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Abstract schedule communication in a very detailed manner, but on
the other hand the overall execution time can by optimized
The proposed specification method denoted as hierar-only, if the communication protocol is considered [13].
chical CoDesign Model allows a hierarchical system level ~ Synthesis of embedded systems involves various steps
specification of distributed embedded systems includingsuch as allocation, scheduling, binding, and verification,
both definition and reuse of IP cores. Input/Output Rela- whereby real-time and other constraints must be met. In
tions are introduced as a very general and powerful means particular the non-functional requirements of embedded
of encapsulating internal implementation details and of de- systems such as timing, cost, power consumption, are rele-
scribing data as well as control flow information on differ- vant for the later commercial success. These parameters and
ent levels of abstraction. Two novel algorithms are pro- a description of both data and control flow must be captured
posed, which allow to derive dynamically task descriptions by the specification in an uniform manner on different levels
for the IP encapsulation as well as flat specification mod- of abstraction. Such a multi-level representation should be
els for design space exploration on different levels of de- able to cover the external behavior of IP cores, whereby im-
tail. This reduces considerably the descriptive complexity plementation details should be hidden. Thus, a reduction of
of specifications and therewith the execution times of syn-the descriptive complexity of embedded systems and both
thesis and design space exploration algorithms. definition and reuse of IP cores become possible.

. Figure 1. Top Level Module
1. Introduction

Shorter time to market and increasing complexity of
distributed embedded systems force developers to design )
larger systems in less time, while reducing the production 2. Problem Formulation
costs too. Therfore, reuse of IP cores becomes manda-
tory for a successful design at system level. However, even The example of Figure 1 highlights a typical scenario in
medium scaled embedded systems are so complex, that ambedded system design. A functional partitioning subdi-
flat representation becomes too difficult for humans to han-vides the top level modul@' into three tasksi, B, andC,
dle and to comprehend. In the same manner as a flat reprewhereas for tasld a predefined IP core is chosen. Tdsk
sentation becomes too complex, the execution time of syn-andC shall form self-contained submodules, which are sep-
thesis and design space exploration tools grows unacceptarately implemented in a bottom-up manner and may define
ably. Due to this fact, the design flow including all neces- new IP cores.
sary implementation steps should be accomplished on the From this example the needs for a specification method-
current adequate level of detail only. This means, that a hi- ology are obvious. If a new embedded system is designed,
erarchical specification model has to provide dynamically IP cores are reused and possibly new cores are defined.
flat representations at any submodule level and any cut ofA general and uniform means of description for IP cores
hierarchy. On the one hand it is too costly at system level to and systems is thus needed. Therefore a representation of



the task behavior on different levels of detail is necessary,4. Computational Model
which is capable to represent IP cores in the end. Due to

the complexity of design space exploration, this means of  The proposed specification method denoted as hierarchi-
description should be as simple as possible. The behaviolcal CoDesign Model (hCDM) is intended as a means for the

of tasks is not to be characterized by their detailed internal description of IP core encapsulation and for system level

implementation but by their external properties necessarysynthesis on different levels of detail. The model is a hier-

for a design space exploration. The mean of descriptionarchical extension of [2] in the same manner as [8] extends
should be able to capture the behavior of subtasks and tdinite state machines to a hierarchical model. In contrast
represent the data and control flow on higher levels of ab-to this model, behavioral compilers are aimed to lower lev-

straction. State of the art synthesis algorithms should beels of hardware synthesis only. A dynamic hierarchical de-

used and therefore methods are needed to derive dynamicomposition property is its main advantage compared to the
cally flat task graph models from parts of the hierarchical state of the art of computational and specification models
specification. Multiple views of the hierarchical model may for embedded systems.

be generated upon user request on different levels of detail,

thus finding the current necessary trade of between accuracy, 1. Hierarchical Specification Method

of the model and execution time of the design steps.

A hCDM is a directed acyclic graph consisting of com-
putational tasks, inputs, outputs, and dependencies between
the tasks. Additionally, each task can be defined as a
separate hCDM thus introducing recursively a hierarchical
structure.

3. Related Work

Next to Finite State Machines and to abstract models like
QML, task graphs are a widely sp.read means for specifica-Deﬁnition 4.1 (NCDM Graph) :
tion of embedded systems. Beside dat_a flow captured byThe hierarchical CoDesign Model consists of a directed
task graphs, embedded systems mostly include control ﬂowac l hG —

. = . yclic grap (V, E) whereas

parts, which must be definitely taken into account for a com- V_TUTUO
plete and correct specification. Therefore, a lot of research n f o tuplete:. 1), v vs € T
was done extending task graphs by control flow informa- ® £ IS @setof 2-tup e@“vﬂ)j Vis Uy €
tion. The CoDesign Model (CDM) [1] assigns Input/Output y 'denotes thg set of inputs:
Relations to each process, whereas the System Property In- Vi€ I-3(v,i) € BveV ]
tervals (SPI) model [7] [15] uses mode tags to capture dif- * 0 denote; the set of outputs:
ferent control flow behavior. Conditional Process Graphs g“oiS,Gtr?é;ei(gfvc):o%EﬁafioZal asks:
(CPG) [6] and extended Task Graphs (eTG) [10] model con- Vi e TAt Ep o ) € B ' v
trol flow by means of attributed data flow edges. In addi- €T3(t,v1) € EAI(v2,t) € By €V,
tions eTG supports conditions on input edges of tasks t00,Each taskt € 7' in a hCDMG can be defined recursively
thus introducing a new class of tasks: The Select Task. Butas a separate hCDM denoted @ = (V’, E’). Thereby
all of these models do not allow a hierarchical specification, each input edge of (v,t) € E,v € V becomes an input
which is mandatory for the design of large systems. In [5] a i’ ¢ I” and each outgoing edge, v) € E,v € V becomes
new hierarchical specification method is proposed, but thean outputo’ € O’ of G'.
functionality and the process behavior are defined on the
lowest level only, i.e., in the leaves of the model. There- The assignment of inputs/outputs to edges of the parent
fore, synthesis algorithms can be applied to this static levelnCDM introduces hierarchical edges and thus a hierarchical
only. Hierarchical partitioning and scheduling based on task data flow. These edges are visualized as the links between
graphs is discussed in [4], but this model is not able to di- the two levels in Figure 1.
rectly capture control flow information. The main disadvan-  In addition to this complete hierarchical composition, the
tage of hierarchical models like [3][12] is, that the synthesis current model view embodies a subarea of interest: It is
algorithms are working on the static specification hierarchy defined by the root of the subsystem and the current level of
only and not on flexible, i.e. dynamically, decompositions. detail.
Therefore, optimization just can take place inside the func- o )
tional partitioning. From this fact a loss in optimization Definition 4.2 (Current Model View) @
flexibility follows. Also in the area of high level synthesis The current model view of a hCD¥lis defined by a 2-tuple
hierarchical models are explored in the past. An overview A = (1, L) whereas
can be found in [11]. Butin contrast, this work concentrates ® 7 € 1" denotes the root task and
on system level specification and IP core encapsulation. e L C T the current level of detail.



The root defines the entry point of the subgraph and thea unique identifier and?” a set of at least two different be-
level of detail denotes the current leaf tasks. Note that haviors. Bg is the set of all possible behavior classes in a
the current leaves are not necessarily leaves of the origi-nCDMG.
nal hCDM. Figure 2 illustrates the definition of the current
model view by means of the complete hierarchical view of ~ Figure 4 illustrates possible reasons for behavior classes.
the example of Figure 1. Two different model views are Each code fragment contains control flow decisions, which
defined: First, task’ represents the root of the submod- are reflected by the denoted behavior classes.
ule andA,G,H,I,E,J,K,C the current level of detall,
respectively. The second model encapsulates task B on a
higher level and explores task C in a more detailed manner. Figure 4. Behavior Classes

Figure 2. Two Hierarchical System Views Since a behavior class defines the set of all possible be-
haviors, a Condition restricts this set to a current valid be-
havior. During execution of a system a current behavior is

The current model view forms a flathCDM and therefore selected from the set of all possible behaviors. Therefore, a
standard scheduling, allocation and binding algorithms cancondition embodies control flow decisions.
be applied in a straight forward manner. Figure 3 depicts
the resulting flat hCDMs for both models of Figure 2. The Definition 4.4 (Condition, Conditionlist) :
dashed lines visualize the hierarchy in the original model A conditionc is a 2-tuplec = (n, w), whereasw € W with
and the arrows denote the data flow. (n,W) € Bg.
A sequence of condition is a state-sequefice

) ) A set of state-sequences is a conditiordfist
Figure 3. Partially flattened hCDM Models

A possible state-sequence for example of Figure 4 is:
) . ] Z = {(typel, OFF)(a,T)}. The conditions in a state-

In Section 5 algorithms are proposed to derive the currentgequence are connected with logiead, while the state-
model view according to user requests. So, it is possible togequences in a conditionlist are connected with logical

manipulate dynamically the hierarchical structure in a sys- Tyg equal conditionlists and the complete decision tree are
tematic way, which allows to adopt flexibly the level of de- presented in Figure 5.

tail to the necessary level. So, the complexity of the system
level synthesis steps can be easily reduced to the necessary . o
minimum, considering the needed accuracy. Figure 5. Conditionlists

4.2. Task Behavior

Input/Output Relations detail the external behavior of a
task. The input set defines the edges, which must present
data to activate the task. Upon activation new data is gener-
ated on all edges specified by the output set. The IO Rela-

tion becomes valid under the referenced condition only.

A hCDM is intended to jointly represent data and con-
trol flow information. Transformative applications like dig-
ital signal processing or multimedia, e.g. MP3 decoder or
encoder, are dominated by data flow behavior, but include
also a few control flow decisions. The data and control flow
information of tasks should be captured on different levels
of abstraction by means of one and the same mechanism
Especially because of modeling the control flow, a more
sophisticated behavior description than a simple Petri-net
activation rule, which is frequently exploited in task graph
specifications, is mandatory.

In order to address this problem Definition 4.3 introduces
behavior classes to denote possibly different control flow
behaviors in a hCDM. A behavior class consists of an iden-
tifier and of a set of different behaviors according to possi-
ble control flow decisions.

Definition 4.5 (Input/Output Relation) :
For everyt € T a set of Input/Output Relations is as-
signed. A Input/Output Relation is a 3-tuptein|out,C >
whereas:
o in C{(v,t)|(v,t) e EAvEV}:
subset of the input edgesiof
e out C {(t,v)|(t,v) € EANv €V}
subset of the output edgestof
e C denotes the conditionlist.

Figure 6 illustrates the definition of 10 Relations by
Definition 4.3 (Behavior Class): means of task B on the left side of Figure 3. Later on, this
A behavior class b is a 2-tuple = (n, W), whereasn is behavior will be subsumed to a high level description of



this task. The example contains one behavior class namedn contrast,© defines the union of two conditionlists. The
¢, which has two different behaviors. Tagksplits the con-  resulting conditionlists is valid, if conditionligt;, or C5 is
trol flow according to conditiom, while task.J merges the  valid.

different paths. The output on edgeoccurs only if con-
dition c is true. The other tasks need data on all their input
edges and upon activation new data on all their output edge
is generated.

». Generating Current Model Views

In the sequel two algorithms are presented aimed to the
derivation of flat subgraphs at variable levels of abstraction.
Algorithm 1 calculates the flat hCDM defined by the given
root, the current level of detail, and the complete hCDM.
Different views on different levels of detail can be generated

In order to map and to transfer 10 Relations to different dynamically. Therefore, the normally static structures are
levels of abstraction, some operators are to be introduced foitraversed by this flexible method.
the manipulation of conditionlists. Especially the union and
the intersection of conditionlists and three more auxiliary Algorithm 1 BuildCurrentModelView
functions are needed. In: G: hCDM

r: Current Root
LoT: Current Level of Detail
Out: aTasks: Current Task List
alnputs: Set of Current Input Ports
aOutputs: Set of Current Output Ports

Figure 6. Input/Output Relations

Definition 4.6 (Operators) :

The two operators on conditionlists, © and three aux-
iliary functions Names, All, Expand are defined as fol-

lows: aEdges: Dependencies between the Tasks
e Names C — {n1,..,n;} 1: forall pe r.portsA p.type=IN do
Names(C) = {n|(n,v) € C} 2:  alnputs.insert(p)-—Insert Input
e All:{ny,..,n;} = C 3: end for
All({ny, .ni}) = 4: teﬁ.tlTasks; r.(l.zetSubTaE)sk;(gLSEO
(s 5: while testTasks.empty()=
Uvis, W(nl){(nl’ﬁ)’ (i 50)} 6: t=testTasks.removeFirst()
7: if (t€ LoT A t.GetSubTasks()® then
vs; € W(n,) 8: aTasks.insert(t}-—Insert Task
e ExpandC x {T/Ll, 7751} —C o else
Expand(C, {3, ., mi}) = 10: testTasks = testTaskst.GetSubTasks()
UVZGC ZU{(nl,sl),..,(ni,si)} 11: end if
Vs1 € W(nq) 12: end while
13: for all p € r.portsA p.type=OUT do
Vs; € W(n;) 14:  aOutputs.insert(p)-—Insert Output
{n1,.n;} ={n},.n.}\ Names(Z) 15: end for
*©:CxC—C 16: for all n € aTasksJ alnputsdo
C1 @ Cp = Ezpand(Cy, Names(C1 U C2)) N 17:  forall h € n.GetHierachicalOutEdgesp
Expand(Cy, Names(Cy U Cy)) 18: n’=h.findSink(t,aTasks aOutputs)
*S:CxC—=C 10: aEdges.insert(edge(f)n
Cy © Cy = Exzpand(C1, Names(C; U Cy)) U 20 end for
Expand(Cy, Names(Cp U Cy)) 21: end for

The operatoiNames determines the set of all behavior
classes in a conditionlist. According to a set of behavior A flat representation allows for the application of stan-
classesALL calculates a conditionlist, which contains all dard algorithm for the subsequent design steps. The ports
possible state-sequencdarpand takes a conditionlist and  of the root task become the inputs and outputs of the current
a set of behavior classes as an input and produces an idermodel view. The set of tasks is established by traversing the
tical conditionlist in canonical form, which allows the ap- hierarchy tree starting from the root of the current model
plication of simple set operations fagy ando. & defines view down to a leaf or to a task in the current level of detail.
the intersection of two condition lists. The result is a condi- This restricts the current task list to a well defined cut tree,
tionlist, which is valid under the conditionlists; andCs. since L in Definition 4.2 may not necessarily define a cut



tree. The data dependencies of the current model are deterstraction. The generation process is illustrated in Figure 7
mined by following the hierarchical data flow edges starting for the subgraph of Figure 6. At first, the set of all possible
from all current tasks and inputs up to a task or to an output conditionlists is determined considering the 10 Relations of
of the current model view. all subtasks using thd . L operator. This example has two
After creating a flat representation of the hierarchical different conditionlists, depending on whetheis true or
model, it is necessary to summarize the behavior of the sub-false . Then, the input and output sets for each conditionlist
tasks. Algorithm 2 takes the 10 Relations of these subtasksare determined considering all conditionlists and the under-
and derives a compact description of the encapsulated |Fying connectivity. Thefor loop in line 14 of Algorithm 2

core. removes all internal data edges. In a final step 10 Relations
are merged in case that the input and outputs sets are equal

Algorithm 2 Derivel ORelFromSubTasks and all dispensable conditionlists are removed.

In: t: Task

Out: ioR : New Input/Output Relations

1. N=0:ioR=0"ioR =0 Figure 7. Generating 10 Relations

2: for all io € t.ioRelationdo
3:  N=NuU Names(io.c)
4: end for The resulting two 10 Relations highlighted in Figure 7
5. condSet = All(N) represent the behavior of tagk which was previously de-
6: for all ¢ € condSeto fined by eight IO Relations and six subtasks as illustrated in
7. in = 0; _out =0 Figure 6. Thus, the proposed approach to IO Relation en-
8:  while in or out changeddo capsulation hides the internal implementation and defines
9 for all io € t.ioRelationsdo the external view of the envisaged IP core. In order to get a
10: if ((io.c® c)!=0 A (io.in has external por complete description of the IP core, the timing of the sub-
in Nio.out# Qv outNio.in# 0)) then module must be determined as well. Therefore a state-of-
11: in = in Uio.in; out = outl io.out the-art list scheduling algorithm was applied to the flat cur-
12: end if rent model view defined bl = (B,{G,H,I,E,J K}).
13 end for . A detailed description of this algorithm can be found in [9].
14: for all ecin A e € outdo These proposed algorithms support designers of embed-
15: in=in \ e ; out=out\ e ded systems in generating flexible submodules on all de-
16: end for sired levels of detail and in dealing with the dynamic control
17:  end while behavior of tasks on different levels of abstraction.
18: ioR’.insert (in,out,c)
19: end for 6. Results
20: for all io € ioR’ do '
21:  c=io.c . : . .
S, In the previous section the behavior of the newly defined
22: forall i0’ € ioR’ do .
e . IP core of taskB of Figure 6 was generated, thus reduc-
23: if i0.in =i0'.in A io.out = id.out then . L . ;
i c=i0.co i0’.c ing the descriptive complexity from 8 to 2 10 Relations.
j S The reduction of the descriptive complexity is summarizes
25: ioR' =ioR'\ io \ io : » o
_ : in Table 1 for additional application examples. The num-
26: end if . o
bers of 10 Relations and conditionlists as well as the exe-
27:  end for ; . . .
o L cution times for scheduling are compared for the detailed
28: ioR.insert(io.in,io.out,c) . . ;
»0: end for models with subtasks and the resulting higher level models.

The execution times were measured on an AMD Athlon 750
MHz processor. First, the example of Figure 6 is illustrated.
This algorithm can be used in a bottom-up design as well Next, a MP3 encoder specification is considered [14]. The
as in a top-down verification flow. In the first case the 10 last two examples are large randomly generated task graphs.
Relations are generated with respect to the behavior of the The reduction of the descriptive complexity and the re-
subtasks. In the second case it can be checked that the imsulting execution times of the scheduling step is about 65%.
plementation of the subtasks is equivalent to the specifica-Not just the reduction of the number of 10 Relations is im-
tion of the parent task. portant, but also the reduction of the number of condition-
Algorithm 2 takes a task as input and determines its 10 lists influences extremely the execution time of synthesis al-
Relations with respect to the behavior of its subtasks. Thisgorithm, because the complexity grows exponentially with
can be done recursively to bridge more than one level of ab-the number of conditionlists. A reduction of the execution



Table 1. Reduction of Descriptive Complexity

times in a similar range can be expected for subsequent syn-
thesis steps too.

Figure 8. Schedule of Model 2 of Figure 3

In general, a loss in optimization flexibility stemming
from merging submodules into a smaller description is to
be expected. But, if no resources are shared between the
system level modules, a loss of implementation quality is
not mandatory. As it can been seen from Figure 8, the over-
all scheduling result is the same considering the detailed
model or the high level model. Of course, the high level
model does not explore the detailed schedule, which is de-
picted in the highlighted block of the execution of task B.
In this case just three scheduling steps are necessary in con-
trast to eight for the detailed model. In general, IP cores do
not share resources and therefore no optimization flexibility
is lost. Otherwise this problem has to be taken into account
and a suited level of detail must be found in order to meet
the required accuracy.

7. Conclusion

This paper describes a formal hierarchical specification
method, which is aimed to both flexible definition and reuse
of IP cores. Flat representations on different levels of ab-

Detailed | System | Reduction straction can be generated on demand. So, at each point
Model Level in time only the current necessary level of detail has to be
IP Model taken into account and, therefore, the whole design process
Example of Figure 6 can be flexibly structured in a hierarchical manner. 10 Re-
No. of 10 Rel. 8 2 75% lations are introduced as a very general and flexible means
No. of Cond. 1 1 0% of description for data and dynamic control flow behavior
Exec. Time 2.4ms 1.2ms 50% on different levels of abstraction. This method of descrip-
MP3 Decoder tion captures the external behavior of IP cores thus hid-
No. of 10 Rel. 15 2 86 % ing internal implementation details and it is therefore very
No. of Cond. 1 1 0% well-suited for IP exploitations. The encapsulation of IP
Exec. Time 51ms | 054 ms 74% cores by merging 10 Relations according to the proposed
algorithm decreases considerably the descriptive complex-
Large Example 1 . L
=710 Rel. 35 7 58% ity and thereby reduges the executlorl times of subsequgnt
No. o system level synthesis steps. A subject for future work is
No. of 90”0‘- 3 2 33% to determine cases and reasons, which allow encapsulation
Exec. Time | 108ms| 2.8ms 74% of modules without reducing the resulting accuracy of the
Large Example 2 model.
No. of 10 Rel. 65 8 88%
No. of Cond. 5 3 60% Ref
Exec. Time | 77.4ms| 104ms | 87% elerences
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