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Abstract 

An advanced Digital Video Broadcasting (DVB) system is used 
aa a design driver for an IP-based real-time design methodology 
explored in the ESPBIT/OMI COSY project [3]. The design 
methodology is supported by the Felix VCC environment [lo], 
provided by a COSY partner Cadence, and tool-set developed 
for COSY. In this paper, we focus on two key aspects of the de- 
sign: behavior modeling and code generation. For the behavior 
modeling, we present the model of computation used to represent 
the DVB and the technique for expressing this particular model 
with the mom general model of computation supported by the 
Felix technology. In a companion paper [4], the arcbitect”re me- 
I&ion and communication reiinement are described. Once the 
architecture is selected and a partitioning has been decided, the 
implementation phase starts. In this phase, for most system de- 
signs, a great desl of software has to be written to “customize” 
the progr-able components of the architecture. Obtaining an 
optimized and correct-by-construction software implementation 
is fundamentzd in an effective design methodology. Hem we focus 
au a software generation technique which aim8 to reduce run-time. 
overhead for functions executed on a single CPU, by generating 
a minimal number of run-time tasks. 
keywords: System design, IP integration, Software generation 

1 lntmduction 

IF-based d&q methodologies have been diacumed aa a pmmis- 
ing vehicle to realize cost-effective design practice for real-time 
embedded systems. A goal of the COSY project [3] is to finalize 
a general IP-based system design methodology supported by the 
Felix VCC environment and tool-set to a consumer electronics 
application characterized by a great deal of data-flow proceasing 
and control. We use a Digital Video Broadcasting (DVB) system 
designed by Philips Semiconductors a8 a design driver to am888 
the methodology. The objective behind this choice WBB to use a 
non-trivial design, rather than a toy example, bawd on commer- 
cial products, that pomezse9 important characteristica commonly 
observed in state-of-the-art real-time embedded systems. Two 
such characteristics are (1) the design is neither cantml domi- 
nated nor data-flow dominated but rather a mixture of both, and 
(2) the design ie the basis of a new generation of existing products, 
and a4 such, requires to reuse parts of the existing designs while 
meeting new spe&cations. Our system takea a8 input MPEGZ 
transport stream and decodes them, and can resize and filter the 
decoded objects under the control of real-time commands issued 
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by a “mr. 
The design methodology is based on a set of successive reI?ne- 

mat steps starting with the specification of the behavior of the 
design and of the c&traints it has to obey. Fundamental to this 
step is the choice of a model of computation. A model of compu- 
tation for a given application domain is often chosen 80 that key 
properties for designs of that particular domain are ensured by 
construction. However, if we wish to obtain a design methodology 
that is general enough to support a fairly large number of apple- 
cation domains, the underlying model of computation should be 
able to express almost all mod& of computation. In Felix, the 
model of computation is based on the network of Cwdeaign Finite 
State Machinea [I], which is low level enough to represent other 
computation semantics. In the design of the DVB system& on 
the other hand, the model ueed ia at a much higher level. Hence, 
in order to capture these gysterna in Felix, it has to be described 
in terms of the semantics pmtided in Felix. This process is quite 
interesting in that it exposes a general problem for system de 
sign. We believe that our solution is simple and at the same time 
powerful enough to be captured in the environment 80 that ail 
future design in this domain can now be expressed in the higher 
level model without worrying about the translation into the low 
level model. The model of computation introduced for the DVB 
system is called YAP1 and dlows mix-and-match of several IP 
blocks guaranteeing correctneg~ of the composition. 

The anaIysi8 of the functional aspects of the DVB system ha 
led to the choice of an appropriate library of IP blocka whose 
granularity is the result of an informal optimization step that 
trades-off reusability with efficiency. We present the IP library 
that ha been used to define the functionality of the DVB system. 

The architecture ia defined wing the COSY architecture 
model as a #et of interconnected components that composes the 
implementation of the design. The designer then explores differ- 
ent implem~ations of the behavior cm the architecture. Here, 
tradeoffs are made between cost and performance, by reducing 
m-time overhead to meet real-time constraints under the avail- 
able re8ourcm. Three key issues concerned in this step are: par- 
titioning between hardware and software, communication refine- 
ment (e.g. bus protocols, buffer sizes), and generation of w-time 
tasks for software I. A partitioning is obtained by defining a map 
ping of the behavior onto the architecture, i.e. deciding which ar- 
chitecture components till execute the behavior Lps. The map- 
ping is then elaborated by communication refinement and task 
generation. Once the behavior and the architecture have been 
imported into Felix, a mapping can be defined graphically and 
communication ia relined by specifying pmtocoI8 and by setting 
implementation parameters. 

The generation of w-time task8 is supported by a software 
generation technique developed in COSY. It generates a minimal 
set of run-time task8 for a behavior mapped to a CPU running a 
multi-tasking RTOS, in order to reduce w-time overhead, e.g. 
intermpts or synchmnizatioo, as much a~ pcwible. It schedules 
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each m-time task and generatea C code for it. The result of 
code generation are then incorporated into Felix, and its cycle 
approximate simulator itl applied to verify the overall performance 
of the design. 

The paper is organized aa fallows: In Section 2, we present the 
DVB wstem. Section 3 is concerned with the behavior modelirm 
We srst present YAPI, with the focus on the underlying corn- 
put&ion semantica. We show that this API is suitable for DVB 
applications, in which data lass must be prevented in data&w 
proceasing and a special attention is required for interaction be 
tween data&w and control proceaing. We then describe how to 
impart this behavior into Felix. Section 4 presenta the software 
generation techni.,ue outlined above. 

2 The Design 

Digital (uncompressed) video systems am characterised by high 
speed and high throughput pmcessing, in which operations are 
repeatedly executed. On the other hand, compression in the dig- 
ital video domain (MPEG) also requires control pmceaeing, since 
campression/repraductian of data is cantrolled based on data be 
ing handled. Control processing is also needed to support real- 
time user interaction. Thus, both data and control Bow aspects 
and their interaction need special attention when modeling such 
a eyetam. 

In general, the systems receive MPEGZ transport streams, 
where the user selects channel(s) to be decoded. The associated 
video LII graphic objects are then descrambled, demultiplexd, 
and decoded. The user may also d&e past-processing operations 
on the decade objects, such as filtering, zooming, and composi- 
tion. In the COSY project, we focus on MPEGZ video decoding 
with picture in picture capabilities. We have developed an IP 
library which enables de&m of three basic applications: HDTV, 
QUADTV, and PIPTV, which con&s of the following: 

. the MPEGZ ‘&.napoti Stream (ISO/IEC 13818-2) demulti- 
plexer. This TSDEMUX function extracts from an incom- 
ing nansport Stream (TS) those Packet&d Elementary 
Stream (PES) packets that correspond to the Packet IDen- 
tiiiers (PID) selected by the user. 

l the MPEGZ Packetized Elementary stream header parser. 
This PESPARSER function pamea the incoming PES 
packets to collect Elementary Stream (ES) data per PID. 

l the MPEGZ decoder. The II.262 compliant MPEGZ video 
bitstream decoder MPEGDECODE decodes all video ES 
stmarm up to main profile and high level (MPQHL). 

l the F&sizer. The RESIZE function deals with (user con- 
trakd) dng images in the range of 0.16 to 10, bath 
horizontally and vertically. For scaling we we horizontal 
and vertical sample rate convention and implement them 
by 6 tab/64 polyphase filters A simplified Pmducer-Filter- 
Consumer model reflecting this functionality is worked out 
in this paper and in the complementary paper 141. 

. the Image Controller. IMAGECONTROL combines a 
number of arbitrary siaed video images into a single new 
image. Far all the input imagea position and overlay prior- 
ity are controlled by the wer. 

. the User Controller. The USERCONTROL provides the 
UBer with an interface to control his application. Upon 
changes of the user settings, it calculates and sends control 
data to the several building blodts in the application. 

An example of the PIPTV application ia depicted in Figure 1. 
The application is capable of demultiplexingan input MPEG2 TS 
et*- selecting two PIDs into a PES stream. It extracts the two 
MPEG ES streams from the PES stream, decoding them at the 
main profile and main level into two Standard Definition (SD) 
video streams. firther, it can resize one SD stream by a variable 
ratio (both horizontally and vertically), and composes the SD 
video stream and the reaized video stream to a Picture in Picture 
SD image with a controllable PIP pa&ion. 

Figure 1: The PIPTV application. 

3 Behavior Modeling 

3.1 Application modeling: YAPI 

The API has been defined with the following main goals. First, 
it is ezay to compose IPs for DVB applications. This is done by 
specifying potential parallelism explicitly and by ensuring lass leas 
communication of data: two characteristics commonly observed 
in this domain of applications. It also supports functions often 
used in interaction between control and data proceasing. Set- 
and, the specification retains the possibility of either hardware or 
software implementation, or both. Third, it is easy to deal with 
abstraction. This is important in Ip based design, since except 
for the interface, the user of an IP does not need to or even can- 
not know alI the details of the (third party) Ip. The API allows 
one to specify a behavior of an IP, independent of how data is 
pmtidd to the IP. 

The model is an extension of the Kahn Process Network model 
[6] and we cdl it Y-chart [7] Application Programmers Interface 
(YAPI). The model consists of: 

Processes A process ia made of a process function and a set 
of input and output parts through which it communicates 
with other processes (or environment). The function i.8 de 
fined by C, together with three con&ructs to support op- 
eratiaas 011 ports read, write, and select. To avoid data 
loss, read and write block when data ia not available or 
cannot be delivered, respectively. select also provides an- 
other blocking mechanism. It takes two input ports as input 
and returns a port ID. If neither input port has data avail- 
able, it blacks. It identifies the port that has data avail- 
able. If bath ports do, select chooses one of them non- 
deterministically, because we do not want the programmer 
to irdluence the pmcea scheduling, when specifying the ap 
plications. This non-determinism will be resolved later at 
the mapping level, where the designer cbooaps a particular 
deterministic implementation by taking into account wi- 
ous de@ and architecture constraints. 

Directed Afos Via the input port of a Sfo we can stem data in 
tbe fife and via the output port retrieve data from it. 

Process network Pmceasse4 are connected port-W-port by means 
of Sfos, forming a network that is known at compile time 
and does not change at run time. Each output port of a 
proce88 is connected to precisely one input port of a fife 
and V.Y. 

A network of processes connected by fifes has deterministic 
behavior if and only if select is not used. If it is, behavior 
will be non-deterministic, until a scheduling of processes is deter- 
mined. As an example we consider a Producer-Filter-Consumer 
contiguration: B Producer sends vida data to a Filter, which pm 
crews it using a eet of coefficients and sends the new data to a 
Consumer (data path). The filter coefficients depend on a user- 
controlled resize factor (control path). We model the interference 
of the control path and data path in the filter prow88 with a se- 
lect method on both input port.% If neither input ports pmvide 
data, the process blocks. If only one of them provides data, this 
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ia deterministically indicated by the return value of the select. If 
both data are prment, one of the port8 is non-deterministically 
indicated. The designer still has all the &adorn to react on the 
return value of the select. The return value eon be used to (non- 
deterministically) switch between execution of the data path and 
execution of the control path. On the other haod he can also 
model to always do the data path and if needed do the control 
too. 

3.2 Behaviw Capturing in Felix 

In this section we describe how the Ip library and the application 
defined in Section 2 am imported into Felix, thus recreating the 
IPs in Felix. 

3.2.1 Felix Model of Computation 

Felix function diagram is a network of functiond blodts connected 
through ports, and the model of computation (MoC) is based on 
Discrete Event simulation, or “fire and exit”: a functional block 
ia activated on receiving a token an a pat, it can post tokens 
to ports during its execution, and when it is finished the taken 
which activated the block is discarded. The blocking write, read 
and select semantics of Section 3.1 must be realized on top of this 
semantics. 

The Felix tool supPorts several languages to express behaviou, 
We use ECL 131. It is an extension of Standard C, offering ad&- 
tional con&c& PAR, emit, await, present, e&or& The &m.n- 
tim am those of the Eeteml primitives 1 I, ait, await, present, 
and abort [Z]. In short, emit and await offer non-blocking write 
and blocking read, present teats signal presence, and abort al- 
lows abortion of the execution of sections of code. The attractive 
feature of await is that it offers blocking eemantica to the user, 
even though the underlying functional block in Felix edts in or- 
der to allow other blocks to run. Thii requires state preservation, 
which is looked after by ECL. 

The behwioum we want to import into Felix have been de- 
fined using YAPI, which not only provides blocking read, aa does 
ECL, but also blocking write and select. To enable the import 
of such behavioum into Felix, we first create a functional block 
for each pmcezw, and convert the behaviaur to ECL. Since ECL 
extends plain C and YAPI is also based on C, this hails down 
to translating the blocking read, write and select of YAPI. As 
procwea are connected through Sfos, also in the Felix functional 
diagram we remeet functional blocks u&g lifes by creating a 
functional black for each fife. 

3.2.2 Modeling YAPI semantics in Felix 

The original behwiour u8e8 YAPI’s mite, read and se1ect. We 
present here how they can be implemented using three ECL prim- 
itives: anit, await and pressat. 

Blocking write can be achieved in two ways: one is lint to 
wait for a permission to send data and then send it once a p-it 
irr given, while the other is firat to send data and then wait for an 
.wkuowledge. This impliee B protocol in which aim the reading 
pmceas emits a token, which corresponds to either a permit or an 
acknowledge. When the writer and reader are ccnmected directly, 
the order of events is important because of the way Felix and ECL 
operate: an incoming token is seen only when a block ia awaiting 
it; else it is lost. 

To prevent such a token lass, we use a scheme that allows bath 
the writer and reader to initiate a transaction, i.e. either of them 
may be the &at to send a token. The adopted solution is to put a 
block in the middle of the writer and reader. This black is passive 
in the e.eme that it doea not take the initiative on either side but 
mpouda to incoming requests. At the writer’s side, the request 
is the data to transfer. At the reader’s side, it is a request for a 
data item. The black always accepts incoming data. It does not 
ackoowledge the data until room becomes available. See Figure 
2. 

The select primitive wea another feature ECL inherits from 
Esterel: the argument of await ia really a sigm+J expression. Hence, 
we can await the occurrence of one or both of two signals and then 

Figure 2: Time lines for reqjack protocol 

twt which one is active. There is a subtle difference in pmgram- 
ming models: in YAPI we expra that we want to wait for data on 
one of two charm& and then read it; in ECL the await statement 
already reads the values of the active signals and we teat after- 
wards with the present construct which onea we did read. Figure 
3 showa how we can traaslate a YAP1 fmgment with select to 
ECL, disregarding the req/ack protocol. 

Figure 3: a. YAPI fragment, b. ECL counterpart 

The code fragment to the left awaittl data on either of two 
input signals, blocking if none is present, using a select &ate- 
ment. It uses the return value to determine which input has data 
available, which can then be read. The ECL code to the right 
re&cts the blocking on two input signals, but when it terminates 
all data present on the inputs is consumed and available in inl 
and/or in2 If both inputs have data, we we only inl. Thus, the 
non-determinism of Section 3.1 turn8 into priority for the first 
input. 

3.2.3 FIFO0 

In Section 3.22 we argued the need for extra blocks in the F&x 
functional diagram to model blocking semantics, by means of a 
request/acknowledge protocol. In fact, these blocks model in an 
explicit way the channels of the original functional behaviour, and 
we bind the FIFO behaviour that we associate with cbe.mml.8 to 
these blocks. Thus, FIFO8 become explicit functional blodts in 
Felix, connected to their writers and readers by four dxumels. 
Figure 4 shows this for a Producer-Filter-Consumer example. 

Figure 4: Producer-Filter-Consumer with FIFO6 

4 Sol&are Generation 

After the behavior of the design has been captured and aimu- 
lated to check its correctness, it is mapped onto an architectural 
diagram. An artiteetd diagram is a collection of entities (mi- 
crocontrollers, DSP8, ASICs, memories and 80 on), which com- 
municate through dedicated or shared buses. Each block in the 
functianal diagram should be mapped to an architectural entity, 
and communication links between blah assigned to different en- 
tities should he mapped to buses. More details about architecture 
capturing are described in the companion paper [4]. 
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This mapping process is not automated in OUT design method- 
ology, but in done by the designer. The mapping ia not oneta- 
one in general, and may assign more than one process to the 
mme architecture component like a CPU or a DSP. Therefore, a 
proper scheduling is required for those processes mapped to the 
~asne p~~.essor. This Bectiou describes code generation for the 
software partition of a design, or in caw of multiproeeseor syrt 
terns, the software partition per processor. Since in these caees 
the computational resource is shared by the procesaps, all parallel 
operations should be serialiaed2, either at compile time or at run 
time. This decision has a big impact on the performance of the 
&ml implementation, and thus it is an important design param- 
eter. In the COSY project, we provide a procedure aiming to 
reduce run-time overhead a8 much a8 possible. Specifically, the 
procedure takes a 8et of processes mapped to a single processor, 
and then 

2. schedules each task at compile time whenever possible, 

3. generates an efficient C code for the schedule of each task. 

Extensive research has been made on scheduling algorithms, 
of which the two moat popular dassea are static scheduling, e.g. 
[9], and real-time scheduling, e.g. [5]. The former makes all 
scheduling de&one at compile time, tbw reducing run-time over- 
head completely. However, not all applications can be modeled 
in this way, since information needed for scheduling is often only 
available at run time. A data-dependent choice is an example 
often encountered in control processing. Real-time scheduling 
can handle data dependencies at run time, but it mldom consid- 
ers communication patterna. Especially in data processing, data 
samplea are often generated with known patterm on rates and 
latencies, and this information can be used to reduce run-time 
overhead. 

The single-processor software scheduling technique that we 
are developing combines the best aspects of these approaches. It 
schedules basic blodts at compiletime, i.e. statically, seri8.lizing 
concurrency and resolving multi-rate dependencies. Further, Bets 
of basic blocka that are connected with data-dependent choices 
or related by synchronization are grouped into a run-time task. 
C code is generated for each such task, which implements the 
whedules of the basic blocks and usea ii-then-else constructs 
for data-dependent choices In this way, datezdependent opers 
tions can be included in compil&ime schedules, leaving the ac- 
tual resolution of dependencies to run time. Synchronization of 
basic blocks within a single task is reaolwd in the code, 8&v- 
ing precious RTOS synchronization resources and memory. The 
rwulting tasks are scheduled at run time using RTOSsupplied 
aynchmniaation and context switching primitives. We call this 
technique Quasi-stntic scheduling (QSS), since it tries to scbed- 
ule proc.se~ as much es possible at compile time. 

This technique i8 particularly interesting in DVB applications, 
where high speed data flow coexista with control decision, both 
synchronous to the bit&ream, aa compresaionldecompre, and 
asynchronous, like user interaction with a set-topbox. The Prc+ 
ducer-Filter-Consumer syetem, described in Section 3.1, is a typ- 
ical example of such an application: a completely static scbed- 
ule would not be able to haodle control, while current real-time 
scheduling techniques would impose an excessive overhead in the 
data Bow part. Our approach is di5erent because we can model re 
actions on “soft real-time” control, having a minimal cast penalty 
for the “hard real-time” data path, thus yielding an e5cient im- 
plementation. 

To realize this, we need a mathematical model with which the 
system timction can be modeled, as well ag scheduling algorithms 
that work on it. We also need a mechanism that translates a 
language specification of the system function into the model. 

For the model, wewe a class of Petri Neta (PNa) called Unique 
Choice Petri Nets (UCPNs). PNs are bipartite graphs with two 
types of nodes called places and tmnaitions [I 1). An advantage of 

PNs over other mod& of computation is that it naturally mod& 
both control and data operations: the former mainly consists of 
data dependent choices, the latter are aties of mixed rate oper- 
ations with intensive concurrency. Both choices and concurrency 
cm be conveniently modeled using the two types of nodes. An- 
other advantqe of PNs, unlike gene& Data Flow models, is that 
the question on acbedulability is decidable, and therefore it is 
pcesible to algorithmically find a schedule, if one exists. 

A PN ia aaid to be unique &c&e if and only if at any time 
a place with multiple tmcceawx transitions is marked, either only 
one successor transition is enabled, or all its ~~cceawx transitions 
are enabled. Thus, a choice is either not a choice or a free choice. 
A free choice repreents a data dependency that mu8t be rwolwd 
at run-time. UCPNe are deterministic by definition, i.e. a tranai- 
tion to fire is uniquely determined once information is provided at 
run-time to resolve the data dependencies. This property makea 
it easier to develop scheduling algorithms, with the only resttic- 
tion that the system function represented by the model mu8t be 
deterministic under given data values, which is the case for em- 
bedded systems specified in deterministic languages like C. 

In our model, it is relatively straightforward to translate a 
large portion of a C-based language to it. This allows many parts 
of legacy de&m, either for creating design libraries or for other 
design projects, to be imported into our de&n flow with minor 
changes. Examples are the building blocks of Section 2. This is 
a key advantage, since reme of previously developed E’s is one 
of the main factors to increase deaignem’ productivity, and hence 
reduce design time. 

As a specification language, from which a UCPN is derived, 
we use YAPI with a restriction; we exclude the we of rem&on. In 
the translation from YAPI to a UCPN, the control flow and port8 
are modeled by places, while the C statements are associated with 
transitions. Successive transition can be merged to reduce the 
net, if they are not input or output of a place represeoting a 
port. The ame applies to the then and else branches of a data 
dependent choice, 80 that the choice disappear8 from the PN, but 
lives a4 a piece of C code associated with the resulting transition. 

The translation algorithm guarantees that the resulting PN 
is Unique Choice, except for the select construct. As defined in 
Section 3.1, the sslsct construct non-deterministically eel~tsone 
of the two ports to which this comtrnct is applied, if both port8 
have data available. Therefore, non-unique choiceness arise? in 
the resulting PN. However, this PN can be made Unique Choice 
if a priority ia defined over the ports so that in cae both ports 
have data, one with the higer priority is selected. Such a priority 
is defined by the designer as a design parameter at the mapping 
step, and since the proposed technique is applied after the map 
ze;s been made, one can incorporate these priorities into the 

This translation algorithm is used to generate a UCPN for 
each process, and the UCPNs for two procaeez. communicating 
through a pair of ports are connected by merging the places for 
those ports. 

An example of a fragment of UCPN representing the Producer- 
Filter-Consumer system is shown in Figure 5, where the higher 
priority is given to the port for coefficients. ‘Ib make the net 
Unique Choice, we need a pair of complementary places for the 
coe5cient sort to distinruish the prexnce a&absence of a token 
at the port-. 

Once a UCPN is obtained, it is analyzed to find a schedule. 
This operation involvea three steps: 

1. determine if the. UCPN is schedulable in finite memory, 
2. if 80, tind a schedule that minimizea the number of tasks, 
3. generate C code for the tasks based on the schedule. 

For the first two steps, we extend wheduling techniques developed 
for a subclass of UCPNs [12]. The result is a set of sequences of 
trarsitiona for each task, with a guarantee that no matter how 
data dependent choices are resolved at run-time, there exists a se- 
quence in the Bet that can be executed with finite memory 80 that 
the zsyxtem state returns to the initial state after the execution. 

The last step produces the final C code for each task. This ia 
done by stitching the statements of the original C code associated 
with transitions based on the sequences computed for the task. 
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Figure 5: UCPN for the Producer-Filter-Consumer 

The synthesized code can then be read back in Felix, where the 
processes oligina”y mapped to the processor are replaced by the 
run-time tasks generated from tbe UCPN, and simulated along 
with a,, the b,a& mapped to other processam or hardware. The 
code is of final implementation quality, since the scheduling has 
been optimized and functions are written by d&per% 

5 Summary and Acknmvledgments 
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