.

In each of the cases presented in sections 4.1, 4.2, 4.3 and 4.4 we specify
the behavior of the chain by means of atrace p of the actions of the compo-
nents that make up the chain, and the associated schedule function. We have
proven that when overload situations are prevented at chain design time, af-
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ter afinite prefix (initial phase) the trace recording the execution of the chain
becomes repetitive and periodic (stable phase). We have also shown that the
chain satisfies the quality of service requirements for the entire trace p. In
addition, in the first three systems analyzed we have explained that the time-
driven component has the same influence on the overall execution of this chain
as a data-driven component with minimum priority has on a chain composed
of only data-driven components. This reduces the analysis of this time-driven
system to be identical to that of the data-driven system in Chapter 3. Asare-
sult issues as the calculation and optimization of the necessary and sufficient
memory in each buffer, the response time of the chain and the number of con-
text switches occurring during the chain execution are to be reasoned about in
the same way.

In the case of asystem that contains two time-driven components, we show
how the chain can be designed so that the execution of the system is driven by
only one of the time-driven components namely the first one, while the quality
of service reguirements of both time-driven components are satisfied.

In the case where CPU overload situations are allowed at the design time
of the chain (as atradeoff for less processing speed and more components in
the chain), we show that there does exist an infinite suffix of the trace p during
which the chain satisfies the quality of service requirements, provided that the
capacity of the queue which connect the time-driven component to the rest
of the chain is of a certain minimum. We calculate this minimum necessary
and sufficient capacity. The results of this analysis are very relevant because
it shows how to trade memory for lower processing power when designing
systems that experience high variantions in computation times of tasks. The
trade-off proposed is very advantageous because the cost of additional amount
of memory is much lower that the cost of processing power when CPU is
overprovisioned to accomodate computational peaks.






5

A study of components with deferred
execution

I n this chapter we introduce a new type of components called components
with deferred execution. A component with deferred execution corresponds to
atask that delegates part of the processing to some other hardware. Examples
of components with deferred execution in TSSA are the file reader and the
file writer component which retrieve and respectively store the media stream
from/on the hard disk or aDVD disk.

We start this chapter by presenting the program and associated trace set of
a component with deferred execution in section 5.1. In essence the anaysis
of this chapter shows what is the influence on the overall system execution of
adding a component with deferred execution to the systems previously studied
in Chapter 3 and Chapter 4. Assuch, asafirst step weanalyzein section 5.2 the
execution of alinear chain where thefirst component iswith deferred execution
and the rest of the components are data-driven.

In section 5.3 we continue by adding a time-driven component at the end
of the chain we studied in section 5.2. The new system is analyzed again to
observe the combined influence of a component with deferred execution with
the timing constraints induced by the time-driven component, on the overall
chain execution.

109
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The last section of this chapter presents the analysis of the mirrored case,
where the chain is composed of atime-driven component, N — 2 data-driven
components and ends with a component with deferred execution.

In all cases analyzed we observe again the repetitive nature of the system
execution and we analyze the influence of the component with deferred ex-
ecution on the overall execution of the system. Practical applications regard
again the optimization of memory, number of context switches and response
time. When comparing with the practical applications presented in the pre-
vious chapter, a distinguishing issue tackled here is the optimization of CPU
utilization by eliminating the potential idle times occuring during the deferral
times of the component with deferred execution. In the sections where sys-
tems with timing constraints are analyzed (section 5.3 and section 5.4), we use
a similar approach as presented in Chapter 4 to show that the system execu-
tion is driven by the execution of the time-driven component. In all systems
with timing constraints we study in this chapter, we address quality of service
concerns as well.

5.1 Alinear chain wherethefirst component iswith deferred exe-
cution

In this section we anayze the behavior of a linear chain composed of a
component with deferred execution and N — 1 data-driven components as
shown in Figure 5.1. A program example of a component with deferred

fao fq, fgz fqa fan-z -1 qu
e e M 3 e Y o 5
bqg i bq, ; bgs bqs ban-z ! bQN
il LS e
Component Data-driven
with deferred components

execution

Figure 5.1. Chain composed of a component with deferred execution and
N — 1 data-driven components.

execution at the beginning of the chain is shown in Figure 5.2. Note here that
the delay actions in the program model the effect of the hardware execution
on the component execution on the CPU: after processing each input packet
received from fq,, component C; delays its execution until it is provided with
anew input from the hardware.
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L s e e e

C) : while(true) do
{

receive(bqy.q).

I |
* |
I
! receive(fgy, p): process_fet(p,q): send(bgy,p): :
| .Q'(‘fT:'.JH(’(TUI ) u’(':’(r_\'_;.‘mr'ﬂ{:TU] +Th) ki=k+1; |
I |
I |

N e e
\{
~
o

Figure5.2. Program of a component with deferred execution at the beginning
of the chain.

The traceset of the file reader is:
Tr(Cy) = {falsef,
(xtrue~ bqz?~ k:=1~t~ fg,! $)°}
wheret € Tr(C%):
Tr(C}) = { ¥ k>nt,
yk<n~fg?~ct~...~c™~ bg! ~
gt(Td) ~ d(Td+w) ~ ki=k+1~ k>n¥,

(¥k<n~fgy?~cl~ ...~ c™ ~ bgo! ~
gt(Tg) ~ d(Tg + ) ~ ki=k+1%)°

}.
Given that we consider here no interference from the environment on the pro-
gram variables, the trace that records the actual execution of the component is:
(xtrue~ bqz?~ k:=1~
(k<n~fgp?~ct~ ...~ "~ bgo! ~
gt(Tg) ~ d(Tg + ) ~ ki=k+1)" ~ fay! %)
We remind that one iteration of the trace above is denoted with t,. The execu-
tion of component C; isillustrated in Figure 5.3. Given the observed behaviour
of the file reader and file writer components in practice where the sum of the
deferral times is much smaller than the sum of the computation times of the
processing actions of any other component in the chain, we adopt the condition
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Figure5.3. The execution of a component with deferred execution.

expressed below:

n m .
2y w< Y 8(ch), vi, 1<i<N (5.1)
j=1

k=1 j=

5.2 Characterization of the unique trace p

The process of selecting the system trace isidentical with the one presented in
Chapter 2. At the end of this process we find that there exists a unique trace p
that specifies the execution of the chain.

Lemmab.1. LetC besuchthat (Vj:j<i:P(Cj) > P(C)). Then there does
exist a statet of p such that in any state s (t C s~bgi_1! C p), Cj bbqg;?[ins
of Tee] for all j <.

Proof. We denote with Q(s) the following statement:

Q(9) ® (C; bbg;?insof T forall j <i)

LetCibesuchthat Vj: j <i:P(Cj) > P(C). Wedefines,, n> 1:
sh~ bgi_1!"Cp.

A. Asafirst step we prove that if Q(s,) holds then Q(s,.1) holds as well. We
prove this by analysis and construction of the trace u, where:

s~ bgi_1!"~ u~ bg " Cp
After s, ~ bgi_1!" is executed, the following actions follow in the trace:

e components C;, 1 < j < i are de-blocked in cascade and execute one
iteration of their loop after which they become blocked again at action
bg;?. Only one iteration is possible because only one empty packet is
available to process. We denote this trace with {,. C; does not execute
during t; meaning that C;, 1 < j < i become blocked at action bg;?
before C; executes bg_1!"1.

e C; isde-blocked aswell leaving the deferral times to be used by:
— communication actions of components G, 1 < j <i which have
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been preempted during trace t;: fq;!~fq;_,?. The preemption oc-
curs when a component C; executes bg; 1! and P(Cj_1) > P(C;j).
Note that these preempted components also have a lower priority
than Cy, otherwise they would complete their loop iteration and
become blocked again before G, starts executing.

— communication actions of G: fg;!. Note that by executing fq!,
Ci de-blocks G- ; and potentially de-blocks in cascade all compo-
nents C;, j > i. We denote the trace recording the execution of
these components with tz. This de-blocking in cascade of com-
ponents Cj, j > i, P(C;j) > P(Cy) occurs up to and including the
first component Cg, k > i with P(Cx) < P(C1). Cy executes in-
terleaved with C; and because (5.1), G¢ consumes completely the
deferral times of C;. When C; resumes its execution, it progresses
up until action bog "1, where it becomes blocked on the channel.
Note that this happens before G started itsn+ 1 iteration, therefore

before Ci executes bg™'7-

— if P(Cj) < P(Ci),V]j > i, therest of the deferral times of C, is con-
sumed by the execution of iteration n+ 1 of G. Given (5.1), fol-
lows that G is not able to finish its processing action and execute
bgi_1!"* before the end of the deferral times. This means that at
the end of the last defferal time G, preempts G;, finishes its loop
iteration and becomes blocked again at action bg,? before C; exe-
cutes bg_1!" L.

The description above showsthat Cj, j < i become blocked again at action
ba; ? before G executes bg_1!"*L, mening that Q(s,,1) holds as well.

B. We wish to show by contraposition that for n large enough, Q(s) holds.
Let us assume that —=Q(s,), Vn. Given the definition of s, we have that

#(sn+1, foil) =#(sy, fgi!) +1, vn
If we can prove that
“Q(sn) A 7Q(Sht1) = #(Shr1, T0p?) > #(sh, fe?) +1, Vn, (52
then the above two relations would imply that
#(sn, fqg?) — #(s, fg;!) isgtrictly increasing as function of n.

That would imply due to finite buffering that for sufficiently large n, Q($)
holds which is a contradiction with the initial assumption.

L et us assume that ~Q(s,), ¥n. Then there exists j < i, P(Cj) > P(C;) where
C; is not blocked at action bg;? in s, of Tec. We set out to prove that in this



114

case (5.2) holds.

a. - Cj isadata-driven component.

1. We analyze first the case where C; is a data-driven component preceding
Ci. If Cj is a data-driven component, then C; cannot be ready-to-run in s,
of Te.. If that were so, then s, could not be followed by action bg_1! of G
because P(C;) > P(C;). Hence C; must be blocked. Given Property 2.2 and
Property 2.3 follows that C; must be blocked at action fo;_;?.

We consider j minimum for which C; a data-driven component and C; is
not blocked at action bg;?in s, of Te.. FollowsC; is blocked at action qu_l?.
Given Property 2.5 follows that all components G,, 1 < k < j are blocked at
action fg,_,?.

2. The next question iswhere is G, blocked. We have so far that G is blocked
at action fg,?. Given Property 2.4 follows that C; cannot be blocked at bay ?.
Since C; aso cannot be blocked at fq,? due to the cooperative environment,
follows that when G executes, C; must be blocked from time perspective, dur-
ing the deferral times. This means that when G executes, it executes only
during the deferral times of G;.

Consider the sub-trace between s, ~ bg_1!" and s,,1 — bgi_1!"1. Be-
fore bg 1! is executed, ¢',...,c"™ must be executed first according to the
program of . However from (5.1) we havethat ¢t,...,c™ are completed only
in at least two times the sum of the deferral times of G,. This meansthat at the
end of ¢, C; has completed its loop iteration at least twice, therefore it surely
executed fgy? two times. Thisimplies

#(snt1, f00?) > #(sh, f0p?) +1, ¥n
We a so have by definition of s,
#(sni1, fopt) = #(sn, fg!) +1, vn
Hence
#(sn, Tq9?) —#(sy, fg;!) isdtrictly increasing as function of n,
which implies due to finite buffering that for sufficiently large n, Q(s) holds
which is a contradiction with the initial assumption.
b. - Cj isthe component with deferred execution (G,).
If Cj isCy then the reasoning continues as shown above as of a-2. O
The converse statement of Lemmab5.1 is already given in Lemma 3.2:

Let Ci besuch that (Vj: j >i:P(Cj) > P(Ci)) and consider a state s of St(p)
such that the next action after sin p isone of A(G). Then C; b fq;_,?[in s of
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Tec] for all j > i.

We remind here that G, denotes the component with minimum priority
in the chain. The following theorem describes the execution of the overall
system given based on the statements of the two previously mentioned lemmas
(Lemmab.1 and Lemma 3.2).

tsrabte

I(Lm I r(-’ur+l i 'Ci— 1
I IC”F 102 E J‘("|C',-
IH]] rC' (‘_{Gﬂ . fCF-~ 1...Cw

Figure 5.4. Execution over time of a system composed of a component with
deferred execution and N — 1 data-driven components - case A. where there
existsG € R, P(Ci) < P(Cy).

Theorem 5.1. Consider a pipeline systemin which the first component iswith
execution deferral and the rest of components are data-driven. The system
assumes a repetitive execution after a finite prefix (fni;). The entire execution
is expressed in the following:

p = tinit " tgable-

and:

A. tgable = (itcl:m/\tCm71~~~Cz/\tC1CijAtCm+1mCiflAtC1CiAtQ+1mCN:é)wv
if there exists G € R, P(Ci) < P(Cy) (Figure 5.4),

B. tanie = (Jtcicy o 1.0~ teicicn ~ tRE)
otherwise (Figure 5.5).

Where

o t& =gtrue~ foy, 12~ bam?~ ¢t~ ...~ cm ~ bom_11%.

e tc. .. c, recordstheinterleaved execution of componentsin LSG, from
e tc,c ¢, recordsaninterleaved execution of G, Cj and Cr,. Component(s)

C; and Gy, execute during the deferral times of G,. Component(s) C;
have a lower priority than C;. Traces téj and tZ  specify the actions of
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C; and C, executed during the deferral times. Component(s) G in LSC,
have a lower priority than P(C;).

° tcz;j = qfg;! ~ foj_12¢%.

° tém = g foam!.

e tc.....c, recordstheinterleaved execution of components in RSGy, from
Cme1 to Gi_1. G isthe first component in RSG,, with a lower priority
than Cy, if such a component exists.

e tc,c records an interleaved execution of component G and any compo-
nent C;. ComponentC; executes during the deferral times of G,.

o t¥ =Jtrue~ fg_4?2~ bg?~ ¢ ...~ ct,vi>m

e tc.,. ¢, records the interleaved execution of components in RSG;, from
Cii1toCy.

e tc,c, records an interleaved execution of component G and Cp,.

ComponentC;,, executes tém during the deferral times of C, and after C;
is blocked.

e tr records the interleaved execution of components in RSGy,.

Proof. We use Lemma5.1 and Lemma 3.2 for the component that holds the
minimum priority overal the entire chain (G,). According to these lemmas,
there does exist astatet € S(p) in which all components in LSG,, are blocked
at action bg;?[int of p] for al j < m, and al components RSG,, are blocked
at action fq;_,?[int of p] foral j > m.

We prove by construction of sub-trace tyape that:

A.tgable = (F&, ~ tens.c ~ togicn  tonac ~ tae T o a b))
if there exists G € RCn, P(Ci) < P(Cy),

B. teable = (Y6 ey y..c ~toigicn ~ tRE)®
otherwise.
A. Consider t a state in which al components in LSG,, are blocked at action
bg;?[int of p] for al j < m, all components RSGy, are blocked at action fo;_;?
[int of p] for al j > m, and t ends just before a new iteration of component
Cn is executed. This state exist according to Lemma5.1 and Lemma 3.2. The
execution of p intimeis depicted in Figure 5.4.

Thefirst actions of Gy, following t are described by tém When C,, executes
bam_1!, it causes a de-blocking in cascade of components in LSG,. The inter-
leaved execution of components Gy,_1...C; isrecorded by tracetc,, , ¢, andis
determined by priorities. The execution of the system so far is:

{t - tém - tCrn—lmczjé
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During this interleaved execution some components are preempted when
they execute bg;_1!. When component C, is deblocked, it executes interleaved
with components from LSC,, that have been preempted and that have a lower
priority than C; (Cj), and with Cy,,. All these components (C; and Cp,) will
use the deferral times of C; to complete their iterations. The trace recording
this execution is t¢,¢;c,,- At the end of t¢,c;c, al components in LSCy, have
executed one iteration of their loop and became blocked at bg?, j <m. The
execution of the system so far is:

%:t - tc:L:rn - tCrn—1~~~C2 - tCleCm:é
Once Cr, executes fq,! during tc,c;c,, it causes ade-blocking in cascade of
components in RSC,,. Note that this happens although G, did not yet complete
itsiteration. All components that have ahigher priority than P(G) will execute
interleaved in the order determined by their priorities and their execution is
recorded by tc,..,..c_,, where G is the first component in RCy, with a lower
priority than C;. The execution of the system so far is:

%:t - tém ~lepic T tCleCm - tCm+1mCi—l:é
After tc,,,,..c_,,» C1 resumes its execution because it is the ready to run
component with the highest priority at this state. G continues its execution
interleaved with G which uses the deferra times. Given (5.1) follows that G
uses the entire length of the deferral times of G.. The interleaved execution of
C1 and G; isrecoded by tc,c,. The execution of the system so far is:

F, o6 tagen T oG T toc®

Attheend of tc,c , C1 has completed itsiteration and became blocked again
at bg; ?. Notethat at thispoint all componentsin LSGy, are blocked at the action
ba;?[int of p] forall j <m.

When C; executes fq!, it de-blocks in cascade the rest of components in
RSCr. Theinterleaved execution of these components is recorded by &, , ..,
and is entirely determined by their priorities. The execution of the system so
faris:

%:t - tcllm ~lepac T tCleCm - tCm+1mC1>1 ~ o T tCi+l~~~CN:é

Attheend of tc,,. ¢, al components in RSC;,, have completed one itera-
tion of their traces and have become blocked again at the action fq_1?, (and
al components in LSC,, are blocked already at bg?). The only component

ready —to — run in the system is G, which brings us at the similar situation
at the end of t, therefore the execution described above repeats. Hence the
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execution of the system during the stable phase is:

1
tsable = (JIG, ™ ton 1.0 ~ tacicn ™ topaG s T tae T oo k)

B. Consider t a state in which al components in LSG;, are blocked at action

init

B «<c .. [ tcce. v

Figure 5.5. Execution over time of a system composed of a component with
deferred execution and N — 1 data-driven components - case B.

ba;? [in t of p] for al j < m, all components RC,, are blocked at action
fa;_1? [int of p] for al j > m, and t ends with action bgn-1! of Cy. This
state exist according to Lemma 5.1 and Lemma 3.2. The execution of the
system proceeds as presented above until the end of trace ,c,c,,- At the end
of tc,cic,,» al components in LSCy, have executed one iteration of their loop
and are blocked again at bg;?, j < m. The execution of the system so far is:

<It ~lepic T tCleCm:é
When Cp,, executes fq,,! during the deferral time of Cy, it causes a de-blocking
in cascade of components in RSG,,. The interleaved execution of these com-
ponents is recorded by trace tr. As opposed to the previous case, in case b.
al components in RSG,, preempt C; because all components in RSG, have
a higher priority than P(C;). Hence in this case the execution in cascade of
components in RSCy, is uninterrupted by trace tc,c;, P(Ci) < P(Cy), i >m. All
components in RSCy, execute one iteration of their loop and become blocked
again at action fg_1?, m< i <N. Theexecution of the system until this point
is:
- tey e T togen T RE

At the end of tg, C; resumes its execution interleaved with afew actions of Gy,
namely with tém according to the program of G,. This interleaved execution
is recorded by tc,c,. The execution of the system so far is:

It to, 0 T lage, T R et
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During tc,c,, executes bgm_1! which causes the execution of the system to con-
tinue withtc, ; ¢, ~tc,cic,~tr @ previously presented. The execution of the
system so far is:

- to, .0~ togen T R g, T o a6 togicy T RE
At the end of tg, the situation above repeats, therefore we can specify apie aS:

tyable = (Itcicn ™ ton 1..C  toigicn tRE)
O

To show that our calculation of the system trace p corresponds indeed to
the execution of such a system in practice, we introduce below Figure 5.6
which illustrates the actual system execution over time, on one TriMediaVLWI
processor. The system isalinear chain composed of eight components. In the
figure T:FRID denotesthefilereader component G, T:CMP1 denotesCy, up to
T:CMP7 denoting Cg. QFCLF denotes fq;, QFCLE - bg;, QC12F denotes fap,
QC12E - bgp, down to QC67F denoting far, and QC67E - bg;. Component
C4 has the lowest priority in the chain and G; is the first component in RSCy
with a lower priority than C;. The pattern of execution is shown between
dashed lines. Note that at the beginning of each iteration of the stable phase
all backward queues in LSC, are empty and all forward queues are empty in
RSC,. Also, the iteration starts with the execution of G, which de-blocks in
cascade the components in LSC,. During the first deferral time of C;, C4 de-
blocks the components in RSC,. C; is able to resume its execution only when
the first component with a lower priority than P(C;) becomes ready to run -
in this example Cs. Observe the interleaved execution of G, with Cg, and the
de-blocking of the rest of RSC, after which the stable phase iteration ends.

5.21 Practical Applications

A first practical application of Theorem 5.1 is that, if given the computation
times of components and the deferral times of G, the execution of the system
(trace p and associated schedule) is predicted at design time. From here, im-
mediately follow values for the response time of the chain, the CPU utilization
and the number of context switches occuring during the execution.

We present below a number of properties and corollaries that show how
to achieve the optimization for CPU utilization, memory, chain response time
and NCS. The following properties describe how to optimize CPU utilization
by eliminating the idle times due to the execution with deferral of component
Ci.

Property 5.1. When component C; is assigned the minimum priority in the
chain, the deferral times of C; areidle.
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Figure 5.6. Sable phase execution in practice of a system composed of a
component with deferred execution followed by 7 data-driven components.
CMP4 denotesthe component with thelowest priority. CMP6 denotesthefirst
component in RSC4 with a lower priority than the component with deferred
execution.

Proof. When C; isassigned the minimum priority in the chain, it can execute
only when all other components with a higher priority are blocked. This means
that no component with higher priority will execute during the deferral times.
Therefore the deferral times will not be used by the execution of any other
component, hence the system experiences idle time during the deferral times.
O

Property 5.2. When C; does not have the minimum priority in the chain, idle
times due to the execution with deferral of C, are eliminated .

Proof. When C; does not have the minimum priority in the chain, compo-
nents with alower priority can execute during the deferral times. Theorem 5.1
shows that the deferral times are used by Gy, Cj (Vj <m, P(Cj) < P(Cy)) and
C;. Given the condition expressed in (5.1), follows that the deferral times are
completely used by the execution of these components. O

Figure 5.7 shows that idle times occur when G, is assigned minimum
priority. In the figure, T:FRID denotes the file reader (component G), and
T:IDLE represents the IDLE task. Note that the idle timesindicated by the red
blocks in the figure, fit in the deferral times of T:FRID.

Corollaries presented in Chapter 3 addressing the optimization of memory,
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Figure5.7. ldletimes occurring during chain execution, when C4 (T:FRID)
has minimum priority.

and NCS for a chain composed of only simple data-driven components hold
here aswell. The proofs areidentical.

e the minimum necessary and sufficient capacity of each queue in the
chain to avoid deadlock is 1. (Corollary 3.3).

e the number of context switches during the stable phase is minimal when
P(C1) < ... <P(Cn) (Theorem 3.2).

Note that when the deferral times of C; are used by a component with a
lower priority than P(C;) as suggested by Property 5.2, NCS is not optimal
because 2k more context switches occur.

Tradeoff - The priority assignment suggested by Property 5.2 implies that op-
timal utilization of CPU is achieved by eliminating the idle times during the
deferred execution of Cy, but at the cost of additional 2k context switches.

In practice trading the overhead introduced by the 2k context switches for an
optimal CPU utilization against is profitable because the overhead introduced
by context switches is much less than the duration of the deferral times.

The corollary below shows how to achieve best chain response timein the
conditions that no idle time occurs during the execution of the system:

Corollary 5.1. Theoptimal chain response time under the condition of noidle
time during the execution of the chain is achieved when G is assigned the min-
imum priority and P(C,) < P(C3) < ... < P(Cn_1) < P(Cy).

Proof. Theorem 3.3 implies that for sub-chain G...Cy composed of only
data-driven components the minimum response time is to be achieved when
P(Cy) = ianir;\lP(Ci) and P(C3) < P(C3) < ... < P(Cn-1) < P(Cn). Prop-
erty 5.2 shows that in order or eliminate idle times during the execution of
the chain C; cannot have the minimum priority, therefore P(G) > P(Cy). O
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5.3 Adding atime-driven component at the end of the chain

In this section we study the influence of a component with deferred execution
on the execution of a chain with timing constraints as described in section 4.1.
The chain we analyze consists of acomponent with deferred execution fol-
lowed by N — 2 simple data-driven components, and ends with a time-driven
component asin Figure 5.8. Asin the previous case described above, the pro-

fao fay fqa fqa fan-2 fQn-1 fan
=) & () & () & (om0 G G (—
bgo i bgs i bg. bqs ban-2 ' Qn-1 i baw
1 A » 1
vy  TTTTTEEETEETETTS g TTTTTE TS L J
C Data-driven : )
with deferred components Time-driven

: compaonent
execution ompone:

Figure 5.8. Chain composed composed of a component with deferred execu-
tion, N — 2 data-driven components and a time-driven component.

cess of selecting the trace that specifies the execution of the system, aswell as
the proof with respect to the unicity of this trace (p) are identical with the one
presented in section 2.6.3.

We reiterate the condition used in section 4.1.2, 3 < Ty. The followi ng
lemma states that for the type of chain we study in this section, if 3! < Ty,
after afinite prefix tini¢, all components G, 1 <i < N will be blocked at action
bgi?. We mention here that SY includes in this case also the duration of the
deferral times of component C;. That is because when C; has the minimum
priority in the chain the deferral times are not used by any other component,
hence they must be accounted for. That is because they delay the execution
end of each iteration of C;, hence the production of a packet in fg.

N n
gV :Z%"(tq)—l—Z‘Ck.
i=1 k=1

Lemma5.2. Given M < Ty, there exists tiy € S(p) such that G b bg in
tinit Of Tec ], for all i,1 <i < N.
Proof. Lemmab5.1 implies that there does exist a statet of p such that in any
states,t C s~ bgm-1! C p, G bbg?[insof Te] for al i < m. This means that
in state t al backward queues bg, V1 <i < maredrained (L(bg) =0, V1<
i < m).

Theorem 5.1 shows that after t, LSCy executes according to a repetitive
pattern of execution during which each component executes one iteration of
their loop after their become blocked again at action bq?.
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SY < Ty implies that the rate of production of packets in fqy_1 is higher
than the rate of consumption. This means that after a finite number of Ty,
fan—1 will befilled toits capacity (bagy-—1 drained), and Cy 1 becomes blocked
at action bgy_1?. From here on Cy_; is dependent on Gy to release an empty
packet which happens once every Ty. Hence from here on Cy_; executes one
iteration of its loop once every Ty, and therefore also consumes during each
Ty only one ful packet from foy-_1.

Within each Ty, LCy_ 1 continues to execute according to arepetitive patt-
tern asshown in Theorem 5.1. Again ¥ < Ty impliesthat after afinite number
of Tn, fan_2 will befilled to its capacity (bgy_» drained), and Cy_» becomes
blocked at action boy_2?.

The process repeats until a state (denoted with ;) where al backward
queues bg Ym <i < N aredrained (L(bg) =0, Ym<i <N). 0

The following theorem specifies the execution of the system studied here.
The main difference in system behaviour when comparing with the system
behaviour described in Theorem 5.1 is that in the present case Gy is limiting
the outputing of packets to the environment due to its time-driven execution.

Theorem 5.2. Consider a systemasin Figure 5.8. When ! < Ty, the system
assumes a repetitive, periodical behavior after afiniteinitialization phase. The
complete behavior illustrated in Figure 5.9 is characterized by

p = tinit " taable-

tgaple = (I, ~ tL — d(To+i%Ty))®.

Where:

o to, = fgy_1?~ bon?~ ¢y~ ...~V ~ byt ~ fogu! i i=i+ 16

e 1t recordsthe interleaved execution of components in LSGy:

tL = tCN,l...Czﬁtclcj' .

e tc, ,..c, records the interleaved execution of components from Gy_1 to
Co.

e fc,c; records an interleaved execution of G and Cj, where P(Cj) <
P(Cy). The number of components C; with a lower priority than C; that
execute during the deferral times of G, depends on the relation between
the computation times of the communication actions of these compo-
nents and the deferral times of G,.

° té = qfg;!~fgj_1?2%.

SQo(tgable, tinit, fay_1?, fan!, TON, Ty) holds.
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Proof. We prove the repetitive nature of system by construction of the sub-
trace tgaple.

Lemma 5.2 shows that at the end of t,; all components in LSy are
blocked at action bg?, 1 <i < N.

After tin the only component that can execute is Gy. Cy executes tc,
according to its program. fc, represents an entire iteration of its loop except
the delay action. Sub-trace fc,, contains action bgy_1! which de-blocks Cy_1.
Given that after bgy_1! the bgy_1? action of Cy_1 becomes ready, implies
that the delay action d(Tp 4| x Ty) is postponed. At this point trace p can be
expressed as.

p =tinit = gy ~ U
The de-blocking of Cy_; is followed by a de-blocking in cascade of compo-
nents in LSCy, down to and including C,. The order of execution of these
components is completely determined by their priorities and is recorded by
tcy ,..c,- Depending of the priority assignment, some of these components
have been preempted during tc, ,..c, after action bg;_1!, 1 < j <N, others
have completed an iteration of their loop and became blocked again at action
ba;?. At this point trace p can be expressed as:
p=tinit ™ oy " oy T U
When C; is de-blocked, only those component Cj, 1 < j < N with a lower
priority than its own (P(Cj) < P(Cy), 1 < j < N) are dtill ready. Given
that C; has a higher priority, these components will execute during its defer-
ral times. Each component C; finishes one iteration of its loop by executing
téj = xfq;!~ fq;—1?%, after which they become blocked at action bg;?. C as
well completes one iteration of its loop and becomes blocked at bg ?. Thein-
terleaved execution of C; and components C; where P(Cj) < P(Cy1), 1< j <N
isrecorded by trace tc,c;. So far trace p can be expressed as:
p=tinit "oy "oy .o T log T U
or as
p=tnt gy, "L~ U
Given that S < Ty, the execution of components in LSGy recorded by t, ends
before To+ | x Ty. Also given that at this point no other actions are ready, the
delay action d(To+ | x Ty) follows in the trace:
p=tint ~toy ~ L~ d(To+1*Ty) ~ u
Oo(tint "ty L) < To'\I + 1% Ty aso implies that the effect of the delay action
is to advance time until moment TON + 1% Ty. Thisimplies that

otint ~toy ~ tL~ AT +1+Th)) = TN+ 1+ Ty (5.3)
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Attime To+1 x Ty, Cy isready to run, and al components in LSGy are blocked
a action bg?, 1 <i < N. Thissituation is similar with the one at the end
of tinit which implies that the execution of the system will repeat as long as
there isinput. Assuming infinite input, the sub-trace following ty;; isinfinitely
repetitive:

p=tinit ~ (Jtey, ~ tL~ d(To+ixTn)%)®.
Therefore p can be expressed as

P =tinit ™ tgable-

where

tsapie = (toy ~ L~ d(To+ i+ Tn)%).
The repetitive execution expressed above and (5.3) show that for each iteration
of Cy during tgapie:
o(s1fan-_1?) —3(fan_17) > To' +k«Tn,
Vsi—~foy 1% € 2X(p), tint € S1, VKEN
Also given (4.1) we have that
o(~fou!%) < TN +ks* Ty + flush, Vs~ fay!* € S(p), tint € S, VKN

Thisimplies that SQ0SC(tyable, tinit, fan_1? fan!, ToY, Tn) holds. O
Mool fs-!@@!ef _________________________________________________
i d(To+i+Tx) d(To+i+Ty) d(To+i+Tx)
| Ty .
| 22222 Z W Z ] 1= g
{. ” idle time idle time id\e-‘;me !
11,
I r(]'ﬁ
Z ey 1..Ca
0 e

Figure 5.9. Execution in time of system composed of a component with
deferred execution, N — 2 data-driven components and ending with a time-
driven component.

The Lemma below shows that the QoS requirement is also satisfied during
theinitial phase tjyjt.
Lemma5.3. S< TyAP(Cn) = m'élx P(C) =
1=

330&(“[‘\“ ,E, qu—l?7 qu ! ) TON ) TN)
Proof. Identical with the one presented in Lemma4.2. O
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The corollary below states that the QoS requirement as defined in sec-
tion 4.1.1 is satisfied for the entire execution of the chain (entire trace p) if at
design timeiit is ensured that 3 < Ty and Cy is assigned the highest priority
in the chain.

Corollary52. S < Ty A PCn) = mi\éf PC) =
1=

QDO&(pvaaqufl?a qu!7T0N7TN)'

Proof. Results directly from Lemma 5.3 and Theorem 5.2. O

Lemma 5.2 can be easily extended to cover the case where the time-driven
component executes according to the interlaced standard. We present below
the corresponding lemma and Stable Phase Theorem for this case.

Lemma5.4. Given SV < 2Ty, there exists tiniy € St(p) such that G b bg 7in
tinit Of Tec ], for all i,1 <i < N. O

We denote with MSC the sub-chain obtained by eliminating G and Cy
from the initial chain. Also ]« is the sum of the worst case computation
times of one loop iteration of components G, ...,Cn_1:

Sisc = ,_\l%lsgl(b)-

e e T Lstable ..
d(TY +i+Ty)
2Ty , \ .
¢ v A4 H vy v ] ) 4 v
| NI TN W N e
t idle time idle time idle time t

init
1 1 2 D 2 Im] tec.
I Iy D It § Ity T €€

Figure 5.10. Execution of a chain composed of a component with deferred
execution, N — 2 data-driven components, and ending with atime-driven com-
ponent.

Theorem 5.3. When S¥ < 2Ty, the pipeline system in which the first compo-
nent is with execution deferral and the last component has a periodic behavior
(interlaced standard), assumes a repetitive, periodical behavior after a finite
initialization phase. The complete behavior is characterized by

p=tint (K, ~ tf ~ d(TY +ixTn) ~ g, ~ 2~ d(TP +ixTn)%)®
asillustrated in Figure 5.10 where
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e t! and t? are sub-traces recording the concurrent execution of compo-
nents in sub-chain LCy.

e fc,c, records aninterleaved execution of G and Cj, P(Cj < P(Cy)). De-
pending on the computation times of the commnication actions of Com-
ponents C; have a lower priority than C; and execute during the deferral
times of C;.

o Tracetc, and g c, aresub-traces of o,c;.

e Sub-trace t, records the interleaved execution of components in LGy
between téN and d(ToN +1ixTy). Sub-trace t., records the interleaved
execution of components in LSCy between téN and d(T] +ixTy) (of the
next iteration i) when Ty < SV < 2Ty. Tracet,, is empty when SV < Ty.

e When S¥ <Tn,f, =u~ tc,g;-

e WhenTy < M < 2Ty and Yo > Tn, t, = U~ o

e WhenT; < M < 2Ty and e < Ty t, =u— télcj andt, :télcj.

e During one iteration of tgane @l components execute one iteration of

their loop. At the end of each iteration of ty e COMponentsin LSCy are
blocked at bg?, 1 <i < N.

Proof. The approach of the proof is similar to the one of Theorem 4.2. O

5.3.1 Practical Applications

Practical applications for this case inherit design criteria both from the case
described in the previous section and from the case described in section 2.6.3
describing a chain of data-driven components and one time-driven component
at the end of the chain.

Due to the timing properties of the chain execution satisfying condition
SM < Ty, we can conclude again that regardless of its priority, component Gy
has the same effect on the stable phase trace of this chain, as a data-driven
component with minimum priority hasin the case of a chain composed of only
data-driven components and acomponent with deferred execution(described in
section 5.2). Owing to this fact, we find that corollaries addressing the stable
phase of a chain described there (with Gy having the lowest priority) hold in
this case as well. From here we deduce that:

e the minimum necessary and sufficient capacity of each queue in the
chainis 1 (Corollary 3.3).

e as shown in Theorem 3.3 the response time of the chain is reduced by
reducing the capacities of queues preceding Gy.
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e the number of context switches during the stable phase can be re-
duced by assigning priorities as P(G) < P(Cy) < ... < P(Cn-1) and
Cap(fg)=2Vi,1 <i<N-—1(Theorem 3.2).

e Elimination of idle times during the execution deferral is achieved by
not assigning C; the minimum priority as shown in Property 5.2

5.4 A linear chain ending with a component with deferred execu-
tion
In this section we study the case of alinear chain consisting of atime-driven

component, a number of data-driven components and ending with a com-
ponent with deferred execution as shown in Figure 5.11. The program of

fao fa fqa fqa fan-2 -1 fau
e e e e
bqqg i bg, : bg. bgs ban-2 ! Qn-1 i ban
L 2 yTTTTTT T ‘ v
il compners i s
execution

Figure5.11. Chain composed of atime-driven component, N — 2 data-driven
components, ending with a component with deferred execution.

component Cy is presented in Figure 5.12. The traceset of Gy is:

Cy : while(true) do
{
receive(fgy_y,p):

k=1, i
]
I

T

I
! I
| |
| receive(bgy .q): process_fet(p,q): send(fqy.q); i
i ‘L’f’IT!‘HH’(Tﬁ\. ) d(*!u_r-rmﬂ'."(?}j\' +hu ) ki=k+1; !

I
I I

Figure 5.12. Program of a component with deferred execution at the end of
the chain.

Tr(Cn) = { < falsef,
(xtrue~ fogy_1?~ k:=1~t~ bagn_1! $)°}.



5.4 A linear chain ending with a component with deferred execution 129

wheret € Tr(C3):
Tr(CR) = { ¥ k> nt,
Yk<n~ bgy?~ C,{l ~... 7 Cwl ~ foy! ~
gt(Tg) ~ d(T + 1) ~ ki=k+1- k>n¥,

(Xk<n~bgy?— ¢y~ ...~ gt~ foy! —
gt(Tg) ~ d(Tg' +1) ~ ki=k+1%)®

}.
Given that the environment does not interference on the program variables, the
trace that records tha actual executionj of the component is:

(xtrue~ fogy_1?~ k=1~

(k<n—bogn?~cy— ...~ ot — fay!

gt(TY) ~ d(TN +1) ~ ki=k+1)" ban_1! $)®
An example from practice of such a component is the file writer component
which writes on adisk the data thareceives asinput. An example from practice
of the type of chain we study here would be a video surveillance application
where the images captured by a camera are improved by the processing of the
data-driven components and finally are stored on the disk by the file writer.

The QoS requirement of this system coincides with the QoS requirement

of the system analyzed in section 4.3 in the case of achain starting with atime-
driven component holds here as well. We show in the theorem and corollary
below that the mechanism (S¥ < 2Ty) for satisfying this requirement and the
repetitive behaviour of the system when this mechanism is implemented hold
again. S* takes into account also the deferral times of Gy.

Theorem 5.4. Consider a systen as in Figure 5.11. When 3 < 2T; the
pipeline system assumes a repetitive, periodical behavior after a finite initial
phase. The complete behavior is characterized by

8] :tinit’_\(%:tcz;l - tRl - d(T01+ i *Tl) - tcl:l - tR2 - d(TOl—l—i *Tl)ﬁé)w,
where
tint = X ot(TgH) ~i:=0~
fgo? ~ bqu?~ i’ ~ ...~ ™ ~ bgo! ~ d(T¢ +i*Ty) %,

asillustrated in Figure 5.13 and:

e Sub-tracestg, and tr, record the interleaved execution of componentsin
RC;.
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Sub-trace tg, records the interleaved execution of components in RSG
between t2 and d(Tg +i+Ta).

Sub-trace tg, records the interleaved execution of components in RSG
between t¢ and d(Tj" + i+ Ty) (of the next iteration i) when T < S <
2Ty. Tracetg, isempty when S < T;.

Trace tg,c; records the interleaved execution of Gy with other compo-
nents C; where P(Cj) < P(Cn). The deferral times of Gy are used by
componentsCj, 1 < j < N.

2
Trace téch and tg, ¢, are sub-traces of fg,c;
When M < Ty, tr, = U™ lgyg-
When Ty < M < 2Ty and Qo > Ti, tr, = U~ tog -

i~ _ 12
WhenT; < SM < 2Ty and Yo < Ti, tr, = U téNCj and tg, =16 ¢; -
Trace tg,c; records the interleaved execution of Gy with other compo-
nents C; where P(C;) < P(Cn). The deferral times of Gy are used by
componentsCj, 1 < j <N.
Trace g ¢, and t§ ¢, are sub-traces of i,c; -
During one iteration of tyae all components execute one iteration of

their loop. At the end of each iteration of ty44e COMponentsin RSC; are
blocked at fg_1?, 1 <i <N.

Proof. The approach of the proof is similar to the one of Theorem 4.3, the
statements of the theorem are proved by construction of the trace p. For this

z

PR SESRES R UTRE TIPSR ;| . -SSR ey
(f[Tnl +i=T)
2T,

T i

1 idle time idle time idle time

B2 D« Bw Ow Do

Figure 5.13. Execution of a chain composed of a time-driven component,
N — 2 data-driven components, ending with a component with deferred exe-

cution.

reason we present here only a sketch of the proof. During the initial phase only
C; executes because it isthe only ready component - the other components are
blocked at action fg_1?, i > 1. Hence given the trace iteration of G
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tint = S gt(TgH) ~i:=0~
fgo? ~ bqu?~ i’ ~ ...~ ™ ~ bgo! ~ d(T¢+i*Ty) %,

When C; during tél executes fgp! at the end of tjy; it causes a de-blocking
in cascade of components in RSC;. Each of these components execute one
iteration of their loop after which they become blocked at action fq_;?, i > 1
again. Theinterleaved execution of these components is recorded by traces,
and tr,. The order of actions in each of the traces {z, and t, is determined by
the priority assignment. During the interleaved execution some components
will be preempted when they execute action fqg!, 1 <i < N. Components that
have been preempted and have alower priority than Gy will execute interleaved
with Cy and make use of the deferral times.

The interleaved execution of components in RSG is interrupted every
TOl +ixTy, i=2p—1 p> 0by the odd period number execution of G recorded
by t& . Thisisdueto the fact that C; hasthe highest priority in the chain. Given
SM < 2« T, follows that the interleaved execution of components in RSG al-
ways ends before moment T +i Ty, i = 2p p> 2 when tél. is due to execute.
This means that before tél is executed again, each of the components in RSG
execute one iteration of their loop after which they become blocked at action
fgi_1?, i > 1again. Thisisan identical situation as the one at the end of the
initial phase, hence the execution of the system repeats.

A few cases need to be distinguished with respect to the interleaved execution
of components in RSC;:

A. When SM < Ty, the interleaved execution of components in RSG; ends be-
fore moment T +i Ty, i = 2p— 1 p > 0. Therefore the interleaved execution
of components in RSC; aways ends before the execution of %1. This means
that tg, endswith tg,c;:

tr,=U" tCNCj'
It also means that tr, is empty.
B. When Ty < S < 2Ty and ¢ > T, the interleaved execution of compo-
nents in MSC exceeds moment To1 +ixTy, i =2p—1p>0andtg, endswith
toyg:

tr, = U™ lgyg-
C. When T; < SM < 2Ty and Q- < T, the interleaved execution of compo-
nentsin MSC ends before moment T¢ +i Ty, i = 2p—1 p > 0 and tr, contains

only part of tc,c; which denotes the interleaved execution of Gy and compo-
nents with lower priority than P(Cy). This partial execution is denoted with

1 .
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Obvioudly tr, contains the rest of the interleaved execution between Gy and
components with a lower priority denoted with %NCJ X

tRz = téNCj

O

We close this chapter by mentioning the following corollary which states
that the QoS requirement is satisfied given that ' < 2T; and C; is assigned
the highest priority in the chain. Notice here that compared to the system
composed of atime-driven component (G) and N — 1 data-driven components
(section 4.3), in the current case, the fact that Gy is a component with deferred
execution does not imply that more conditions need to be met at design time
such that the QoS requirement is satisfied.

Corollary 5.3. M < 2Ty AP(Cy) = mi\élx P(C) =
i=
330&“(‘)7 g, fq0?7 ch!, fq0?7 fql!a Tola Tl)

Proof. Follows directly from Theorem 5.4. O

5.4.1 Practical Applications

The practical applications presented in subsection 4.3.3 hold here as well for
the same reasons they held in the previous case.

We make the observation here that because Gy being the last component
in the chain will be de-blocked only when all the other components have been
de-blocked and executed one iteration of their loop. By followign a similar
reasoning as shown in Property 5.1 and Property 5.2 follows again that CPU
utilization by using the deferral times of Gy is improved by not assigning Gy
the lowest priority in the chain.

55 Summary

We have presented in this chapter a study of systems that include components
with deferred execution. Examples of such components from the TSSA archi-
tecture are the file reader and file writer.

We adopt an incremental approach starting from a system without timing
constraits to systems with timing constraints that a so include components with
deferred execution.

We show that the traces that record the execution of the systems we an-
alyzed adopt a repetitive pattern given that the sum of the deferral times is
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always smaller than the sum of the worst case computation times for one iter-
ation of any of the other components in the chain.

Also given that the sum of the worst computation times for one iteration
of al components in the chain is smaller than the period of the time-driven
component, the quality of service requirements of the systems with timing
constraints are satisfied.

In terms of practical applications of the analysis in this chapter we show
again how to optimize at design time the amount of resources (memory and
CPU) used by the system, the response time of the chain, the number of con-
text switches. The new addition in terms of design criteria for optimization
compared to the other chapters regards the optimization of CPU utilizaton,
such that amount of idle time during the execution of the system is at a mini-
mum by making P(C;) not minimal.
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Dealing with dependencies on the input
stream content

I n this chapter we study the influence of the input stream contents on the
overall execution of a media processing system. This influence comes as a
result of the fact that the behaviour of some components in the system changes
depending on the input stream contents. Typical examples of such components
from practice include the video/audio encoder and decoder.

In section 6.1 we explain the behavior of such a component, we show the
program and the traceset associated with the component program.

Building towards redlistic systems, we adopt an incremental approach
starting from a system without timing constraints to systems with timing con-
straints. The aim is to study the influence of the component with execution
dependent on the input stream content on the overall systems behaviour.

To that end section 6.2 presents the analysis of the execution of a linear
chain consisting of N components: a component with deferred execution, a
component with execution dependent on the contents of the input stream, and
N — 2 data-driven components. Subsequently, in section 6.3 we introduce tim-
ing constraints to the system we analyzed in section 6.2. In both cases we show
that the traces that record the execution of the systems we analyzed adopt a
repetitive pattern dependent on the content of the input stream. The two pat-
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terns correpond to the two execution scenarios of the component dependent on
contents of the input stream.

The closest resembling systems studied in previous chapters are presented
in sections 5.2 and 5.3. In terms of the composition of the systems, the differ-
ence with the systems presented in Chapter 5 is the addition of the component
with dependency on the input stream contents. As a similarity in terms of the
system execution, asin Chapter 5, the execution of the system with timing con-
straints is driven by the time-driven component as well. The differences with
respect to the system execution appear when analyzing the patterns of execu-
tion - asimple pattern asin all previous chapters as opposed to a parameterized
pattern in this chapter.

Finally, in section 6.4 we use the case study of a video decoding chain to
present and support our analysis of these type of systems with experimental
data. The video decoding chain we analyze consists of a file reader compo-
nent, avideo decoder component, anumber of simple data-driven components,
and ends with avideo renderer component. Therole of the simple data-driven
components following the video decoder in the chain is to improve the quality
of the decoded frame produced by the video decoder. An example of such a
component is the sharpness enhancement component. The video renderer is
used to display each decoded frame at afixed rate, and therefore the video ren-
derer isaperiodic task. The program and traceset of the video render executing
according to the interlaced standard is shown in section 4.2. The analysis re-
garding the file reader component is described in Chapter 5.

Finally section 6.5 addresses resource optimization issues and shows how
practical applications presented in previous chapters are valid in this case as
well.

6.1 A component with execution dependent on the input stream
contents

To give an insight into what determines the dependency of the video decoder
execution on the input stream contents, we explain the behaviour of this com-
ponent. Inthe case of the video decoder, theinput-output relation is determined
by how many encoded frames are contained in each new input FP received by
the component. If the new FP contains x encoded frames, then for this input
FP, the video decoder will produce x FPs (decoded frames). The input-output
relation of the component in this caseis 1: x. If on the contrary x new input
FPs contain only one encoded frame, then the input-output relation isx: 1 be-
cause the video decoder needs to receive x input FPs in order to produce 1 FP
(decoded frame). Therefore the nature of the input video stream (the sizes of
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the frames that compose it) determines the input-output relation for the video
decoder. Because the size of frames in the MPEG2 video stream is variable,
and the size of packets is fixed, this makes that a variable number of encoded
frames will be contained in 1 FP on some segments of the input stream, and
a variable number of FPs will contain one encoded frame on other segments
of the stream. Thisimplies that x is variable and moreover, the input-output
relation can change from 1: x to x: 1 and vice-versa. In a further section
we illustrate this kind of behaviour in Figure 6.8 and Figure 6.9 where we
present snapshots of a system execution in practice, on aVLIW TriMedia pro-
cessor. We present below (Figure 6.1) the program and associated traceset for
the video decoder which in our case study isthe second component in the chain
(C2).
At the programming level we add the following basic statements:
e seek_next_end_frame(p,end- frame) that seeks the first end of frame
within a packet p and stores it in end_ frame. The statement returns
NULL if no frame end has been found in packet p.

o retrieve_frame(p, frame) that stores an entire frame or part of aframe
from packet p in variable frame. In the case that a part of a frame is
stored in frame, then the part is contiguously added to the parts already
stored in frame.

The corresponding trace actions in the trace alphabet of the new basic state-
ments are defined bel ow:
def

Al ph('seek_next_end_frame (VARLIST )) =

{snef ( VARLIST ), ... snef(VARLIST )M}

Alph(‘retrieve_frame (VARLIST )') &

{rf(VARLIST )}, ..., rf(VARLIST )™=}

Tr("seek_next_end_frame (VARLIST )') &

¥ snef(VARLIST )1 ~ ... ~ snef (VARLIST )™t %

Tr('retrieve_frame (VARLIST )') &

Srf(VARLIST ) ~ ...~ rf( VARLIST )™2 %
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: frame :=NULL; end_frame := NULL,

receive(fq,.p):
seck_nexi_end_frame(p.end_frame): _____________________
while(rriee) do

{

# Begin "x:1" loop. Multiple packets contain 1 frame.
while(end_frame == NULL) do

-
-
-
-

retrieve_frame(p. frame):
send(bgy, p).
"""""" receive(fq,,p):
seek _next_end _frame(p, end_frame);
+ #/ End of frame found.

T, pmmmmmm———

AT

retrieve_frame(p, frame):. i
A Retrieved, stored | entire frame in variable "frame”. i

receive(bgo,q); process_fcta( frame,q); send(fq,,q):
A Frame decoded and sent ro Cs.
seek_next _end_frame(p,end_frame);

# Begin "1:x7 loop. One packet contains multiple frames. |
while(end_frame! = NULL) do \

receive(bga, q). process_fery( frame, q): send(fq,.q):
K Frame decoded and sent to Ca.
seek _next_end_frame(p, end_frame):

!
retrieve_frame(p, frame); }

Figure 6.1. Program of a component with execution dependent on the con-
tents of the input stream.
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Thetraceset is
Tr(Cy) = {frame:= NULL~end_frame:= NULL~ fq;?~
snef (p,end_frame)! ~ ... ~ snef(p,end_frame)™1t~t®
teTr(Cy)}

where
Tr(C)) = {{tézl -~ tg;d -~ té:X1(> |té:21 € Tr(C’z‘:l) A té:zx € Tr(C%:X) A

2

tgf' e Tr(C;™)}
and

Tr(C¥1) = { X end_frame! = NULL ¥,
J (end_frame= NULL ~
rf(p, frame)t ~ ... ~ rf(p, frame)™ ~
baa! ~ fo,? -
snef (p,end_frame)! ~ ... ~ snef(p,end. frame)™:)x ~
rf(p, frame)t ~ ... ~ rf(p, frame)™ % }

Tr(C™) = { X bgp? ~ c3(frame,q) ~ ... ~ c&?(frameq) — fa,! ~

snef (p,end_frame)! ~ ... ~ snef(p,end_frame)™ % }
Tr(C}) = { Y end_frame= NULL ¥,

4 (end_frame! = NULL ~

rf(p, frame)t ~ ... ~ rf(p, frame)™ ~

qu?ﬁ

cl(frame,q) ~ c3(frame,q) ~ ... ~ c3?(frame,q)

fg,! ~

snef (p,end_frame)! ~ ... ~ snef (p,end_frame)™)* £ }.

Note also that relations (2.4) and (2.5) that describe the flow and recycling
of packets hold for this component as well. Indeed the program and traceset of
the component show that each input full packet is recycled before a new full
packet is received and each empty packet is sent into the corresponding output
forward queue before a new empty packet is received.

Also we add two more assumptions that express the relation between the
deferral times of a component with deferred execution and the computation
time of of the snef and r f additiona processing actions of G:

2 i Ty < nil 3(snef (p,end_frame)!) (6.1)
k=1 =1
and
n Mp2 .
2) < ZS(rf(p,frarm)J). (6.2)

k=1 j=1
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The process of selecting the system trace isidentical with the one presented in
Chapter 4. At the end of this process we find that there exists a unique trace p
that specifies the execution of the chain.

6.2 A chain without timing constraints
The system we analyze in this section isillustrated in Figure 6.2.

fao fag, fqz fga fan-o -1 fan
T
bgs | ba. i bCIQI bga  ban: bQn-1 ! bQN
; L e (e
Component : Data-driven
with deferred A components

Satiion Compaonent with

execution
dependent on the
input stream content

Figure6.2. Chain composed of a component with deferred execution, a com-
ponent with execution dependent on the contents of the input stream, and N-2
data-driven components.

Lemma6.1. LetC besuchthat (Vj: j<i:P(Cj) > P(C)). Then there does
exist a statet of p such that in any state s (t C s~bgi_1! C p), Cj b bqg;?[ins
of Tee] for all j <.

Proof. ldentical with proof of Lemma 5.1 given that (2.4) and (2.5) hold for
C; in this case aswell. O

Given that (2.4) and (2.5) hold for G in this case as well, the statement given
in Lemma 3.2 holds here again:

Let C besuchthat (Vj: j >i:P(Cj) > P(Ci)) and consider a state s of p
such that the next action after sin p isone of A(G). Then Cj b fq;_;?[in s of
Tec] for all j > i.

Both lemmas above hold for an overall minimum in priority P(Gy). We
make use of this property of the minimum in priority in the following theo-
rem which presents the execution of the system as two parameterized patterns
(with parameter x) of chain execution corresponding to the two behaviours of
C, according toitsx: 1 and 1 : x input-ouput relations. Given the fact that this
system is theoretical and the results of this analysis are used as an intermedi-
ary step towards the system analyzed in the next section, we restrict the case
analysisto P(C;) < P(Cq) if m> 2.
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Theorem 6.1. Consider a system as in Figure 6.2, where P(G) < P(Cy) if
m > 2. After afinite prefix ¢, the trace p recording the execution of the chain
will adopt one of the 2 parameterized patterns (with parameter x) of chain
execution corresponding to the two behaviours of G according toitsx: 1 and
1: x input-ouput relations:

P = tinit~ ((Sc1)' ~ (S1x)')°
where:

A. x: 1linput-output relation
e, bt ¢ ot tr if m>2
Sc1 =
&~ tg if m<2
o tc, = Y true~ fqu_;~bgm?~ck~...~cf~bgm 1! %.
e | recordstheinterleaved execution of components G, ...,Cn_1.
e tr records the interleaved execution of components in RSGy,.
[fm>2:
o &=y end_frame=NULL %.
o té’zlcj c, records the interleaved execution of actions in:

— (Y~ rf(p, frame)t ~ ... ~ rf(p, frame)™z,

- (tc,)* and
— fq;!~true~fq;_,2¢, where P(Cj) < P(Cyp), Vj,2< j<m.
e The exact order of actions in té:zlcjcl is determined by the priorities of

C> Cj, (2 < j < m) and Cy, the computation times of actions of G, and
Cj, (2 < j <m), and the length of the deferral times of G,.

B. 1:xinput-output relation
{ S}:xﬁ(ﬁzx)x_ZAﬁ:x if m>2

&, &R i m<2

Six =
With:

!

S}:x = tCmAtLAtrCTAté'zx ~fgm!  tr.
M !

ﬁ:x _ tCmAtL/\ 1.2X — 1.2X qum!/\tR-
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Stk = ton LB e, ol R

o tc, = Ytrue~fq, ;- bgm?-cl~...~cM—~bgm_ 1! %.
e | recordstheinterleaved execution of components G, ...,Cn_1.
e trrecords the interleaved execution of components in RSG,,.

Ifm> 2
o t&¥ assub-trace of s}, and <., is equal to
yend_frame! = NULL~rf(p, frame)t ~ ... ~ rf(p, frame)™2%.
o téizx' assub-trace of 5., isequal to yend_frame= NULL%.
o téizlcj c, records the interleaved execution of actions in:
- &
— tc, and
— fq;!~true~fq;_, 2t where P(Cj) <P(Cy), 2< j<m.
e The exact order of actions in téijcl is determined by the priorities of

C> Cj, (2 < j <m) and Cy, the computation times of actions of G, and
Cj, (2 < j <m), and the length of the deferral times of G,.

Ifm<?2
th=t&~ b2~ ch~...~ 2~ fay! ~ tr~ snef (p, frame)™~snef (p, frame)™.

Proof. We prove the above statements by construction of trace p.

A. x:1input-output relation
We must prove that
1 —~¢md 31X tx: —~ —~ ;
oo LG e o, fan! R if m>2
Sc1 =
2l —¢md ~ H
e, 8 tr if m<2
1-m>2
The execution of the system in this case is illustrated in Figure 6.3. At the
end of tj,i; all components in LSC,, are blocked at action bg?, 0 <i <mand
al components in RSCy, are blocked at action fq_,?, m< i < N. The only
component ready-to-run is G,. Given m > 2 follows that Gy, is a data-driven
component, therefore it will execute according or its program trace

tc, = ¥ fgq_ 12~ bgm?ch~...~cM—bgm_1! %.
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. Ic, D L . fél_l';f D ’(I‘?JI . I'(T';I('_,('J . fqm! . IR

Figure 6.3. Execution of the system according to the x : 1 pattern. Case A.
wherem > 2.

When action bgy,_1! is executed it de-blocks in cascade components in LSGy,.
We restrict our attention for the moment to the execution of data-driven com-
ponents Cs, ...,C,_1. Before Cp, executes again all these components execute
one iteration of their loop after which they become blocked once more at ac-
tion bg?, 2 <i < m. Their execution is interleaved and the exact order is
determined by their priorities. This execution is denoted with {. At this point
We can express S as.
S1=1c,~tL™s
During t,, some of the components will have been preempted when executing
action bgi_1!, 2 < i < mwhich de-blocked a predecessor neighbour with a
higher priority. Therest of the actions to be executed before becoming blocked
again at action bg? are:
Ifg!~true—~fg_126,2<i<m

Among these components, those with alower priority than G, and which have
not completed their loop iteration before G, is de-blocked, will execute inter-
leaved with C;. We denote this set of components with BC;, and we will refer
to this situation again later on.

When C; is de-blocked, it executes first trace rg;d and continues with trace

té;xl according to its program. Because thisisthe x : 1 case meaning that mul-
tiple packets contain one frame the test in @2"' returns fal se which makes that
in this case
&X' = ¥ end_frame = NULL %.
At this point we can express S¢1 as.
Sc1=te, Lt~ EX ~ s,

The execution of C, continues with té;l according to its program. During
sub-trace 52", C; executes bay! which de-blocks Cy. C; executes one iter-
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ation (recorded in tc,) after which it blocks again at action bgy?. Given that
P(Cz) < P(C4), the two components execute interleaved with each other, with
C, making use of the deferral times of C;. Also given (6.1), follows that dur-
ing each iteration of C; the deferral times of C; are completely consumed.
Due to the x : 1 input-output relation of G, t5*" is executed x times, each
time de-blocking C; to execute one iteration of its loop. Coming back to the
components in BCc,, given the fact that they have alower priority than G they
will also execute interleaved with C;, possibly making use of the deferral times
of C; (depending on the duration of the defferal times, the computation times
of component actions and the priority assignment). The actions executed by
Cj € BCc, are
tc, = fg! ~true~fg_, 2%, 2 <i<m.

After x iterations of ", C, completes X! with actions
rf(p, frame)! ~ ... ~ rf(p, frame)™ according to its program. The
interleaved execution of G, C; and C; € BCc, is denoted with té;lc:jcl-

Therefore we can express S¢1 as.

Skl = tCmAtLAtg;jAtC]EZX/A X:zjbjclﬁs'
At the end of té;l C, becomes hlocked at action bagy? again and C; is blocked
a bay?. Therefore in this state all components in LSG,, are blocked at action
bg?, 0 < i < m. The only component ready-to-run is again Gy,

Cm executes f ! according to its program which de-blocks in cascade the
components in RCy,. All components execute one iteration of their loop after
which thay become blocked again at action fq_1?, m< i < N. Theinterleaved
execution of components in RSGy, is recorded by trace tgr. Therefore sc1 can
be expressed as

) -
Sc1 = e bt e o, ! .

2-m<2
To be proven in the same manner shown above.

Given that at the end of s.; all componentsin the chain except G, are blocked,

the situation is identical with the one at the end of t,i;. This means that the
execution according to the x : 1 pattern is repetitive and continues as long as
the input full packet in front of G, contains part of aframe. Thisimpliesthat p

can be expressed as

p = tinit~(Sc1) s
B. 1: xinput-output relation
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We must prove that

%:xm(§:x))(72/\ ﬁ:x if m>2

%;%1A®A(tR)X*1 if m<2

Six =
With:

%:x = tCmAtLAtCr:r;jAtCl::gX,qum!/\tR-
%zx = tCmAtLAté:zX”Até:zX,A fOm! ~ tR-
ﬁ:x = tCmAtLAté:zX”Até:zX/Até:lejclﬂfqm!AtR-
1-m>2
The execution of the system in this case isillustrated in Figure 6.4.

(sx:1 )! ($1:x )k

x=6 Xy x=4 Ve =3 ,
0 e g
a 2 3
I:l Sex . S . ST

Figure 6.4. Execution of the system according to the 1 : x pattern. Case B.
wherem > 2.

At the end of ;i all components in LSCy, are blocked at action bg?, 0 <
i <mand all componentsin RSCy, are blocked at actionfg_;?, m<i <N. The
only component ready-to-run is Gy,. Given m > 2 follows that C,, is a data-
driven component, therefore it will execute according or its program trace

tc, = ¥ fom_1~bam?-ct ...~ —~bgm_1! %.
When action bgy,_1! is executed it de-blocks in cascade components in LSGy,.
Before C, executes again al data-driven components G, ...,Cy_1 execute
one iteration of their loop after which they become blocked once more at ac-
tion bg?, 2 <i <m. Their execution is interleaved and the exact order is
determined by their priorities. This execution is denoted with { . At this point
We Ccan express §p.x as.
Six =1, LS

When C; is de-blocked, it executes first tracetg:‘ and continues with trace té;x'
according to its program. Because thisisthe 1 : x case meaning that multiple
frames are contained in one packet, the test in El;x' returns true which makes
that in this case
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té:le = Jend_frame! = NULL~rf(p, frame)t ~ ... ~ rf(p, frame)™=%.
So far we can express g« as.
Six =ttt s,
At this point the execution of G, would continue with té;x" according to its pro-

gram, however because thefirst action of X" isba,?, C; becomes blocked (the
empty packet produced by G; was consumed and Cs did not produce another
empty packet ever since).

Notice that in this state C; is still blocked at action bg? as it was in state
tinit because C, has not executed bagy! so far. Therefore in this state all com-
ponents in LSCy, are blocked at action bg?, 0 < i < m. The only component
ready-to-run is again G,

Cm executes fgmy! according to its program which de-blocks in cascade the
components in RSC,. All components execute one iteration of their loop after
which thay become blocked again at action fg_1?, m<i < N. Theinterleaved
execution of components in RSGy, is recorded by trace tr. Therefore so far s«
can be expressed as

Sux = tc:mﬁtl_“té:leﬁfqm!“tR“ S.
or as
S1x = %;xﬁ S.
Because all components in the chain (except G,) are blocked, C,, executes
next. Its execution is recorded by . As we have seen above, tc,, is fol-
lowed by t, that records the interleaved execution of data-driven components
C3, ces aCm—l-

When C; is de-blocked thistime, it continues with X" and t2' according
to its program. At the end of té;x' C, becomes blocked again at action bgy?.

The only component ready-to-run is again G,. C, executes fqy,! accord-
ing to its program which de-blocks in cascade the components in RSG,,. The
interleaved execution of components in RSG,, is recorded by trace tr.

So far 1. can be expressed as

x!!

Six = Sty to, -t -t~ ~ T~ trs.

Sux = S}:xﬁ %zxﬁ S.
The execution specified by %X will repeat x— 2 times in the case of a packet
that contains x frames (one frame has been already produced during §.,). Each
time during 2., the test end_frame! = NULL returnstrue therefore during .,

! -
té-zx is

or as
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té:le = Jend_frame! = NULL~rf(p, frame)t ~ ... ~ rf(p, frame)™2%.
S1:x can be expressed as
Spx = %:x/\(ﬁ:x))kzr\ S.

At the end of %XX_Z al but the last frame have been produced in fog and C;
al components in the chain except G, are blocked again. Therefore the next
component to execute is Gy, (execution recorded by tc,). tc,, isfollowed by t
that records theinterleaved execution of data-driven componentsG, ...,Cyn_1.
Some components have been preempted and do not finish their loop iteration
before C; starts executing (C; € BC¢,, P(Cj) < P(Cy)).

When C, is de-blocked it executes £ (during which it produces the last
frame) followed by té;x' according to is program. Since the end of packet has
been reached, the test in té:zx' returns true meaning that

&X' = yend_frame = NULL%.
Next C, executes tX! according to its program. During &' action bap!
is executed which de-blocks component G,. From here on C,, C; and
Cj € BCc,, P(Cj) < P(Cy) execute interleaved. This interleaved execution
is recorded in trace {5 c,
Attheend of 5t - again all components are blocked except Gy. When Cr,

executes fq,,! it de-blocks in cascade components in RSGy,. Their interleaved
execution is recorded by tr. At this point s;.x can be expressed as

_ o] iy
Six = S}:xﬁ(ﬁzx)x ZAtCmAtLAtéZX Até'zx Até'zlcjclﬁfqm!ﬁtRﬁ S.

or as
Six = %:xm(§:x))(72m ﬁ:x'
At theend of s}, all components are blocked again except G,

2-m<2
To be proven in the same manner shown above.

Given that at the end of s;.4 all components in the chain except Gy, are blocked,
the situation is identical with the one in the state preceding §x. This means
that the execution according to the 1 : x pattern is repetitive and continues as
long asthe input full packet in front of G, contains multiple frames.

Notice that both at the end of s.1 as well as a the end of s, during
trace té’zl the decision about continuing with the current pattern or to change
to the other one is taken. That is because during trace (ézl anew full packet is
received as input, and the end of the first frame is sought within that packet,
therefore determining whether the next execution of G isgoing to be according
topattern 1: xor x: 1.
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This implies that under the assumption of infinite input stream p can be
expressed as

p= tinitﬁ(&:l)I A(Slzx)k.

(C1), a) =1, Vaec A(Cy).
( (Ci), a) =x, Vae A(G), 1 <i<N.
#(sc1 1T ACy), a) =%, Vae A(Cy).
#(sc1 TAG), a) =1, Vac AG), 1 <i<N.

6.3 A chain with timing constraints
The system we analyze in this section isillustrated in Figure 6.5. Theorem 6.1

qu fCh M- qu_1 qu
e N et 0 et 3 e 5 o 3 et
: bg, : fb. bqa Q-2 :qN-' i ba
v I YT ’ v
H .
win dsfomed v components Time.dien

execution Component with

execution
dependent on the
input stream content

Figure 6.5. Chain composed of a components with deferred execution, a
component with execution dependent on the contents of the input stream, a
N-3 data-driven components, and a time driven component.

shows that one full packet is sent in fg_4 at the end of each of the following
traces: sc1, Sk, S2., and s.,.. We consider

M= max(%ﬂ (SCl)v g})/l (%:x)v g})/l (ﬁ:x)v gg(ﬁx))
where (sc1), Y (st.,), (L), Y (s,,) are sums of worst case computa-

tion times of the actions that compose the traces in the given input stream.

The lemma below shows that when SV < 2Ty there exists a state in which
al forward queues are filled to their capacities, which implies all backward
gueues drained.

Lemma6.2. S¥ < 2Ty = Ttint € X(p): Ci bbgAintin of Tee ], Vi,1 <i< N

Proof. Lemma 6.1 shows that there exists a state where al forward queues
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preceding C, are filled to their capacity (backward queues drained). Similar
approach used for Lemma 4.1 to show the filling up of the rest of the forward
gueues in the system. a

Corollary 6.1. SV < 2Ty AP(Cy) = m“élx P(C) =
ne

330&:' (tinita g, qu—l?a qu!> qu?7 qu!a TONv TN)
Proof. Identical with the one of Corollary 4.5 |

The theorem below states that given 1 < 2Ty, after afinite prefix tp of
trace p the system executes according to a parameterized pattern of execution.

Theorem 6.2. Consider a systemasillustrated in Figure 6.5. Given that ! <
2Ty holds, after a finite prefix t;t, the trace p recording the execution of the
chain will adopt one of the 2 parameterized patterns (with parameter x) of
chain execution corresponding to the two behaviours of G according to its
x:1and 1:x input-ouput relations. Depending on the nature of the input
stream p can be:

P = tinit " tgable

where
taable = ((S1:x) P~ (5¢1)%)®

or
tgable = ((Sx:l) pﬁ(sl:x)k)m

Sub-traces s.; and s« Specify the execution of the chain processing portions of

the stream that determine an x : 1 and respectively a 1 : x input-output relation

for Co:

A. x: linput-output relation
Se1 =18, ~ tlgy, ~ AT +i*Tn) ~t§, ~ tlgg, ~ (T +i*Ty)
* t/ o, andt's, aresub-traces of t s, and tj oo, ~ s, = tLsc, Where
V) .
oy = @ E e,
e t recordsthe interleaved execution of components G, ...,Cn_1.
o ¥ = end_frame=NULL %.
o té’zlcj c, records the execution of actions in:

— (")~ rf(p, frame)t ~ ... ~ rf(p, frame)™z,

- (tg,)*and
— fq;!~true~fq;_, 26 where P(Cj) <P(Cy), 2< j<m.
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B. 1

The exact order of actions in téijcl is determined by the priorities of
C> Cj, (2 < j < m) and Cy, the computation times of actions of G, and
Cj, (2 < j <m), and the length of the deferral times of G,.

At the end of s all componentsin LSy areblocked at bg?, 1 <i <N.

: X input-output relation

S1x = é:x/\(§:x)x*2A ﬁ:x

With:

!/ .

i

~d(T +i*Tn).

%X:téN A tESCN, ~ d(Tg' +i+Ty) A%N - tESCNN ~d(TY +ixTn).
ﬁ:xztéf% B tESCN/ ~ d(Tg' +i*Ty) AtéN - tESCNN ~d(T +ixTy).

tle, andtly, ” aresub-tracesof tiey Withtly, '~tle, " =tig, where
1t ~md 1
tLg:N - tL tCz tsz .

t2e, andt?e, " aresub-traces of g, With g '~ t2e, " =t2g, Where

2 o~ g1

e, andt’y, " aresub-traces of iy, withtde, '~tie " =t3g, where
3 i ~¢Lx L gx
tL&]N - tL tcl:zx tcl:zx tégj(-:jcl'
t_ records the interleaved execution of components G, ...,Cn_1.
&' as sub-trace of s}, and <. is equal to
Jend_framel = NULL~rf(p, frame)%.
¢’ as sub-trace of s}, isequal to Jend_frame= NULL%.
t&% ¢, records the interleaved execution of actionsiin:
1
_ té:l
2 )
- fq;!~true—fq;_, 2t where P(Cj) < P(Cy), 2< j <Nand
— tC1'
The exact order of actions in téijcl is determined by the priori-

ties of C; and C;, the computation times of actions in ¢ and
fq;!~true~fq;_,2¢, 2 < j <N, and the length of the deferral times
of C;. When P(C,) < P(C,), actions of tézlcl execute (also) during the
deferral times of C;.
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e Attheend of 5.4 all componentsin LSCy areblocked at bg?, 1 <i < N.

Alw, we have that wOSCi(tstabla tinita qu—l?a qu!a qu?a qu!a TONa TN)
holds as well.

Proof.  We prove the statement of the theorem by construction of trace
p. According to Lemma 6.2 after a finite prefix t,; all backward queues
bg, 1<i<Naredrained and all componentsG, 1<i < N are blocked
at action bg?. The only component ready-to-run isGy. Therefore Cy executes
téN according to its program. So far trace p can be expressed as

p =tinit ~ tcl;N ~u
During téN action bgy_1! is executed which de-blocks component Gy_;. Cor-
rolary 6.1 and S < 2Ty imply that o(tine ~ t& ) < Tg' + 1 Ty + flush.
Hence o (tint — téN) < TN+ (I + 1) « Ty From here follows that the delay
action following téN is postponed until no other regular actions are ready or
o(tint —~ t&,) > Tg' + (I + 1) « Ty. When Cy executes boy_1! it causes a de-
blocking in cascade of components in LS.
A. x: 1linput-output relation
The execution of the system in this caseisillustrated in Figure 6.6. In the case

(-"'1:.\')&. {-".\':I ]
e . >
x=3 x=3 x=4
Y *T' ________ Ty TN T R T *i
:HTh-t—:'wT.\']: : i : i
' i ' i

idle time idle time idle time

| - -
B, B, 0o B O B

Figure 6.6. Case A. Execution of the system with timing constraints accord-
ing to the x: 1 pattern.
x : 1 the execution of componentsin LSGy isrecorded by trace

—t ~¢md +1xX _tx1
tLg:N - tl— th tsz téngC;L'
We distinguish here the following cases:
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1 - P(Cz) < P(Cl)
Given the fact that at the end of ty; all components in LSCy are blocked at
action bg?, 0 < i < N, the execution of components in LSGy isidentical to the
one specified in Theorem 6.1 for the case m= N. That is té;lcjcl records the
interleaved execution of actionsin:

o (EY~rf(p,frame)t ~ ...~ rf(p, frame)™z,

* (tg;)*and

e Jfq;!~true~fq;_,?t where P(Cj) <P(Cy), 2< j<m.
where C, executes during the deferral times of G,.
2.- P(C) > P(Cy)
During trace 5%, . component C, executes (51")* during which it produces
X empty packetsin bg.
a. Cap(fg) > x
Although C; is de-blocked, it cannot execute due to P(G) > P(Cy). C, exe-
cutes

(&Y *~rf(p, frame)t ~ ... ~ rf(p, frame)™

after which it becomes blocked at action bgp?. At this point C; executes
(tc,)*. Note that in this case C, does not execute during the deferral times.
The deferral times are used by components C; (P(Cj) < P(Cy), 2 < j <m)if
P(Cj) <P(Cy), 2< j<m,
b. Cap(fg;) < x
Again, although C; is de-blocked, it cannot execute due to P(G) > P(Cy). In
this case C; executes (t51")CaP(f) after which it becomes blocked at action
fg,?. At this point C; can execute tc, during which it produces 1 full packet
in fg; and de-blocks C,. From this point on C, and C; execute alternately de-
blocking each other at the input forward queue (for G) and the input backward
queue (in the case of C;) until the x iterations of 5" are completed. Again,
the deferral times are used by components G (P(C;) < P(Cy), 2 < j < m) if
P(Cj) <P(Cy), 2< j<m,

When Ty < SM < 2Ty, the execution of tLs, is interrupted at moment
TV + (I +1) * Ty + W by the delay action d(T) + (I + 1) * Ty) which is fol-
lowed by tZ . Attheend of t3 tracet g, isresumed and continues until its
end. The two sub-traces of t g, are denoted by t/ o and t's- . Trace p can
be expressed now as:

p=tint ~ &, " g " AT+ +D)xTn) ~t& ~ tlg, ~ U
Because SV < 2Ty follows that
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oftinit ~ &, ~ g, " AT+ +1)xTn) ~t&, ~ tlg) <TO+(1+2)* Ty
Given that at the end of t g, al components in LSCy are blocked again at
actionbg?, 0 <i < Nimpliesthat t/s, isfollowed by the delay action d(mN+
(I +2) * Tyy) which advances time until moment TN + (I +2) * Ty.
p=tint ~ 1§, " tlg, ~ AP +(1+1)xTn) ~t& ~ ti, —
dTN+(1+2)xTy) ~ u.

At moment T + (I + 2) * Ty, again the only component ready-to-run is
Cn, asituation identical as at the end of t,;; which implies repetitive execution
according to this pattern aslong as the input full packet in front of G contains
only part of aframe.

Hence p can be expressed now as

P = tinit~(Sc1)P~u.
The SM < Ty caseisto be handled in the similar manner.
B. 1: xinput-output relation
The execution of the system in this caseisillustrated in Figure 6.7. In the case

(5.:': | )I ( S )k

x=6 x=3 x=4 !
> R »
21T
<—"—I'—\*: | = = = = ! 1 I I
idle time
1 2 3
D Sox . ST . Stix

Figure 6.7. Case B. Execution of the system with timing constraints accord-
ingto thel1: x pattern.

1: x the execution of components in LSGy is recorded by trace
tie, =t -t~ tEX
We consider again Ty < S¥ < 2Ty. By using the same reasoning as above we
find that after 2Ty
!/ 1
p=tint ~ (Sc1)P ~ 1§, ~ tlg, ~ AT+ (1 + 1)+ Ty) ~t§, ~ tlg, —
dTN+(1+2)xTy) ~ u.
After action d(T] + (I + 2) * Ty), again the only component ready-to-run is
Cn. Next time when C, executes éN and de-blocks components in LSCy the
trace recording their execution is according to Theorem 6.1

2 4 —~tLx! 1
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By using the same reasoning as above we find that after 27Ty
p =tint = (Sc1)P
@B, - tle, AT+ Ty) ~, ~ i,
dTN+(1+2)%Ty) ~
g~ iy, AT+ (1+3)xTy) ~18 ~ g, —
dTN+(1+4)+Ty) ~
u.
After action d(T + (I +4) * Ty), again the only component ready-to-run is
Cn and this execution is repeated x — 2 times. Therefore we have
p =tint = (Sc1)P
@B, - tle, AT+ Ty) ~, ~ i,
dTN+(1+2)%Ty) ~
(&, ~ e, — AT +ixTn) ~18, ~ 2, ~ d(TN +i%Ty))* 2~
u.
Finally when Cy de-blocks in cascade components in LSGy, their execution is
recorded by

e, =t e,
and p becomes
p =tinit = (Sc1)P —
@B, - tle, AT+ Ty) ~, ~ i,
dTN+(1+2)xTy) ~
(&, ~ B, — AT +ixTn) ~18, ~ 2, ~ d(TN +i%Ty))* 2~
g, ~ g, ~ AT +nxTy) ~t3, ~ g, ~ d(T+(n+1)+Ty) ~
u.
or
p =Ttinit (le)p - %:x/\(§:x)x*2m ﬁ:x/\ u.
which can also be expressed as
p =Tint ~ (S(:l)p ~ Spx U
The x iterations above following (s¢1)P in trace p are denoted with 5.
Sub-trace s isrepeated aslong as theinput full packet in front of G contains
multiple (x) frames. p can be expressed now as

p= tinit’\(sx:l)p/\(sl:x)k/\ u.
Given that at the end of each g4 the only component ready-to-run is Gy, a
situation identical as at the end of t;, follows that the execution according

to the two patterns 1 : x and x : 1 is repetitive and infinite. Hence p can be
expressed now as

P = tinit—~ ((Se1) P~ (S1:x)%) .
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The S¥ < Ty caseisto be handled in the similar manner.
Obviously depending on the contents on the input full packets p can also
be

P = tinit— ((S1x) P~ (Sc1)")®.

Given the reasoning above and the execution of the system il-
lustrated in Figure 6.6 and Figure 6.7 results immediately that
Noci((s¢1)P,  tinie,  foy_1?  fon!, baw?  foy!, T, Tw) and
Qo ((s1x)P, tinit, fay_1?2 fan!, ban? fay!, T, Tv) hold.  Given
that we have shown above for each iteration of s.; and sp.x, which implies
Qo (p, €, foy_1? fay!, ban?, fay!, TV, Tn) holds aswell. ]

Corollary 6.2. (S < 2Ty) A (P(Cn) = mhé{(P(Ci) =
e

320&“(‘)7 g, qufl?> qu!> qu?a qu!a ToNz TN)
Proof.
Corollary 6.1 gives us that under these  conditions
Qo (tinit, €, fan_1?, fay!, ban?, fay!, T3, Tn) holds.
That SQoci(p, €, foy_1? fay!, ban? fay!, To', Tn) holds results directly
from Theorem 6.3. 0

6.4 A casestudy from practice - a video decoding chain

Figure 6.8 shows the recorded execution of a real system in practice on the
TriMedia procesor. The components after the finite prefix t¢, in a streaming
chain composed of afile reader (FIRd in Figure 6.8), video decoder (VDec),
a sharpness enhancement component(SSE) and a video renderer(VO). T:IDLE
denotes the IDLE task in the system. In this case study the time-driven compo-
nent isthe video renderer VO, and Ty denotes the period of the video renderer.
Note that FIRd, VDec and SSE are blocked on their input backward queues
and are de-blocked in cascade by VO every 2Ty when VO releases 1 EP. Be-
cause of the 1 : x input-output relation of VDec on this part of the video stream,
the VDec will release only 1 EP for FIRd, which causes FIRd to be de-blocked
only one time (and therefore to execute only one iteration of its trace) during
X 2Ty periods of VO.
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Figure 6.8. Execution of astreaming chain composed of aFile Reader, Video
Decoder, Sharpness Enhancement and Video Renderer. The relation between
input and output for C, (Video Decoder) is1: x.

In the x : 1 case again (Figure 6.9) FIRd, VDec and SSE are blocked on
their input backward queues and are de-blocked in cascade by VO every 27
when VO releases 1 EP.

1300| ms

T: IDLE 215%) ] [ 1 | EE
T: FIRd (2.44) Mmemem M m M
T: VDee {54.04) on—E——m—— MICJMCINCIN0 [ I ||
T: SSE @z 1 ] — [
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2Ty

Figure6.9. Execution of astreaming chain composed of aFile Reader, Video
Decoder, Sharpness Enhancement and Video Renderer. The relation between
input and ouput for C, (Video Decoder) isx: 1.

The x: 1 input-output relation of VDec on this part of the video stream
makes it that for each FP produced by VDec (each decoded frame)V Dec needs
x FPsfrom FIRd. That iswhy after each FP received from FIRd, VDec keeps
the packet content and recycles the packet in the backward queue, which de-
blocks FIRd. This process repeats x times until VDec received enough FPs
from FIRd to be able to produce 1 decoded frame. Given that VDec needs x
FPs, it will de-block FIRd x times, therefore FIRd will execute x iterations of
its trace during each 2Ty.
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6.5

Practical Applications

The practical application regarding optimization of memory, CPU utilization,
response time and NCS are derived from the practical applications mentioned
in sections 4.2 and 5.3.1. We briefly remind below the optimizations applica
ble for this case.

6.6

the minimum necessary and sufficient capacity of each queue in the
chainis1 (Corollary 3.3).

due to the same reasons explained in section 4.2.3 response time of the
chain cannot be improved by assigning the minimum priority to G as
suggested in Chapter 3 because that does not change the influence of the
time-driven component Cy.

as shown in Theorem 3.3 the response time of the chain is reduced by
reducing the capacities of queues preceding Gy.

the number of context switches occurring due to the interleaved execu-
tion of the data driven components during tsape Can be reduced by as-
signing priorities as P(C;) < P(Cy) < ... < P(Cy-1) and Cap(fqg) = 2
Vi, 1<i<N-—1(Theorem 3.2).

Theorem 6.2 shows that the number of context switches occurring dur-
ing the stable phase is lower when the system executes according to the
1: x pattern as opposed to the x : 1 pattern. Hence NCS during the stable
phase can be reduced by enforcing an 1 : x pattern of execution. Thisis
done by increasing the size of packets in the queue preceding the com-
ponent with behaviour dependent on the input stream content such that
the input packets sizeis always larger than the maximum size of aframe.

the number of context switches occurring due to interleaved execution of
the data driven components with actions of Gy (during the stable phase)
can only be reduced by one context switch. This is the context switch
due to preemption when Cy has a higher priority than other components
in the chain. This context switch can be avoided by assigning to Gy the
lowest priority in the chain. However this comes at the cost of a lower
QoSwhen S> Ty.

optimization of CPU utilization by eliminating idle times during the ex-
ecution deferral is achieved by not assigning G the minimum priority as
shown in Property 5.2

Summary

We have presented in this chapter a study of systems that include components
with execution dependent on the contents of the input stream. Examples of
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such components from the TSSA architecture are the video decoder and video
encoder aswell as the audio decoder and audio encoder.

We adopt an incremental approach starting from a system without timing
constraints to systems with timing constraints. We show that the traces that
record the execution of the systems we analyzed adopt a repetitive pattern de-
pendent on the contents of the input stream. The two patterns correpond to the
two scenarios of execution of G:

e where one full input packet contains multiple encoded frames (1 : X)
e where multiple full input packets contain 1 encoded frame (x : 1)

In the case of the system with timing constraints given that the sum of the
worst computation times for one iteration of the pattern is smaller than the
period length of the time-driven component, and the time-driven component
has the highest priority in the chain, the quality of service requirements of the
system are satisfied.

In terms of practical applications of the analysis in this chapter we show
again how to optimize at design time the amount of resources (memory and
CPU) used by the system, the response time of the chain, the number of context
switches and the CPU utilization by minimizing the idle times.
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A branching chain topology

I n this chapter we study the execution of a system consisting of a linear
sub-chain connected to two other linear sub-chains with timing constraints as
shown in Figure 7.1. The main difference between the system studied here and
those studied in all previous chapters is the system topology: in the previous
chapters we have studied linear chains while in the current chapter we tackle
the analysis of a system with branched topology. Aside of that, in the present
case we aso introduce a new type of component, the demultiplexer. In the
system we study here, the sub-chain that receives input from the environment,
contains a component with deferred execution (introduced in Chapter 5) and a
demultiplexer component that provides input to the other two sub-chains that
follow in the graph. Each of the other two sub-chains consists of a component
whose execution depends on the content of the input stream, a number of data-
driven components, and end with a time-driven component. The time-driven
component in one of the sub-chains executes according to the interlacing stan-
dard decribed in section 4.2, while the other one does not. The approach we
take is to decompose the system into two sub-chains SG, and SC, (Figure 7.1)

that share the file reader and the demultiplexer. As afirst step we characterize
the execution of each sub-chain within the overall execution of the system, and
subsequently we characterize the interleaving of these two executions while

159
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Figure 7.1. A Branching Topology. The systemis composed of a component
with deferred execution and a demultiplexer component, that provide input to
two sub-chainsthat follow in the graph.

pointing out what are the situations in which the QoS requirements are satis-
fied. In characterizing the individual execution of each sub-chain within the
overall system execution we use a similar approach as presented in Chapter 6.

The chapter is organized as follows. In section 7.1 we describe the pro-
gram and traceset of the demultiplexer component, as well as the invariants
that specify the channel behaviour of the demultiplexer. Section 7.2 detail the
assumptions we consider in our analysis while section 7.3 specifies the QoS
requirement of this system. Section 7.4 presents the behavioural analysis of
the system presented in this chapter. This analysis is followed by practical
applications shown in section 7.5.

7.1 A demultiplexer component

In practice, the system illustrated in Figure 7.1 corresponds to a typical media
streaming system in which a file reader component retrieves as input from a
storage facility (a DVD for instance) a program stream containing both video
and audio data. The demultiplexer component extracts the video and audio
data from the input program stream and subsequently passes each data type
further on as input to the two sub-chains to which it is connected in the graph.
The two sub-chains receiving input from the demultiplexer have the role to
decode and display the video and respectively the audio data.
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In the context of this chapter we consider as input a program stream. Ac-
cording to the ISO/IEC 13818-1:1996 (E) standard a program stream is created
by combining one or more Packetized Elementary Streams (PES), which have
acommon time base, into asingle stream. An elementary stream contains only
one kind of data, that is either audio or video.

The program stream is designed for reasonably reliable media such as
disks. In our case the program stream is retrieved from a DVD disk and com-
prises a number of fixed-length packs each of which is the smallest unit for
transmission and multiplexing. Each pack storing DVD video or audio data
contains only one packet. Also a packet stored in a program stream pack di-
rectly embodies a PES packet. We denote with X, and X5 the maximum num-
ber of consecutive packets of the same type in the stream. X, corresponds to
packets used as input for fg and X, corresponds to packets used as input for
fg5. We also denote with K, and f, and respectively with F, f; the maximum
and minimum number of packets that make up an encoded frame belonging to
the video elementary stream and respectively to the audio elementary stream.

We present in Figure 7.2 an example of a program specifying the execution
of the demultiplexer component. We use this example in the analysis of the
system execution.

At the programming level we add the following basic statement:

e determineSreamType(p, streamType) that determines the type of the
data stream stored in packet p. The data stream type is stored in
SreamType.

The corresponding trace actions in the trace alphabet of the new basic
statements are defined below:

Al ph('determineSreamType( VARLIST )')
{dst(VARLIST )%, ..., dst( VARLIST )™t}

def

Tr('determineSreamType( VARLIST ) &

Y dst(VARLIST )L ~ ... ~ dst( VARLIST )™ %
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[

while (rrue) do
receive(fg,.p):
determineStreamType( p,streamTyvpe):

if (streamType =="video') then

receive(bqs.qy):
process(p.q,):
send(bqy.p). )
send (a5, qv):

receive(bqs.q,):

process(p.qq).

send(bqy . p); n
send (f45. qq):

Figure7.2. Program of a demultiplexer component.

The traceset associated with the program is:
Tr(Cy) = {t¥ty € Tr(C3)}
Tr(C5) ={ sfalset,

L true~ fg,?~

dst(p,streamType) ~ ... ~ dst(p, streamType)™ £~ t,
|to € Tr(Cg)}.
Tr(C8) = { streamType == "vided ~Tr(C§)}uU
{ sreamType! = 'vided ~Tr(C3)}

Tr(C§) = { L bay?~ ca(p,ay)' ~ ... ~ c2(p, )™ ~ bau! ~ faj! ¥}
Tr(CY) = { ¥ beg?~ c2(p,Ga)t ~ ... ~ C2(P,0a)™2 ~ bon! ~ foB! £}
In the following we will make use of the following notations:

te,Y = ¥ fq,? ~ dst(p,streamType)t ~ ... ~ dst(p, streamType)™ ~
sreamType == 'vided' ¥~ tj
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wherety € Tr(C5).

tc,® = ¥ fo,? ~ dst(p,streamType)! ~ ... ~ dst(p, streamType)™ ~
sreamType! = 'vided £~ t§
wheretd € Tr(C3).
From the syntax of the demultiplexer component we obtain the following
topology invariants.

0 <#fq,?—#bay! <1 (7.0
0 < #hay?—#qy! <1 (7.2)
0 < #bg?—#f! <1 (7.3)

7.2 Assumptions

We decompose the branched chain we study in this chapter in two linear sub-
chains C, and SC; corresponding to a video and respectively audio decoding
sub-chain. In practice these two sub-chains take care of video decoding and
rendering and respectively the audio decoding and rendering. The two sub-
chains share the file reader and the demultiplexer.

We denote with " the maximum processing time between the production
of two consecutive packetsin fgf;. Also the maximum processing time between
the production of two consecutive packets in fcf, is denoted by 1. /' and S
include the interfering, interleaved processing of the other sub-chain.

The assumptions about the system based on observation from practice are
presented in the following. Equation (7.4) expresses that the period (denoted
by Tw) of the time driven component G, of SC;, is smaller than double the pe-
riod (denoted by Ty) of the time driven component G of SC,, which executes
according to the interlacing standard. The same equation specifies that T is
smaller than Ty,.

Tn<Tu <21y (7.4)

Regarding the priority assignment to the components in the system we adopt
that
a V
P(Cqy) = Cesrrgvagsca P(C) A P(CY) = Cescvr?g)éa c P(C) (7.5)

In the input stream the packets storing a video frame are interleaved with the
packets storing N, audio frames. Because of thisinterleaving, the processing of
the packets storing avideo frame in the video sub-chain isinterleaved with the
processing of the audio packets in the audio sub-chain aswell. The processing
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of avideo framein the video sub-chain must be completed within 2« Ty so that
the system outputs each video frame at the correct rate. Therelevant questionis
how many audio frames N, can be processed interleaved with the video frame
so the additional load on the CPU due to this interfering processing does not
make the video frame miss its deadline.

We assume that the interference of the audio sub-chain during the process-
ing of avideo frame to the end of the video sub-chain does not cause missing
the deadline imposed by the video renderer. Thisis expressed as.

Sh+Nax Ty < 25Ty (7.6)

gg'v represents the maximum processing time between the production of two
consecutive packets in fgf; not including the interfering, interleaved processing
of the audio sub-chain. The above relation implies that

Na < (2+Tn—Sh)/Tv < 2+Tn/Tu < 2. (7.7)

This implies that during the processing of 1 video frame, less than 2 audio
frames can be processed such that the execution of the video sub-chain does
not miss deadlines. The condition can be satisfied by constructing the stream
such that packets storing one video frame are interleaved with packets storing
always less than 2 audio frames (actually less than 2+ Ty /Ty audio frames).

N5 > 1 because during each Ty 1 audio frame must be processed to the end of
the audio sub-chain. Ty < 2x* Ty hence within each 2 Ty 1 audio frame must

be processed to the end of the audio sub-chain.

Next we express N, in terms of the packets storing the audio frames inter-
leaved with the packets storing the video frame. In a worst case situation of
interleaving in which each video packet would be followed by a sequence of
Xa audio packets, the equation above is expressed as

S+ (R Xa/fa) x Ty < 2Ty (7.8)
which implies that
FosXa/fa < (2xTn=S)/Tu < 25 Tn/Tu < 2. (7.9)

where F, * X5/ f4 represents the maximum number of audio frames interleaved
with the packets storing the video frame. Note that when K, > 1 follows that

Xa/fa < 2xTn/(Tw*F) < 1. (7.10)

which is to be interpreted that X, packets aways make up less than 1 one
encoded audio frame.

Conversely, in the case of the audio sub-chain execution, we assume that
the interference of the video sub-chain during the processing of an audio frame
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to the end of the video sub-chain does not cause missing the deadline imposed
by the audio renderer. Thisis expressed as:

S+ Nyx25 Ty < Ty (7.11)

where N, represents the number of video frames processed to the end of the
video sub-chain within Ty. This execution is interleaved with the processing
of the audio frame to the end of its sub-chain. ﬁa represents the maximum
processing time between the production of two consecutive packets in fd; not
including the interfering, interleaved processing of the video sub-chain. The
above relation implies that
Ny < (Tu—S)/2xTn < Tw/2xTy < L. (7.12)

This implies that during the processing of 1 audio frame less than 1 video
frame can be processed such that the execution of the audio sub-chain does
not miss deadlines. The condition can be satisfied by constructing the stream
such that packets storing one audio frame are interleaved with packets storing
aways less than 1 video frame.

When expressing N, in terms of the packets storing the video frame in-
terleaved with the packets storing the audio frame, in a worst case situation
where each audio packet would be followed by a sequence of video packets,
the equation above is expressed as

S'\pﬂa‘|‘(|:a>’<XV/fv)”‘Z*TN < Tu (7.13)
which implies that
FaxXo/fy < (Tu—Sa)/2+Tn < Tw/2+Ty < L (7.14)

where F, x X,/ fy represents the maximum number of video frames interleaved
with the packets storing the audio frame. Note that

Xo/fy < 1. (7.15)

which is to be interpreted that X, packets always make up less than 1 one
encoded video frame. Also we choose that the size of packetsin fg, and f is

smaller than the minimum size of an encoded frame in SG, and SC,. Equation
(7.16) expresses that the sum of &, and S}, the processing timeis smaller than
Tm-

S+ Sk < Tw (7.16)

7.3 QoSrequirements

The QoS requirement of this system is satisfied when the QoS requirements
of both sub-chains SC, and SC, are satisfied. Hence the QoS requirement for
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the entire system is defined as

SQOSCyem(t, pref) = SQosi(t, pref, fal, 42 faf!, bal,2, fal!, T, Ta) A
SQoc(t, pref, fofy_1?, fafy!, T, Tw).

where pref~t € S(p). We approach for now only QoS aspects as have been

specified in Chapter 4. At the end of the current chapter we address issues

related to synchronization between the two sub-chains.

7.4 System execution analysis
We analyze the execution of each of the two sub-chains SG, and SC,.

Lemma7.1. Consider the SC, sub-chain. When S",," < 2Ty then there exists
tr.. € S(p) such that G b bg/? (C1 b bop?) [intY;, of Tee ], VG € SCy,i < N.
Proof.

From the perspective of sub-chain SG,, the effect of the demultiplexer com-
ponent is to take as input a sequence of x+ 1 packets ending with a video
packet, and to replace this sequence with this last (video) packet. In a worst
case situation from the perspective of SG,, the number of packets preceding
the video packet is equal to X,.

The worst case computation time necessary for producing the video packet
in queue fgy must take into account the worst case time for processing the %,
packets to the end of the SC, sub-chain, which in a worst case situation may
precede (depending on the priority assignment) the production of the video
packet. The worst case time for processing the X; packets to the end of SC; is

Hence the worst case computation time necessary for producing the last packet
in queue fgj is

S = M(t,") + Xa/ fa* Tu (7.17)
In fact from the perspective of the SG, sub-chain, (7.17) gives the worst case
computation time of C, used for processing a packet in fd;. When

' < 2Ty

where " includes the value of ' which is the the worst case computation
time of C, used for processing a packet in fdj.

! < 2Ty implies close similarities between the behaviour of sub-chain
L, and the system described in Chapter 6. In each of these situations there
are inserted more packets than needed to decode 1 frame. For this reason we
can use the same approach as used for Lemma 6.2 to show thefilling up of the
forward queues in the system. O
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Next we wish to specify the executions of sub-chains SG, and SC, within
the entire system. We denote the traces recording the individual executions of
sub-chains SC, and SC, with p,, and respectively p,. Traces py and p, are pro-
jections of p on the union of alphabets of components in SG, and respectively
Lo

!/
pv=p1 CG%Z\,A ©)
/
Ppa=p1 CeLg&aA ©)
The following theorem states that p, has a repetitive nature according to the
X . 1 parameterized pattern studied in Chapter 6, and presents in detail the
composition of each iteration of this repetitive trace.

Theorem 7.1. Consider the SC, chain illustrated in Figure 7.1. Given that
¥ < 2Ty holds, after a finite prefix t%;, the trace py recording the execution
of the chain will adopt a parameterized pattern (with parameter x) of chain
execution corresponding to the two behaviours of C; according to its x: 1

input-ouput relation. Depending on the nature of the input stream p, is:

Pv = tinit " teable
where

teapie = (Sc1)”
Sub-trace sc1 specifies the execution of the chain processing portions of the
stream that determine an x : 1 input-output relation for C;:

S =1t~ tlee, ~ d(Tg +ixTn) ~ty ~ tls, —~ d(Tg' +i%Ty)
* t/ o, andt/'s, aresub-traces of t s, and tj oo ~ s, = tLsc, Where
—tV—tmd 4L/ ixl
tL&:N — t\L/ tC3V tC3>\(/ té3VC2C}/C1'
t/ records the interleaved execution of components G, ..., Cy_;.
. téﬁ;é/ = Y end_frame= NULL ¥%.
t& Ve, cvc, records the interleaved execution of actions in:
]

- (té:sl"’)xmrf(p, frame)l ~ ... ~ rf(p, frame)™z,
— fg;!~true~fq;_, 26 where P(C{) <P(Cy), C{ € Cy, 3< j<N.
- (i)™
= ()
The exact order of actions in té;chzcjvcl is determined by the priorities

of C3 Cy, C}’ and C,, the computation times of actions of components in
C,, and the length of the deferral times of G;.
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e At the end of s¢1 all components G are blocked at bg/? (C1 b bgi?),
VG € LCy,i < N.

Proof. Cj can execute only according to the x : 1 pattern because the size of
packets in fqj is smaller than the minimum size of an encoded frame in SG,.
Similar approach as used for Theorem 6.2. O

Lemma7.2. Consider the SC, sub-chain. When @ < Tw then there exists
t&. € S(p) such that G b bg?? (C1 b bai?) [intd, of Tec ], VCi € SCq,i < M.
Proof. Identical approach asfor Lemma7.1. O

Theorem 7.2 specifies the individual execution of SG, within the overall
system by presenting the nature and composition of trace p,. Although the
insights given by Theorem 7.1 and Theorem 7.2 are similar, and traces p, and
pa are resembling, they are not identical because the time-driven component
in SC, executes according to the interlaced standard, while the time-driven
component in SC, does not. For the purpose of thoroughness we present and
characterize both traces p, and p, in the two theorems.

Theorem 7.2. Consider the SC; chain illustrated in Figure 7.1. Given that
M < Twm holds, after a finite prefix t2,,, the trace p, recording the execution
of the chain will adopt a parameterized pattern (with parameter x) of chain
execution corresponding to the two behaviours of G according to its x: 1
input-ouput relation. Depending on the nature of the input stream p, can be:

Pa = thit " tGape
where

tGapie = (Sc1)”
Sub-trace sc1 specifies the execution of the chain processing portions of the
stream that determine an x : 1 input-output relation for CG:

Sc1=1cy ~ tiscy d(To" +i%Tw)
where
tiscy =7 A@“té;é/“té;%‘czc?q-
and
e tf records the interleaved execution of components G, ... ,C§_;.
o 12X = L end_frame=NULL %.
. té:g,]éC2CjaC1 records the interleaved execution of actions in:



7.4 System execution analysis 169

— (8" )*~rf(p, frame)t ~ ... ~ rf(p, frame)™e.
— ¥fg;!~true~fq;_; 26 where P(C}) < P(Cy), CY € Cy, 3< j <N.

- ()™
= ()™
e Theexact order of actionsin té;laczc?cl is determined by the priorities of

Co, C]T" and C1, the computation times of actions of components in SG,,
and the length of the deferral times of G,.

e At the end of s¢; all components G are blocked at bg?? (C1 b bgi?),
VG € Lg,i < M.

Proof. C§ can execute only according to the x : 1 pattern because the size of
packets in fo is smaller than the minimum size of an encoded frame in G,.
Similar approach as used for Theorem 6.2. O

We consider now tpi; the shortest prefix of p in which both sub-chains have
reached their stable phase. The following theorem describes the execution of
the combined system. It describes all possibilities of interleaved execution
of the two x : 1 stable phases of sub-chain SG, and SC; within any interval
TN+ 2Ty, T +2(14+1)Ty), | € N. Theactual interleaving is determined by
theratio between Ty and 2Ty, the contents of theinput stream which influences
the computation times of the trace actions, the duration of the deferral times
of C; and the priority assignment of the components. For each of the eight
cases describing possibilities of interleaving we present the actual trace and we
study whether the overall system QoS requirement is satisfied. The theorem
shows that among the eight cases we distinguish, in three of them (where G,
preempts Cy,) the interleaving of components has no negative influence on the
measure in which the QoS requirement is satisfied, while in five cases the QoS
requirement for SC, is satisfied only under the condition that:

Sg"(té%) + P (tea ) < flush.
The interleaving cases have been obtained by progressively shifting in time
the two pattern of execution described in the previous two theorems which
describe the individua behaviour of each two sub-chains. We present below
the trace interleaving in the more complex case where $" > Tn. The S}" <Tn
simpler case isto be solved analogously.

Theorem 7.3. Consider asystemasin Figure 7.1. Under the assumptions pre-
sented in section 7.2, within any interval [T + 21 Ty, TV +2(1+1)Ty), | €N,
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the system trace p records the interleaving of traces p, and p, in the following
way:

p = tinit ~ tspi
with tgyi recording the stable phases interleaving (t,,c and t§,.) of SC, and
XCa. Tracetsy; isexpressed as

wheret records a possible interleaving of t} . and t§,,, within an interval
[To'+21Tn, To' +2(1+1)Tn), | €N,

A.- When téﬁﬂ starts executing during the odd periods of each 27T:
To'+2Tn < o(tha) —Ss(ts) < To'+ (2 + DTy, k1 €N (7.18)
1. t& and t%l are executed within interval [T + 2Ty, To'+2(1 +1)Tn):
S(ts) + Tw+SEH < T +2(+ )Ty (7.19)

a. The execution of tcg; Starts after end execution of &,

oty ) — St ) > (T +21Ty) + Sy

\) (7.20)

s5e g

then
o t=t&' ~th~ d(T +keTy) ~the ~ 5, ~

d(To' + (2 +D)Tn)~(t&)' ~ 5~

d(TM + (k+1)Tw) ~ tg;l ~ tkgclM ~d(TN+2(1+1)T).
o SQ0SCysem(t, pref) holds, where pref~t € St(p) and tiny C pref.
wheret} ~t3 ~t3 =ty and ta, records the interleaved execution of the
following traces: (t/ )", tIL(sc;;’ (t's,)'-

21N

-+

Y

L

I 2 ) .
l fen % foy I fcu 1] ta N 7zscu
Figure7.3. CaseA. 1. a.

b. The execution of t§. starts during execution of tCN

To' + 2T < oftda) — Ss(ta) < (To' +2Tn) + Ss(tdy ) (7.21)
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then
S AV M k1 N o
o t= (&) ~ AT ke Tw) ~ 1 ~ ()
t,~ AT+ (2 + D)~ () ~ &, -
d(T" + (k+1)Tw) ~ & ~ &% — d(T'+2(1 + 1) Tw).
. SQoSc(t pref, fqﬁ‘,I 1?2, fqﬁ‘ﬂl, T4, Tw) holds.
If (&) + ' (teg) < flush then
SQosci(t, pref, qufl’?, fay!, bay,?, fax!, Ta', Tn) holds aswell, thus
SQoSCyysem(t, pref) holds, where pref—~t € St(p) and tiyit C pref.
wheretélvuI :(té )~ (& 'Y and tl~t2, = tap. Tracet, records the
interleaved execution of the follow ng traces: ({ g, )", t'L‘Squ, (t'ss,)'-

2Ty

[ ] 2 _
I 't("l\- % I¢ N I ICy |:|:|:| Lab § 1L.5Cy
Figure7.4. CaseA. 1. b.

c. The execution of t¢. starts at moment Tg' + 2/ Ty:

o(téa) — Ss(ta) = To' + 2 Ty (7.22)
then
o t=t& ~ d(Tg' +2IT\) ~ t& —
t;bA d(To' + (2 +1)Tn) ~ (&) ~ t5 ~
d(T" + (k+1)Tu) ~ t&* At'L‘g'ClMAd(TONJrZ(IJrl)TN).
o SQoSc(t pref, fq,‘;‘,I 1’? fgdy!, TM, Tw) holds.
If (68, ) + S (teg ) < flush then

SQoSci (t pref, qu_l?, fay!, bay?, fay!, T, Tn) holds aswell, thus
SQoSCyysem(t, pref) holds, where pref—~t € S(p) and tiyit C pref.

WheretéxlI = (té )y~ (tl 'Y and t} ~t2 = tap. Tracetay records the
interleaved execution of the follow ng traces: ({s,)', tiecs s (t'scy)'-

k+1

2. téﬁﬂ and are not executed within the same interval
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I
l ¢ N

I ICy HII tab § 1LSCy

Figure7.5. CaseA. 1. c.

[T+ 2Ty, T +2(14+ 1) Ty):

o(t&) — Ss(t&a )+ Tw > To' +2(1 + 1) Ty (7.23)
a. The execution of t('éM starts after end execution of tém'
ot ) — Sp(ths ) > (T8 +21T) + Ss(td,) (7.24)

then
o t=th' ~th - d(T ke Ty) ~ the ~ 13~

d(To' + (2 +D)Tn)~(t&)' ~ 5~

d(TN+2(1+ 1) Tw).
o SQ0SCysem(t, pref) holds, where pref~t € St(p) and tiny C pref.
wheretl ~t2 ~t3, = ta, and ty, records the interleaved execution of the
following traces: (t/ )", t'fsc;; ()

2Ty

1 ] 2
l fen % ICy I fey H] Lab

Figure7.6. CaseA. 2. a.

b. The execution of té& starts during execution of témlz

T+ 2Ty < ot ) — Ssiths ) < (T +21Ta) + Ss(tdy) (7.25)

then

) AT ke Tw) ~ s~ () -

= (i)
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&~ AT+ (2 + DT~ (&) ~ 2, -
d(TN +2(1 + 1) Ty).
o SQoSc(t pref, qu‘(,, 12 fagy!, T, Tw) holds.
It (&) + ' (teg) < flush then
SQoSC|( pref, qufl’?, fay!, bay,?, fax!, To', Tn) holds aswell, thus
SQoSCyysem(t, pref) holds, where pref—~t € St(p) and tinit C pref.
wheretCN |) (tclzx,l)" and t —~t2 = tap. Traceta, records the
interleaved executlon of the following traces: ({ g, ), t'L‘squ, (t'ss,)'-

2Ty

| T

| J

>

I 2 }
l ey é ey I Icy |:|:|:| Lab § TLSCy

Figure7.7. CaseA. 2. b.

B.- té& starts executing during the even periods of each 27T:

To'+ (2 + 1Ty <o(t) - St ) <T'+2(0+ DTy (7.26)
1. t& andt&* are executed within interval [T + 21 Ty, T9' +2(1 + 1) Tw):
o(ths) — Ss(ts ) — Tv > To' + 2Ty (7.27)

Thiscaseis equivalent with with case A.1. and the execution and execution
properties of the system are the same as mentioned at A.1.a., A.1.b.,, A.lc.

2.t andtg * are not executed within interval
[To'+ 2T, T +2(1+ 1) Tw):
o(t&a) — Ss(tha) — Tw < T3'+ 2Ty (7.28)

a. The execution of té& starts after end execution of tém':

S(t&) > (To' + 2|+1)TN)—|—%(ICN) (7.29)
then
. t:téml - t;b“
d(Tg' + (2 +DTn)~ (&) ~ t5
d(T3" +KTw) ~ tha — t% — d(Tg' +2(1 + 1)Tw).
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e SQ0SCysem(t, pref) holds, where pref~t € St(p) and tiniy C pref.
wheret} ~t3 = tap and ta, records the interleaved execution of the
following traces: tcs , () (t'sg,)'-

21y

-+
+

A

Ty _|

|
l fen

j J|
Iy I ICy ﬂ:ﬂ tab N 7Lscy
Figure7.8. CaseB. 2. a.

b. The execution of téﬁn starts during execution of @NI:

T+ (2 + DTy < oths) — S(the) < (T + (2 + DT) + S(t&,) (7.30)

then
téN ~d(TN+ 2 +1)Ty)~
(R > - d(To ke T) ~ the ~ (&)~ 15~
d(TN +2(1 +1)Tw).
o SQoSc(t pref, qui‘,I 12 fafy!, T, Tw) holds.
If 93" )+ (tca ) < flush then
SQoSci (t pref, qu_l?, fay!, bay,?, fax!, Ta', Tn) holds aswell, thus
SQoSCyysem(t, pref) holds, where pref—~t € St(p) and tinit C pref.
wheretCN (t2 ')’A (téN')” and t} ~t2 = tap. Tracetab records the
interleaved executlon of the following traces: ( (soN , LSCM’ (t’L’SON) .

- 2Ty

+ L

Tar

K |
I bl -

] 2
I .r(!_ N % Iy I ey U]] tab

Figure7.9. CaseB. 2. b.
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c. The execution of t§, starts at moment TJ' + (21 + 1) T:

o(t&a) —S(tha) = To' + (2 + 1) Ty (7.31)
then
o t=t&' ~ th~ d(T +kxTy) -
k N g2l s
tcl?ll d(TO + (2' + 1)TN) tcm tab
d(TN+2(1+ 1) Tw).
e SQo(t, pref, fofy_1? fa%y!, T, Tw) holds.
1
It (&) + ' (teg) < flush then
SQosxi(t, pref, fa_,? fay!, bay?, fay!, T3, Tn) holds aswell, thus
SQoSCyysem(t, pref) holds, where pref—~t € St(p) and tinit C pref.
wheretévuI = (téxll)’ - (téKll)” and t} ~t2 = tap. Tracets, records the
interleaved execution of the following traces: ({ g, )", tIL(sc;;’ (t'ss,)'-

2Ty

Ty N
¥

)
T - i

I ) 2 i
I lf(ﬂ.'\' % ,f(\ I lr(__” |:|:|] ‘tﬂ'b

Figure7.10. CaseB. 2. c.

Proof. We prove the theorem statement by construction of the trace t describ-
ing the execution of the system during thetimeinterval [T + 21 Ty, T3V +2(1 +
DTn).
A.l.a.. Given equation (7.20) follows that at moment 'I[)N + 21Ty the high-
est priority, ready-to-run component in the system is . Cy, executes tém'
according to its program. During 'réx", Cy, executes bay—1! which triggers a
de-blocking in cascade of components in LSGy. Their execution is recorded
until moment T + (21 + 1) Ty by sub-trace (t -, )'-

Again given equations (7.20) and (7.5) follows that the execution of
(t{ ) is preempted by d(T" + ks Tw) at moment T + ks Ty. The par-
tial execution of (t(_SCN)' up until the preemption is denoted by t,. The delay
action is followed by i€ of Cfj. The execution of { ends before moment
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ToV + (21 4+ 1)Ty because of the condition expressed in (7.18). During gaA
component C5; executes bau_1! which triggers a de-blocking in cascade of
components in LSCY. Their execution is recorded by fq . After té, traces

(t/sc,) @nd tf'ga executeinterleaved and their interleaved execution until mo-

ment TN + (2| + 1) Ty is denoted by t3.
At this point we can expresst as:

t=td'
At moment TN + (2| + 1)Ty, given (7.5), the second delay action of G,
d(To' + (21 +1)Tn) is executed, followed by (&, )'. The execution of ()" is
followed by (t/,, )" according to the py trace specified in Theorem 7.1. Trace
(t{scN)' may still be interleaved with t'L‘ a, depending on the priority assig-
ment of al components in the system. This interleaved behaviour is denoted
by t3,. So far t can be expressed as:

t=th' ~ th ~ d(T+keTw) ~ the ~ 13~

d(To' + (2 +1)Tn)~ (&) ~ t5, ~ w.

The execution of t3, cannot excede moment T + (k+ 1) Ty because of the
condition expressed in (7.16). The end of £}, also marks the end of (/) and
t’sa When according to Theorem 7.1 and Theorem 7.2 al components have
become blocked at receiving an empty packet.

At moment TM + (k+ 1)Tu, given that all components are blocked the
delay action of G isexecuted followed by kgl. Weknow that the execution of
t&i* precedes moment T)¥ + 2(1 + 1) Ty because of (7.19). Finally, at moment
TV +2(1 + 1) Ty, given (7.5), the delay action of G, d(T]N +2(1 + 1)Ty) is
executed. Thereforet can be expressed as.

t=th' ~ th ~ d(T+keTw) ~ the ~ 3~

d(To' + (2 +1)Tn)~ (&) ~ t5

(T + (k+D)Tw) ~ &~ 156k ~ (T +201 + )Ty).

Given the reasoning above illustrated in Figure 7.3, we also conclude that
SQoSCyysem(t, pref) holds. Cases A.1.b. and A.1.c. are to be proved in the
same manner as above.

~ oy~ AT + ko Tv) ~ te — th — W

A.2.a.. The execution specified by t in this case is identical up to the end of
trace tg’b with the one specified at case A.1.a. for the same reasons as presented
in that case. Also in this case at the end of 3 all components have become
blocked at receiving an empty packet. However at this point given (7.23) fol-
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lows that the execution of
d(To" + (k+1)Tw) ~ t&* ~ (&%
is postponed for the next 2Ty interval and ta3b isfollowed only by d(T3! + 2(I +
).
Therefore in this caset can be expressed as:
SRS N RS, B M ~ 1k 32

d(Ty + (2 +1)TN)A(tCN) ~ty o

d(TN+2(1+1)Ty).
Given the reasoning above illustrated in Figure 7.6, we conclude that

SQoScyysem(t, pref) holds. Cases A.2.b. is to be proved in the same man-
ner as above.

B.1l.a. The equivalence betwee this case and case A.1. results directly given
the equivalence of the equations characterizing the two cases.

B.2.a. Given equation (7.29) followsthat at moment T -+ 2| Ty the highest pri-
ority , ready-to-run component in the systemis ;. Cy, executesté%I according
to its program. During téml , Cy executes bagy—1! which triggers a de-blocking
in cascade of components in LSCy. Their execution is recorded until moment
T + (2 + 1)Ty by sub-trace (t{ &, )' . Depending on the computation times of
actionsint'q’s , trace (t/ &, )' may execute interleaved with part of g which
starts in the previous 2Ty interval as shown in all A.l. cases. Thisinterleaved
behaviour is denoted by tl; .

Given (7.5) follows that the execution of talb is followed a moment
T+ (21 + )Ty by d(T3V+ (21 +1)Ty) and (t&)'. The execution of (t&)'
isfollowed by (t/y, )" as specified in Theorem 7.1. Trace (g, )' may still be
interleaved with t'lfgcl& depending on the priority assigment of all components
in the system. This interleaved behaviour is denoted by gb So far t can be
expressed as:

t=th' ~th ~

d(Tg' + (2 +)Tn)~ (&) ~ 5~ w

Given the condition expressed in (7.16), the execution of 1§b ends before
moment TM + KTy. Considering (7.29), (7.28) and (7.5) follows that at mo-
ment TM -+ KTy, after the execution of

@) -G
the delay action of C& d(T + (k+ 1)Tu) executes followed by té;&l and



178

ttgcl& Finally, a moment TN +2(1 4 1)Ty, given (7.5), the delay action of
¥, d(Tg! +2(1 + 1) Ty) is executed. Thereforet can be expressed as:
t=th' ~ -
N (12 )~ $2
d(Tg' + (2 +)Tn) (1) ~ ty

d(Te" +KTm) ~ t& ~ t&& — d(T3' +2(1 + 1)Tw).

Given the reasoning above illustrated in Figure 7.8, we also conclude that
SQoScyysem(t, pref) holds. Cases B.2.b. and B.2.c. are to be proven in the
same manner as above. O

7.5 Practical applications

The practical application regarding optimization of memory, CPU utilization,
response time and NCS are derived from the practical applications mentioned
in sections (4.2 and 5.3.1). We briefly remind below the optimizations appli-
cable for this case.

e the minimum necessary and sufficient capacity of each queue to avoid
deadlock in the chainis 1. (Corollary 3.3).

e due to the same reasons explained in section 4.2.3 response time of the
2 sub-chains cannot be improved by assigning the minimum priority to
C; as suggested in Chapter 3 because that does not change the influence
of the time-driven components G, and CJ.

e as shown in Theorem 3.3 the response time of the two sub-chains is
reduced by reducing the capacities of queues preceding G, and Cf;.

¢ the number of context switches occurring due to the interleaved execu-
tion of non-time-driven components within the individual execution of
each of the 2 sub-chains during their stable phase can be reduced by
assigning priorities as shown in Theorem 3.2b-(ii).

¢ the number of context switches occurring due to interleaved execution
of the data driven components in SG, with actions of & (during the
stable phase) can only be reduced by one context switch. This is the
context switch due to preemption when G has a higher priority than
other components in the chain. This context switch can be avoided by
assigning to &, the lowest priority in the chain. This comes at the cost
of alower QoSwhen " > Ty. A second option isto impose § < Ty.
The above statement holds also in the case of components of SG.

e optimization of CPU utilization by using the deferral times during the
execution deferral is achieved by not assigning G the minimum priority
as shown in Property 5.2
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7.6 Summary

In this chapter we have studied the execution of asystem in which components
are connected according to the branching topology as shown in Figure 7.1. We
have divided the system into two sub-chains (SG, and SCy), each consisting
of a component with deferred execution and a demultiplexer component, a
component whose execution depends on the content of the input stream, a
number of data-driven components and end with atime-driven component. We
have shown that , given the assumption considered, after a finite prefix, each
of the two sub-chains reaches its own stable phase in which al components
become driven by the period execution of the time-driven component at the
end of the chain.

Finally we have characterized the overall execution of the entire system
in Theorem 7.3 by describing all possibilities of interleaved execution of the
two x : 1 stable phases of sub-chain SG, and SC, within any interval [TON +
2Ty, T +2(1+1)Tn), | € N. We have explained that the actual interleaving
is determined by the ratio between Ty and 2Ty, the contents of the input stream
which influences the computation times of the trace actions, the duration of the
deferral times of C; and the priority assignment of the components.

We concluded this chapter by summarizing the practical applications in-
herited from the previous chapters and applicable in this case.
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Composition of media processing chains

I n this chapter we analyze the behaviour of systems composed of indepen-
dent linear chains. Section 8.1 presents composition of chains without timing
constraints. Both chains are composed only of data-driven components. We
show that composing these chains is not advisable because after afinite prefix
one of the chains experiences starvation.

Section 8.2 tackles composition of chains with timing constraints. In prac-
tice the first chain corresponds to a video decoding chain and the second chain
to a surveillance application that saves on the hard-disk the images captured
by the first component. Due to the fact that the two chains compete for the
processor resource the measure in which each of them meet their QoSrequire-
ments is potentially affected. The challenge in this case is to find solutions for
designing the composition of the chains such that both chains satisfy their QoS
requirements. We show that certain priority assignments imply supplement-
ing the buffer capacities in the chains which is costly. We propose and detail a
cheaper solution in which the buffers do not need to be larger than one position
each. Our solution to satisfying the QoS requirement is to impose a specific
priority assignment to the components and to control the phasing between the
executions of the two systems. We also show how to design a system such that
the condition for the phasing is satisfied.

181
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8.1 Composition of chains consisting of only data-driven compo-
nents

Consider a system consisting of two linear chains composed of only data-
driven components as described in Chapter 3. The priorities assigned in the
overall system to each component are unique. We denote the one chain with
CNj, and the other with CN,. We denote the components in CN, with C? and
those in CN, with CP. The components with minimum priority in each chain
are denoted by C2 and respectively C2. The unique traces corresponding to
the chains are p, and pyp. The unique trace of the system is denoted by p. The
union of the alphabets of all componentsin CN, and CN,, is denoted by A, and
respectively A,. The following lemma states that the chain with a lower mini-
mum in priority relative to the minimum in priority of the other chain, after a
finite prefix will be starved.

Lemma8.1l. P(C3) >P(CR) = 3st: p=s— tsuchthat #(t,a) =0, Vac
Ap.
Proof. We know from Corollary 3.1 that each chain reaches the stable phase
when the component with minimum priority executes for the first time.

P(C2) > P(CP) implies that CN, will reach stable the phase before CN,.
We denote the state of p at which G5, executes for the first time with s:

p=s-fgs_17t.

After CNy reaches the stable phase, all components in CN, have a higher pri-
ority than CB,, therefore CP, will never be able to execute:

Vi,P(C?) > P(CR) = #(t,a) = 0, Yac A(CR).
This implies that CNy, will never reach stable phase and will be starved after
the finite prefix s of p:
#(t,a) =0, Yac Ap.
O

The conclusion to this part of the study is that having chains composed
of only data-driven components share one processor is not advisable because
eventually one of the chains will be starved.

8.2 Composition of chainswith timing constraints

This section addresses the composition of the two independent chains with
timing constraints. One of the chains consists of a component with deferred
execution, a component whose behaviour depends on the contents of the in-
put, anumber of simple data-driven components and atime-driven component.
This type of chain has been studied in Chapter 6. The second chain that we
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consider is composed of a time-driven component, a number of simple data-
driven components and a component with deferred execution. This situation
has been analyzed in section 5.4. The two chains execute on the same pro-
cessor and compete for the system resources. In both cases the time-driven
components execute according to the interlacing standard. In practice the first
chain corresponds to a video decoding chain and the second chain to a surveil-
lance application that saves on the hard-disk the images captured by the first
component.

We denote again the set of component in the first chain with CN, and the
set of components in second chain with CN,. Then the set of all components
in the system is CN; UCNy. The overall system execution is p. The traces
recording the execution of the individual chains are p; and respectively pp
where:

Pa=pTAa
Pb=pTAp
Pa= tiz\it“tgable
Pb = tinit " tganle
where
tEavle :b((31:X) p“b (5¢1))®
tganie = (t)°
and
tg = %ﬁtcz:l - tRl - d(Tol-l-i *T]_) - tClil - tR2 - d(T01+ i *Tl)}

For CN, we denote with S the processing time between the production
of two consecutive packets k and k — 1 in fi§_; and with 9 the maximum
over all values . Similarly §' denotes the same maximum sum for CN,. Ty
denotes the period of the q time-driven component and Ty is the period of
CR. Asin Chapter 4, the period Ty of the video renderer (&) is equal to the
period T, of the video digitizer C:

Ti=Tn (8.2)
We a so assume that
4G < oM. (8.2)

Similar asin Chapter 4 the time-driven component that provides input has
ahigher priority than the one that produces output:

P(C®= max P(C)APC)= max P(C 8.3
(©D) = J3, PO APCY = max  PC) (83

Asin the previous chapters our purpose is to characterize the system behavior
by specifying the trace p and to investigate the conditions under which the
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Figure8.1. Composition of independent chains with timing constraints.

QoS requirement of the overall system is satisfied. The QoS requirement for
the entire system is specified as:

SQosc(t, pref) *! S0 (t, pref, fR_1? fq!, bad?, fof!, T, Tn) A
SQosci(t, pref, fcB?, bad!, fab?, fob!, Tg, Ty).
Before we start analyzing the execution of the system we wish to discard those
priority assignments to the components in the system which lead to situations
in which the QoS requirement is satisfied only by using suplementary buffer
space. Hence we analyze first the execution of the system given the following
priority assignment to the non time-driven components in the overall system.

P(CP) < P(C?),Vi, j,C? € CN3\CR, C? € CNp\C? (8.4)

Because the two chains execute on the processor independently of each
other and given (8.2) and (8.1) follows that we may apply Theorem 5.4 and
Theorem 6.2 for the two chains in the context of the combined system. Ac-
cording to Theorem 5.4, CN, reaches its stable phase at the end of the first
T1. According to Lemma 6.2 and Theorem 6.2, CN; reaches its stable phase
after al queues in the chain are filled to their capacities. This happens after
k+2Tn, k> 1.

When priorities are assigned as in (8.4) all non time-driven components
in CN, have higher priorities that those in CN,. That means that during the
initial phase of CN,, C? will be able to execute (given (8.3)), however the non
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time-driven components in CN, will not be able to execute until all data-driven
components in CN; are blocked - that is during the stable phase of CN,. Given
that the stable phase of CN, occurs only after kx 2Ty, k > 1 follows that RSCkf
is not be able to return an empty packet to q for k+ 2Ty, k> 1. This means
that if Cap(fg?) < k after Cap(fqf) = 2T, C® becomes blocked at receiving a
packet from the input backward queue which implies that the QoS requirement
of CNp, is not satisfied hence neither for the overall system.

The same situation occurs when the priorities are assigned interleaved. In
this case only some non time-driven components in CN, can execute during
the initial phase of CN,, while others must wait for the stable phase. Due
to the dependecies between components induced by the communication via
finite buffers, follows that during k 2Ty, k > 1 eventually all non time-driven
components will become blocked which leads to the situation that G does not
receive an empty packet in time and thus the QoS requirement of CN, is not
satisfied again.

We propose a cheaper solution where the buffers do not need to be larger
than one position each. Our solution to satisfying the QoS requirement is to
control the phasing between the executions of the two systemswhilerestricting
the priority assignment of the non time-driven components to:

P(CP) > P(C?),Vi, j,C? € CN3\CR, C? € CNp\C} (8.5)
In this situation, given (8.3) and Theorem 5.4 follows that CN, reaches its
stable phase before CN, reaches its own. That means that CN, reaches its
stable phase during the stable phase of CN,. In fact given (8.5) and (8.3) CN,
reaches its stabl e phase during the idle time of each iteration of the stable phase
of CNp,.

The phasing (®) between the execution of the time-driven components G
and C? is expressed as

K K

O = (o) -Stg")) - (o(sB) -S(%)) (86

where tébk is the last iteration of téb before CN, enters its stable phase (CNy
1 1

enters its stable phase between tébk and t2,<*
1

Cb
during the stable phase of CN.. '

In the following theorem we describe the overall execution of the system.
We assume here that 1 > Ty, the Y < Ty case is to be solved in the same
manner. We show below that when the phasing @ satisfies the relations below
the QoS requirements of the both chains are satisfied, hence the overall system

). t&" isthefirst iteration of G
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QoSrequirement is satisfied as well:
(R <@<T) v ( T+ <0<2m) @7

Theorem 8.1. Consider a system consisting of CN, and CNy, with the priority
assignment described in (8.5) and (8.3). Given that §' + Sﬁ" < 2Ty, Sg" > Ty,
! < 2T, — @ and (8.7) holds, the execution of the system becomes repetitive
after afinite prefix:
P = tinit ~(tstable) s
Where'
- 1f SY( t2 “<o<Ty

1.- 1f g <c1>+TN—sgﬂ(téa)then

tsta,me:t2 RSCbAd(TO +ixTN) ~ e RSCD“d(TO—i—j*Tl)
t, “tRscb tfeeq ~ d(Tg' + (+1)*TN) &~ e
d(To (J+1)*T1)-

Case A1 Case A.2
AL

B
= e
. | J— mecie

Tstable

: 2 1 2 -
\ f([x»- B Wi NG Ofrser [LsG
1 1 . :

d(Ty +j+Th) + d(Ty +i*Ty)

Figure8.2. CaseA.
2.- 1f > CI>+TN—§gA(téa) then
tsta,me—t2 Rscb ~d(To! +ixTn) ~ tde Rscb ~d(Td+j*T) ~
tl ~ thCb ~dTN+(+1)«Ty) ~ tcﬁ tR&ﬁ’ ~ sy
d(To (J+1)Ta).

B.- If T+ (1) <@ <2m

1-|fs'g' <@ —(tz.) then
tstable—t tRscb d(T0 +ixTn) ~ G~ tRSCb d(Tg+j*T) ~
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/«@qaday+a+nmy«%fwwmﬁ

d(Td+(j +1)To).
2.- 1t > @ — g (t&) then

taatle =1y ~ tagey ~ A(To! +1Th) = 1 ~ gy~ A(Tg -+ T0) -

tl
c?

1 43 —~ N i —~ 2 4 — —
d(Tg+(j+1)Ta).
Case B Case B.2
N

___________________ e 21 e i 2Ty o !
e Itable:
¢ 1 2 1 ey .
d(Tg +j+T) L d(T +i=Ty)

Figure 8.3. CaseB.

In both cases A. and B.
1 42 43 ¢4 _
* Lo " lrer T e lrecy = lrec , Where tpqn records the cascade
execution of componentsin RCP.

tésq, isempty in cases A.1 and B.1.

tfec tfscﬁlI =tLscs , Where tugs records the cascade execution of
components in LSCY.
tfsc,z isempty in cases A.2, B.1 and B.2.

QDO&I (p) €, qu,]_?, qu ! ) qu ?7 quI ’ T0N7 TN) and
&DOS:I(pv g, qu?a ch!> fq0?7 fql!> TO:L? Tl) hOId

Proof. We prove the statement of the theorem by construction of this trace p.

We may apply Theorem 5.4 and Theorem 6.2 for the two chains in the

context of the combined system although these theorems characterize the ex-
ecution of the two systems when they execute separately because the two
chains are independent of each other and although they share the same proces-
SO, ﬂ + S;" < 2Ty and (Ty = Ty) ensure that the conditions of the theorems
(S < 2Ty and respectively ' < 2T;) are satisfied.
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We have explained above that according to Theorem 5.4, CN, reaches its
stable phase during the first T;. According to Lemma 6.2 and Theorem 6.2,
CNj, reaches its stable phase after all queues in the chain are filled to their
capacities. This happens the earliest during the first 27T. Given (8.3) and (8.7)
follows that CNy, reaches its stable phase before CN, reaches its own. That
means that CN, reaches its stable phase during the stable phase of CN,. We
denote with tiyi; the state of p that ends just before the next iteration of €,
interleaved with the first iteration of .-

tInlt T Aa - t|n|t

tlnlt TAb - t|n|t ( s)k 1'

According to Theorem 5.4, Lemma 6.2 and Theorem 6.2 at the end of §y,
al non time-driven components in CN, are blocked at receiving input from the
backward queues and al non time-driven components in CN, are blocked at
receiving input from the forward queues.

We present here the proof for case A.1; proving the statements of the other
cases is to be done in the same manner.

As explained above, tgane Starts with the execution of tél,k during which

one full packet is produced in fef. This causes a de-blocking and execution
(given (8.5)) in cascade of components in CN, as presented in Theorem 5.4.
Thetrace that records this cascaded execution is denoted with {g-0. According
to the same theorem at the end of tzg, @l non time-driven components are
blocked again at receiving input from their input forward queues. Given that
we assume ! > Ty, the execution of trece Iasts beyond beyond moment T+
(2k+ 1)T1.

Given the priority assignment expressed in (8.5) and (8.3) the only compo-
nents that can preempt the execution of g are CP and C3. Indeed this hap-
pens at time T0 + 2nTy when Cy executes d(TgY + 2nTN) -~ tca , given (8.6)

and SgA cg ) < ® < T;. During the execution of tca component Cj releases

an empty packet in bgy_1. This causes Cf_, to become ready-to-run however
C{_; cannot execute yet because there exist still components in CN, which are
ready-to-run and have higher priorities. Hence the execution of G_; and in
fact the entire cascaded execution of components in LSZ, (recorded by tiscs)
is postponed until the end of tzg-» When all components in RSC? are blocked

again. So far tStable can be expr%sed as

I A
At moment T¢ + (2k+ 1)T1, C? preempts the execution of traee by executing

Rscb
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d(Tg +2KTy) ~ t1 ¥ Atthis point t§ ., can be expr%sed as
~ AT+ 2nTy) ~ ths ~ 120, — d(Td+2KTy) ~
~u

_tZ

tst able Rscb RSC

43

t tRSCb

At the end of 3 (that is of tracy), @l components in RSC? are blocked
1

again and C? is still blocked from time perspective given that §' (RSC?) < S

and 9;' + SOV' < 2T;. We explained aboven that the execution of { sc3 has been
postponed until the end of trace- Sub-trace t oz is preempted at time TON +

(2n+ )Ty by d(T)'+ (2n+ 1)) ~ t&". Given &'+ g < 2Ty and §)' <

2T, — @ followsthat the execution of { sc3 ends before moment TO1 +(2k+1)Ty

when Cb becomes ready-to-run again. At the end of f.scz all components in
LSI:b have become blocked again at receiving an empty packet from their input
backward gueues. Given that all other components are blocked as well at the
end of t gz, the delay action d(Tg + (2k+ 1)T1) is executed which advances
time until moment TOl + (2k+ 1)Ty. Hence tStable can be expressed as

= t2 R&Zb - d(To +2nTy) — tCa R&Zb - d(TO +2KTy) —
th 3

Rt dTm+@2n+1)Ty) ~ tCN thc,a
d(T0 (anL DT).

At the end of t . the state of all components in the system is identical
with their state at the beginning of tls(table (end of tini;). Thisimplies that the
execution of the system becomes repetitive after §ni; and we can express tgaple
in general as.

tgaue:téb Rscb ~d(To! +ixTn) ~ tde Rscb ~d(Tg+jxTo) ~

tl1 -~ tRscb thag ~ AT + (1 + 1)+ Tn) ~ &~ thgg
d(Td+(j+1)*To).

The fact that the system satisfies the QoS requirements of both chains dur-
ing (tgane)® results directly from the execution of the overall system described
in the discussion above and illustrated in Figure 8.2. During tyi; the QoS re-
quirements of CN, and CN,, are also satisfied. In the case of CN, QoSrequire-
ments are clearly satisfied given that during its stable phase it only executes (7
which has the highest priority in the system. In the case of CN,, if the chains
were to execute separately we know from Corollary 6.1 that QoS requirement
issatisfied. Given ¥ + ' < 2T, follows that each 2Ty = 2Ty, ' is executed
at least one time which ensures that G has alwaysinput. This meansthat from
iteration n counting back in time G is always executed each period Ty. This
means that the phasing ® is maintained through all the execution of {;; as of

the first execution of Cf. Given (8.7) follows that Cf is never preempted by
cb. m

k
tstabl e
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The next question is how to design a system that satisfies conditions ex-
pressed in (8.7). In the following we give an indication for a solution. We
propose controlling the start time of the stable phase of chain CN,. We would
like to ensure that the stable phase of CN, starts within the first 2Ty from the
execution start of CN,. That isto say that G starts executing for the first time
within the first 2Ty from the execution start of CN,. The following gives one
solution to this problem. Indeed, when assigning all buffer capacities only one
position, al non-time driven components have priorities assigned ascendingly,
and ¥ + S‘)" < 2Ty, al forward queues in CN, are filled to their capacity and
al non time-driven components in the chain become blocked at receiving input
from the backward queues within the first 2Ty of the execution of CN,. This
means that CN, reaches its stable phase within its first 2Ty of execution. C§
will become ready-to-run at the end of %A (tLscg ). To prevent preemption from
Ckl’ which has a higher priority, the program text of G could include a delay
action d(8) meant to delay the execution of G until atime 6. Moment 6 is
chosen to be beyond the first period T of Cﬁ’ and before the end of the second
period T;. This situation corresponds to case A. of Theorem 8.1. Moment 6

™ 2T| - 2;."‘] -
t ' S o
! ; i .
Y 3 x P
ﬁ | m | p—m N,
fo | e LD ;
SN % SR F
E 2Ty ' :
Pl / H o
= | 4
1 2 | 2 ; B
\ r{“ﬁ" n 'f(";’ | RfeY ¢y [Olrscd [OLscy
L d(8) d(Tg + j*T) L d(TY +ixTy)
+ * +

Figure 8.4. Controlling the stable phase start of CN,.

can be chosen such that the execution of the system corresponds to case B.,
however in this case C§ would start executing later. In practice case A. is
preferred because CN, produces output earlier.

8.3 Summary

We have studied in this chapter composition of independent chains of com-
ponents sharing and therefore competing for the processor resource. We have
shown in the first section that when composing two linear chains composed
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of only data-driven components, the chain containing the component with
minimum priority overall the composed system, after a finite prefix becomes
starved.

In the second section, we present a behavioural analysis of a system com-
posed of two chains with timing constraints. CN, consists of acomponent with
deferred execution, a component whose behaviour depends on the contents of
the input, a number of simple data-driven components and time driven com-
ponent. This type of chain has been studied in Chapter 6. CN, is composed
of atime-driven component, a number of simple data-driven components and
a component with deferred execution. This type of chain has been analyzed
in section 5.4. In both cases the time-driven components execute according
to the interlacing standard. In practice the first chain corresponds to a video
decoding chain and the second chain to asurveillance application that saves on
the hard-disk the images captured by the first component.

In our analysis we consider a specific priority assignment to the compo-
nents in which non time-driven components in CN, have a higher priority than
any component in CN,. Also the time-driven component C‘f has a higher pri-
ority than the time-driven Cfj. We have shown that another priority assignment
to the components has negative impact on meeting the QoS requirements of
both chains unless more buffer space is alocated. We propose a cheaper so-
lution where the buffers do not need to be larger than one position each. Our
solution to satisfying the QoS requirement is to control the phasing between
the executions of the two systems while restricting the priority assignment of
the non time-driven components as mentioned above. Theorem 8.1 details this
solution showing the conditions under which the execution of the system be-
comes repetitive after a finite prefix and the QoS requirements of the overall
system is satisfied.

In conclusion we have shown how to design a system such that the neces-
sary condition for the phasing @ is satisfied.
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Conclusion

I n this thesis we provide a behaviora anaysis of real-time systems with in-
terdependent tasks. Our approach to describing the behavior of these systems
isincremental. We start with a simple, theoretical case of alinear chain com-
posed of only data-driven components while progressively we increase com-
plexity to realistic systems as found in practice. We close our analysis with
composition of systems.

We begin by introducing anumber of basic concepts used further onin this
thesis. We have formally introduced the systems we study by specifying the
syntax for the program text of the system components. This has been achieved
by indicating the grammar that generates the component program texts and the
grammar for the parallel composition of components.

The semantics associated with a program text is specified using traces. We
wish to study the system behavior by focusing on the corresponding trace set.
However, before we can characterize the trace(s) that specify the system be-
havior, we need to identify them. For this purpose we start by considering the
trace set containing al arbitrary interleavings of components actions, yielded
by the paralel composition of components. On these traces we progressively
imposed conditions in the form of predicates. Each time a condition is im-
posed, it reduces the trace set to a new one, containing only those traces that
satisfy the condition. The predicates denote properties or characteristics of
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the system execution. They represent the activities of a system executing the
programs. In that sense the predicates we impose are mechanisms for the se-
lection of only those traces that specify an execution with the characteristics
and properties of our system execution. In the end, the traces that satisfy all
conditions specify the system behavior.

Examples of system characteristics specified by predicates include the
communication via bounded buffers and the fixed priorities assigned to the
components for systems without timing constraints. In the case of systems
with timing constraints an additional constraint isimposed to capture the peri-
odic execution of some components.

The conclusion is that both in pipelined systems with and without timing
constraints, there exists a unique trace p that specifies the actual system ex-
ecution. A second relevant issue is that there exists a unique eager schedule
associated with this trace and this schedul e satisfies also the soundness criteria
as they have been defined for all time assignments.

Further on, in each of the subsequent chapters we present our model for the
dynamic behavior of linear media processing systems composed of different
types of components. We consider

e Data-driven components (introduced in Chapter 3),
e Time-driven components (introduced in Chapter 4),
Components with deferred execution (introduced in Chapter 5),

Components with execution dependent on the input stream contents (in-
troduced in Chapter 6),

Demultiplexer components (introduced in Chapter 7).

The behavior of each of the systems we analyze is expressed by means of
the unique trace p of the actions of the components that make up the chain.
We have formally proven that this trace becomes repetitive (the stable phase)
after afinite prefix (the initial phase) and we have shown that this trace can be
calculated at design time. The trace p is completely determined by
the individual traces of the components determined by their type,
the timing behavior of components,
the topology of the system,
the capacities of the communication buffers,
static priorities of the components.

The repetitive nature of the unique trace p allows at system design time the
calculation and optimization of:
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e theinitia phase,
e start times and response times of the individual tasks,
e response times of a complete chain of components,

e number of context switches, and the position of the context switches in
the component traces, which is an indicator for their overhead cost,

e capacities for each buffer in the system,
e idle times during the system execution.

In the case of systems with timing constraints we prove that atime-driven
component has the same influence on the overall execution of a chain as a
data-driven component with minimum priority has on a chain composed of
only data-driven components. This reduces part of the analysis of time-driven
systems to be identical to that of the data-driven system in Chapter 3. This
result is used in the analysis of systems with timing constraints presented in
Chapters 4-8. Additionally, for each of the systems with timing constraints we
present techniques that guarantee satisfying QoS requirements with respect to
the frame rate QoS metric. One other important result of Chapter 4 refers to
CPU overload situations in which the time-driven component at the end of a
chain misses its deadline for a number of periods. In these cases we show
how to design the system such that there always exists an infinite suffix of the
trace p during which the chain satisfies the QoS requirements. The results of
this analysis are relevant because they show a cheap solution at design time of
systems that guarantees meeting QoS requirements for an infinite suffix of the
system trace. The solution is suitable for systems that experience high varia-
tions in computation times of tasks and it concerns trading off small additional
amounts of memory in a specific buffer for much lower processing power.

The repetitive nature of systems is an important property that also makes
reasoning about composition of dependent and independent sub-systems much
easier. Designers need only to reason in terms of patterns of execution at the
level of the system instead of reasoning about the individual behaviors of com-
ponents within the whole system. This approach also makes systems compo-
sitional in the sense that the effect of inserting (or withdrawing) components
from achain can be rigorously predicted and controlled.

Thisis shown in the advanced stages of our analysis where we tackle com-
position of systems studied previously. In Chapter 7 we study the execution of
a system consisting of a composition of dependent chains studied in Chapter
6. The main difference between the system studied here and those studied in
al previous chapters is the system topology: in the previous chapters we have
studied linear chains whilein Chapter 7 wetackle the analysis of a system with
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branched topology. Our approach isto characterize the execution of each com-
posing sub-chain within the overall execution of the system, and subsequently
we characterize the interleaving of these two executions while pointing out the
situations in which the QoS requirements are satisfied. In characterizing the
individual execution of each sub-chain within the overall system execution we
use a similar approach as presented in Chapter 6. We explain that the actual
interleaving between the executions of the two composing sub-chains is deter-
mined by the ratio between the periods of the two time-driven components at
the end of the two sub-chains, the contents of the input stream which influ-
ences the computation times of the trace actions, the duration of the deferral
times of the first component and the priority assignment of the components.
Practical applications concerning QoS, optimizing system resources and tim-
ing properties are addressed again at the end of the chapter.

In Chapter 8 we analyze the behavior of systems composed of two indepen-
dent linear chains as opposed to Chapter 7 where we studied the composition
of two dependent chains. We tackled two types of independent composition:
where none of the chains have timing constraints and the situation where both
chains have timing constraints. In the first case both chains are composed of
only data-driven components. We show that composing these chainsis not ad-
visable because after a finite prefix one of the chains becomes starved. In the
second case the first chain corresponds to a video decoding chain and the sec-
ond chain to a surveillance application that saves on the hard-disk the images
captured by the first component. The challenge in this caseisto find solutions
for designing the composition of the chains such that both chains satisfy their
QoS requirements. We show that certain priority assignments imply supple-
menting the buffer capacities in the chains which is costly. We propose and
detail a cheaper solution in which the buffers do not need to be larger than one
position each. Our solution to satisfying the QoS requirement is to impose a
specific priority assignment to the components and to control the phasing be-
tween the executions of the two systems. We also show how to design a system
such that the necessary condition for the phasing is satisfied.

In conclusion we have presented in this thesis an approach for predict-
ing and controlling at system design time the overal behavior of real-time
component-based systems built according to the Pipes and Filters architectural
style and scheduled using fixed priority scheduling. In that sense we have been
able to successfully address the initial problem of building media processing
systems that satisfy QoS requirements while using a minimum of resources.

Our goal was not to present an exhaustive behavioral analysis of these sys-
tems but to thoroughly explain the approach to take in tackling the challenges
associated with predicting and controlling their execution. Future work could
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include analyzing the behaviour of systems composed of two dependent sub-
chains joined by means of a mixer component. Another important direction
in which the present work can be extended is to analyze the behavior of these
systems when executing on multi-processor platforms.
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Summary

The analysis presented in this thesis considers the problem of processing a
media stream by a system consisting of a chain of given off-the-shelf software
components, executed on a scarce-resource embedded platform. Each compo-
nent corresponds to atask, and the communication between tasks is buffered.
The essential requirement on the physical platform is cost-effectiveness, and
the regquirement on the system is robustness. These requirements lead to min-
imizing the resources made available to the system to the limit that it remains
robust. In the context of thiswork the robustness criteriafor a system are meet-
ing the system real-time constraints. The real-time constraints come from the
fact that media processing systems must display audio/video information at a
certain rate in order to avoid audio/video artefacts. Thisimpliesthat the degree
in which the real-time constraints are met directly influences the quality of ser-
vice provided by the system. To ensure that the timing constraints are met,
the chain is provided with a guaranteed resource budget. Within the chain, the
tasks are scheduled using fixed priority scheduling. Due to the dependencies
between the tasks, and their different behaviors, it is difficult to predict the
behavior of the chain. Hence, it is difficult to determine the minimum needed
resource budget, to predict chain response time, to minimize buffer sizes and
context switch overhead, and to reason about chain composition.

The current practice in the domain of media processing systems lacks a
theoretical underpinning that helps designers and developers beyond intuition
and experience. Such atheory is aso needed to control the chain behavior at
design time, to make sure timing requirements are met even in overload situa-
tions. Thisthesis provides an underlying theory that helps engineers to reason
rigorously about system behavior and associated resource needs. It starts from
the experimental observation that, under certain conditions, a media process-
ing chain assumes a repetitive behavior, the stable phase, after afinite initial
phase. Starting from this observation atheoretical model for the execution of
streaming chains in media processing systems is built. The general strategy is
to analyze streaming systems in an incremental manner starting from asimple
theoretical case, to redlistic streaming chains that include branching and more
complex types of components.
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The approach allows calculating the execution order of the components in
achain, expressed as atrace of actions taken by each component. The analysis
formally proves that the behavior of the chain can be expressed as a unique
trace, which, under certain conditions imposed at chain design time, assumes
arepetitive pattern after afinite prefix. The trace is completely determined by
the individual traces of the components, the computation times of the compo-
nent actions, the topology of the chain, the capacities of the communication
buffers, and the static priorities of the components. Given the computation
times for each action in the trace, the associated schedule can be derived. The
unique trace of actions and the schedule prove an excellent starting point for
further analysis. Start times and response times of the individual components
and the complete chain are immediately available. The number of context
switches, and the position of the context switches in the component traces,
which is an indicator for their overhead cost, can be extracted from the trace.
Aside of that, the theory provides corollaries showing how to design the sys-
tem such that each of the above parameters can be optimized. Also, given the
individual traces of the components and the channel constraints, the minimum
necessary and sufficient capacities for each buffer in the chain are calculated.
Finaly, the analysis shows the conditions to be imposed at design time such
that even in overload situations the chain satisfies (during an infinite suffix of
the unique trace) its real-time constraints that influence directly the quality of
service provided.
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