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Abstract 1. Introduction

We study modular, automatic code generation from hierarchical Programming may be art, craft or science. In any case, the tools
block diagrams with synchronous semantics. Such diagrams are theused today have greatly advanced since the first days of program-
fundamental model behind widespread tools in the embedded soft-ming. By tools we mean programming languages and compilers,
ware domain, such as Simulink and SCADE. Code is modular in but also “support” tools such as debuggers, static analyzers, etc.
the sense that it is generated for a given composite block indepen-The most important class of tools are probably the programming
dently from context (i.e., without knowing in which diagrams the languages themselves, since they are the primary means of captur-
block is to be used) and using minimal information about the inter- ing the intent of the designer (or programmer). Understandably, as
nals of the block. In previous work, we have shown how modular these means become more powerful, by raising the level of abstrac-
code can be generated by computing a set of interface functionstion, the designer’s productivity increases.

for each block and a set of dependencies between these functions In the field of embedded, real-time systems, like in many other
that is exported along with the interface. We have also introduced afields, specialized (sometimes called “domain-specific”) languages
quantified notion of modularity in terms of the number of interface are used. Simulink from The MathWorkand SCADE from Es-
functions generated per block, and showed how to minimize this terel Technologigsare two successful commercial products in this
number, which is essential for scalability. Finally, we have exposed field. They are especially widespread in the automotive and avion-
the fundamental trade-off between modularity and reusability (set ics domains.

of diagrams the block can be used in). These tools offer a mix of modeling/programming model for the

In this paper we explore another trade-off: modularity vs. code design and implementation of embedded software. They provide
size. We show that our previous technique, although it achieves environments which include graphical model editors, simulators
maximal reusability and is optimal in terms of modularity, may re- and code generators. Automatic generation of code that implements
sult in code replication and therefore large code sizes, somethingthe semantics of a model is useful in different contexts: the code can
often unacceptable in an embedded system context. We propose tde used for simulation; but it can also be embedded in a real-time
remedy this by generating code with no replication, and show that digital control systemX-by-wiré). In fact, usages of the latter type
this generally results in some loss of modularity. We show that opti- are increasingly adopted by the industry. Thus, these tools can be
mizing modularity while maintaining maximal reusability and zero seen as programming languages, debuggers and compilers for the
replication is an intractable problem (NP-complete). We also show embedded software domain.
that this problem can be solved using a simple iterative procedure  The fundamental model behind notations such as the above is
that checks satisfiability of a sequence of propositional formulas. that of synchronous block diagramdhe latter are hierarchical
We report on a new prototype implementation and experimental re- dataflow diagrams with a synchronous semantics, similar to that
sults. The latter demonstrate the practical interest in our methods. of synchronous languages such as Lustre (Caspi et al. 1987) or
Esterel (Berry and Gonthier 1992).

Hierarchy is a powerful concept, used extensively in graphical
notations. Hierarchy allows to build designs imadularmanner,
which is crucial for mastering complexity but also in order to
address intellectual property (IP) issues. In a hierarchical block
diagram, a set aitomicblocks can be connected to form a diagram,
General Terms Algorithms, Design, Languages and this diagram can be theemcapsulatednto a macro (i.e.,

] composite) block. The macro block can itself be connected with
Keywords Embedded software, Block diagrams, Synchronous gther blocks and further encapsulated. An example of a hierarchical
languages, Code generation, Clustering, NP-complete block diagram is shown in Figure 1.
In such a contextmodular code generatiobecomes a criti-
cal issue. By modular we mean two things. First, code for a macro
block should be generatéulependently from contexhat is, with-
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Figure 1. A hierarchical block diagram consisting of a macro
block P with three sub-blocksl, B, C.

C Y2

)

boxes” supplied with some interface information. The second re-
quirement is very important for IP issues as mentioned above.
Current code generation practice for synchronous block dia-
grams is not modular: typically the diagramflattened that is,
hierarchy is removed and only atomic blocks are left. Then a de-

pendency analysis is performed to check for dependency cycles

within a synchronous instant: if there are nosttic code can be

different outputs of the block and may also update the state of the
block (if the block has state). The fundamental difference with the
monolithic method described above is that the profile generally in-
cludes not one, but several interface functions. For instance, in the
case of macro blocl of Figure 1, we can generate the following
two interface functions:

P.get1(x1) returns y1 { P.get2(x2) returns y2 {

(z1,22) := A.step(x1); y2 := C.step(z2,x2);
y1 := B.step(zl); return y2;
return yi; }

The profile also includes profile dependency grapthat specifies
constraints on the order in which these functions need to be called.
For the above example, this graph states that P.getl() must be
executed before P.get2() (thus making the second output of
available toC' via internal variablez2).

Our framework allows to quantify modularity of the generated
code, in terms of the number of interface functions that are pro-

generated by executing blocks in any order that respects the dependuced: the fewer these functions, the more modular the code is.

dencies. Clearly, flattening destroys modularity and results in IP

Our framework also allows to explore the trade-off between mod-

issues. It also impacts performance since the algorithms computeularity andreusability (the ability to embed generated code in any

on the entire flat diagram which can be very large. Moreover, the

hierarchical structure of the diagram is not preserved in the code,

which makes the code difficult to read and modify.
Why is it difficult to avoid flattening and have a truly modular

context). As the above example illustrates, increasing modularity
sometimes means sacrificing reusability.

Our notion of modularity has similarities but also differences
from what is typically understood as modularity in programming.

code generation method? Let us illustrate the problem with an ex- Itis similar in the sense that it captures the principle of abstracting a

ample. Consider the macro blo¢kshown in Figure 1. An straight-
forward way to generate code f@? is to generate anonolithic
piece of code, in the form of a “step” function, as follows:
P.step(xl, x2) returns (y1, y2) {

(z1,22) := A.step(x1);

y1 := B.step(zl);

y2 := C.step(z2, x2);

return (y1, y2);
¥
P.step() calls the step functions of the sub-blocksPofto com-
pute the outputg;, y» of P, from the inputse, z2. Now, suppose
P is used as shown to the left of Figure 2: that is, we connect its
outputy; to its inputzs. Then we find that the function P.step()

generated above cannot be used: indeed, in order to call this func-

tion we need bothr; andxs, butzs = y1, which is an output of

the function! In other words, we have a cyclic dependency between

inputs and outputs. This dependency, however, false depen-

dency: it is a result of the above code generation method, and not

a property of the diagram. Indeed, flattenifgas shown to the
right of Figure 2 reveals this: there are no cyclic dependencies in
this flattened diagram, and we can compute the oujpfitom the
input z; by calling the step functions of block4, B, andC, in

that order.
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Figure 2. Using blockP of Figure 1.

In (Lublinerman and Tripakis 2008b) we have solved this prob-
lem, by proposing a general framework for modular code gener-
ation. This framework relies on the concept op@file for each
block. The profile includes a set miterface functionshat evaluate

component by hiding all information, except what is necessary for
the users of the component: block profiles aim at capturing exactly
this necessary information. On the other hand, contrasting mod-
ularity to reusability may appear surprising. It follows, however,
from our choice to quantify modularity as inversely proportional to
profile size. This choice is not as arbitrary as it may seem. Indeed,
minimizing the size of profiles is important for scalability. In a hi-
erarchical notation such as ours, the complexity of algorithms ap-
plied to a given block is a direct function of the size of the profiles
of its sub-blocks. Therefore, minimizing the number of interface
functions is crucial in managing complexity as we move up in the
hierarchy of blocks.

In our framework, adjusting the degree of modularity is done by
choosing a certaiolusteringalgorithm. This clustering algorithm
operates on the so-calledheduling dependency grafBDG) of a
given macro block?. The SDG ofP consists of all interface func-
tions of sub-blocks of? connected together according to the inter-
nal diagram ofP. Clustering splits the SDG into a number of sub-
graphs, and each sub-graph gives rise to an interface functiéh for
Therefore, choosing different clustering methods results in explor-
ing different trade-offs. In (Lublinerman and Tripakis 2008b) we
presented two clustering methods, the so-catlgdamicmethod
that achieves maximum reusability and is optimal with respect to
modularity (that is, it generates the minimal number of interface
functions needed to achieve maximal reusability), and the so-called
step-getmethod that generates at most two interface functions, at
the expense of reusability.

The first contribution of this paper is the exploration of another
trade-off: between modularity and code size. We first show that the
dynamic method may result in larger code sizes. This is because the
dynamic clustering algorithm allows sub-graphs to overlap, which
in turn results in code replication across interface functions. This
leads us to study the problem of achieving maximal reusability
without code replication, that is, non-overlapping clustering tech-
nigues. Our main theoretical result is tlogatimal disjoint cluster-
ing, that is, clustering into a minimal number of non-overlapping



sub-graphs without introducing false input-output dependencies, is
an intractable problem (NP-complete).

We also show that disjoint clustering generally results in loss of
modularity, that is, an increase in the number of interface methods
that need to be generated in order to achieve maximal reusability.
Finally, we show how the optimal disjoint clustering problem can
be solved using a SAT solver. We propose a reduction of checking
whether a disjoint clustering exists with a given number of clusters
K, to checking whether a given propositional formula is satisfi-
able. Then, optimal disjoint clustering can be solved by iteratively
increasingK.

The second major contribution of this work is a prototype im-
plementation of our framework and a set of experimental results.
This implementation is new and includes the optimal disjoint clus-
tering method proposed in this paper as well as the dynamic and
step-get methods proposed in our previous work. Using this imple-
mentation we experiment on a set of real Simulink examples com-
ing from the Simulink demo suite and from industrial partners from
the automotive domain. We find out that many of the problems that
our modular code generation framework attempts to solve are not
just theoretical problems, but also arise in practice. In particular,
we find examples that justify the interest in all three clustering and
code generation methods mentioned above.

The rest of this paper is organized as follows. In Section 2

we discuss related work. In Sections 3 and 4 we present the syn-

chronous block diagram notation and our modular code generation
framework: this is a summary of our previous work. In Section 5 we
illustrate the trade-off between modularity and code size. In Sec-
tion 6 we study the optimal disjoint clustering problem and show
that it is NP-complete. In Section 7 we show how to solve this prob-
lem using a SAT solver. In Section 8 we report on our implementa-
tion and experiments. Section 9 concludes this paper.

2. Related work

There exists a large body of work on automatic code generation
for languages with synchronous semantics, e.g., see (Benvenist

extensively studied. (Benveniste et al. 2003) stated for this problem
that “a unified treatment remains a research topic” and this claim
largely remains true today.

The need to depart from monolithic code generation into multi-
ple functions for each module or block has been acknowledged in
previous works (Raymond 1988; Benveniste et al. 1997; Hainque
et al. 1999), mainly in the context of distribution of synchronous
programs. These works, however, provide incomplete solutions.
In particular, they omit the concept of profile dependency graph,
which is essential to reduce the number of interface functions by
expressing dependencies among them. Also, optimality and maxi-
mal reusability are not addressed in these works. Finally, clustering
with overlapping, which is fundamental to achieve optimality, is
not discussed in any of these works. For instance, (Hainque et al.
1999) start from a very fine-grain interface where every atomic op-

“step” function is generated per block in these works, but this is
not enough to guarantee maximal reusability as explained above.

Real-Time Workshop Embedded Coder, a code generator for
Simulink by The MathWorks, provides a feature called “Function
with separate data”, but does not seem to generate multiple inter-
face functions per block, neither a dependency interface, both of
which are essential as mentioned above.

In (Mosterman and Ciolfi 2004) a solution reminiscent of our
step-get method is presented and reported to be implemented in
Simulink. This solution generates only two interface functions per
block (an “output” and an “update” function), thus cannot achieve
maximal reusability. Indeed, maximal reusability requires in gen-
eral as many as + 1 functions, where: is the number of outputs
of a block (Lublinerman and Tripakis 2008b).

Less related are the works (Maffeis and Le Guernic 1994; Aubry
et al. 1996) which consider the problem diftribution of syn-
chronous programs. Distribution does not necessarily imply that
the generated code is modular: for instance, one may look at the
entire program (e.g., flatten it) in order to distribute it, which is the
approach taken in the works above.

Trade-offs between modularity and reusability or modularity
and code size are not discussed in any of the aforementioned works.
To our knowledge, this paper is the first to study the problem of
minimizing code size in the context of modular code generation for
block diagrams.

In this paper we use a simple, “purely synchronous” model of
block diagrams, where all blocks run at the same rate. This is done
for reasons of simplicity. In (Lublinerman and Tripakis 2008a) we
have shown how to extend our modular code generation framework
to triggeredandtimedblock diagrams: these features allow one to
describemulti-ratemodels. The optimal disjoint clustering method
proposed in this paper can be readily used in triggered and timed
block diagrams as well.

In this paper we consider diagrams that, if flattened, are acyclic.
Cyclic diagrams can be handled using the approach of (Malik 1994;
Shiple et al. 1996), which is to check at compile-time that, despite
cyclic dependencies, the diagram still has well-defined semantics.

®rhis, however, requires semantic knowledge about each block
et al. 2003). Modular code generation, however, has been not as ’ : 16 9 ’

namely, what is the function that each block computes. Having
such semantic knowledge is contrary to the requirement of treating
blocks as “black-boxes” due to IP reasons. It is also possible to
avoid such compile-time checks and rely on computing a fixpoint
at run-time (Edwards and Lee July 2003; Lee and Zheng 2007).
However, this fixpoint may contain undefined values, which means
such code cannot be used in safety-critical applications.

Synchronous block diagrams

In this section we describe our notation which is a simple form
of hierarchical block diagrams, and its semantics, which is syn-
chronous.

The notation: We consider a notation based on a sdtlotksthat
can be connected to fordiagrams(see Figure 1). Blocks are either

erator is mapped to an interface function, and then use methods toatomicor macro(i.e. composite). Each block has a number of input

reduce the number of functions by “clustering” operators together.

ports (possibly zero) and a number ofitputports (possibly zero).

This approach generates a larger number of interface functions thanDiagrams are formed by connecting the output port of a blé¢&

our dynamic approach.
Industrial tools such as Simulink or SCADE offer limited mod-
ular code generation capabilities. In SCADE the main problem with

the input port of a blockB (B can be the same a$). An output
port can be connected to more than one input ports. However, an
input port can only be connected to a single output.

modular code generation, namely cyclic dependencies, is avoided A macro block encapsulates a block diagram into a block. The

by requiring that every feedback loop be “broken” by a unit-delay
block at every level of the hierarchyThis is a major modeling
restriction, as most diagrams in practice exhibit feedback loops

blocks forming the diagram are called theernal blocks of the
macro block, or itssub-blocks The connections between blocks
(“wires”) are calledsignals Upon encapsulation: each input port of

with no such delays at higher levels of the hierarchy. The same the macro block is connected to one or more inputs of its internal

restriction is imposed in (Biernacki et al. 2008). Indeed, a single

blocks, or to an output port of the macro block; and each output



port of the macro block is connected to exactly one port, either an Profiles: The profile of a block is essentially its interface. Both

output port of an internal block, or an input of the macro block. atomic and macro blocks have profiles. The profile of a bldck
o . . contains: a list ofinterface functionsaand theirsignatures and a

Combinational, sequential, Moore-sequential blocksEvery profile dependency grapPDG) that describes the correct order in

atomic block A is pre-classified as eith@rombinational(state- which these functions are to be called at every synchronous instant.
less) orsequentialhaving internal state). Some sequential blocks  Thea nodes of the PDG of are the interface functions of.

are Moore-sequentialEach output of a Moore-sequential block For example, Figure 3 shows the profiles of sub-bladk#, C

only depends on the current state, but not on the current inputs ot macro plockP. Blocks A andC' have a single interface function
For example aunit-delayblock that stores the input and provides cgjjeq “step()” which takes the input and returns the output of these
it as output in the next synchronous instant is a Moore-sequential yjocks. Blockl/ has two interface functions: U.step() and U.get().
block. On the other hand, a block !mplementlng an equation of the U.get() takes no input and returns the outputiotJ.step() takes the
form yj, = axy + bry—1, wherey is the output stream; is the input of U and returns no output. This is a case wheéris a Moore-
input streamg, b are constants ankl is the index of the current  gaqential block: its get() method returns the outputs and its step()
synchronous instant, is a non-Moore sequential block. The above athod updates the state, given the inputs. The PDG shown

definitions extend to macro blocks in a natural way. in the figure states that U.get() must be called before U.step(), at

Flattening: A diagram isflatif it contains only atomic blocks. A~ €Very synchronous instant.
flatteningprocedure can be used to transform a hierarchical block
diagram into a flat one: (1) We start with the top-level diagram
(which may consist of a single macro block). (2) We pick a macro
block A and we replace it by its internal diagram. While doing so,
we re-institute any connections that would be lost: If an input port
p of A is connected externally to an output pgrand internally to

an input portr, then we conneet to r directly. Similarly for output
ports of A. (3) If there are no more macro blocks left, we are done,
otherwise, we repeat step (2).

Code generation steps:Our modular code generation scheme
contains two major steps, explained briefly and illustrated through
the example of Figure 3:

(1) Dependency analysighis step determines whether there
exists a valid execution order of the interface functions of the sub-
blocks of P. It consists in building acheduling dependency graph
(SDG) for the given macro blocP and then checking that this
graph does not contain any cycles. The SDG fboiis built by
connecting the PDGs of all sub-blocks®Bf For example, the SDG
Block-based dependency analysis and acyclic diagram$his for the blockP shown in Figure 3 is shown in the bottom left of the
type of dependency analysis is used only for the purpose of giving figure. If the SDG contains a cycle thénis rejected this means
semantics to a diagram. We assume the diagram is flat. We con-that modular code generation fails aRtheeds to be flattened (one
struct ablock-based dependency grapfhe nodes of this graph ~ Or more levels). Otherwise, we proceed to the code generation step.
are all the blocks in the diagram. Notice that since the diagram  (2) Profile generationthis step involves several sub-steps, the
is flat, all these blocks are atomic. For each blotkhat is not most important of which ilusteringthe SDG into a number of
Moore-sequential, for each blodk with some input connected to  Sub-graphs How exactly to cluster the SDG is at the heart of
an output of4, we add a directed edge frorhto B. We say that our modular code generation scheme: choosing different clustering
a diagram isacyclicif, once we flatten it and build its block-based ~methods results in different specializations of the scheme, with
dependency graph, we find that this graph has no cycles. different trade-offs as discussed below. An example of clustering
is shown in Figure 3. The SDG aP is clustered in two sub-

Semantics: _We assign semantics only to flat, acyclic diagr_ams. graphs, one containing functions U.step() and C.step(), and the
The semantics we use are standard synchronous semantics usegkher containing U.get() and A.step().

also in languages like Lustre. Each signalf the diagram is inter- Once the SDG is clustered into a set of sub-graphs, for each
preted as a total function: N — V,, whereN = {0,1,2,3, ...} sub-graph’, we generate one interface functign for P. Func-
andV; is a set of valuesz(k) denotes the value of signal at tion f¢ calls the functions included i6 in the order specified by

time instantk. If = is an input this value is determined by the en- . This is a partial order, and any serialization of it into a total
vironment, otherwise it is determined by the (unique) block that order is legal. An init() function is also generated for sequential
producesc. Since the diagram is acyclic there exists a well-defined plocks to initialize their state. In the example of Figure 3, the SDG
order of flrlng the blocks to Compute the values of all signals ata of P is clustered in two Sub_graphsl Each of these Sub_graphs gives

given synchronous instant. rise to an interface function. The left-most sub-graph gives rise to a
function called P.step() and the right-most one to a function called
4. Modular code generation P.get(). The implementation of these functions is shown below:
In (Lublinerman and Tripakis 2008b) we have proposed a modular
code generation scheme for the diagrams described in the previous p.get( ) returns P_out { P.step( P_in ) {
section. Here, we present a summary of this scheme and show the U-out := U.get(); C_out := C.step(P_in);
trade-offs that can be explored with it. P_out := A.step(U_out); U.step( C_out );
return P_out; 3
Modular code generation — inputs and outputs:Our code gen- ¥
eration scheme takes as inputs:
1. a macro blockP with its internal block diagram; and After the generation of the interface functions, all that remains is

to synthesize a PDG faP. This PDG can be derived directly from
the clustering: the nodes of the PDG are the interface functions
It generates as outputs: for P generated above. The edges of the PDG are computed as
follows. If sub-graphGG: depends on sub-gragh, (that is, there
exists a node; in G; and a node; in G2 such that; depends

2. theprofile of each sub-block oP (explained below).

1. a profile forP.
2. the implementation (in a certain programming language such as

C++_' Java, etc.) of each of the interface functions listed in the 3yote that the scheduling dependency graph (SDG) and the profile depen-
profile of P. dency graph (PDG) are two different objects.




Interface functions Profile dependency graphs

Profile of A: X y
(combinational) A.step(x) returns y; 1 '
P
Ay ¢ P U P> A ) Profile of U: U.get() returns y;  |Y - *
(Moore-sequential) )
U.step(x) returns void;
A macro block P
and its internal diagre ] .
and 1ts internal diagram Proh.le o.f C: C.step(x) returns y; X y
(combinational)
P_in P_out
P_in P_out

Resulting interface functions

) . . and PDG of P
SDG of P SDG of P clustered in two sub-graphs

Figure 3. Example of modular code generation.

on vy in the SDG of P) then interface functiorfz, depends on one, instead of two, interface function for blogk of Figure 3.

fa,. Clustering is done in such a way so as to guarantee that noIn terms of clustering, this means we cluster the SD@dfto a
cyclic dependencies are introduced between sub-graphs, thereforesingle sub-graph that contains all nodes. We would then generate a
the SDG is guaranteed to be acyclic. As an example, the SDG of single interface function foP, say P.step(), as follows:

block P of Figure 3 is shown at the bottom-right of the figure.

P.step() depends on P.get(), since U.step() depends on U.get(). P.step( P_in ) returns P_out {
U_out := U.get();
Modularity vs. reusability trade-off: As we mentioned above, by C_out := C.step(P_in);
choosing different clustering algorithms, we can explore different P_out := A.step(U_out);
_ . . U.step( C_out );
trade-offs. A most important trade-off is betwegrodularity and return P_out;
reusability Modularity can be made a quantitative notion in our ¥

framework: it can be measured in terms of the number of interface
functions generated for a given block. The smaller this number,
the higher the degree of modularity. In that sense, the most modu-
lar code is one that has just one interface function. This definition
is justified by complexity considerations. The complexity of algo-

rithms such as cycle detection or clustering, that our method uses
is a direct function of the sizes of the PDGs of the sub-blocks of a

given macro block. In turn, the size of the PDG of a block is a func- terface cannot be used. We say tmatximal reusabilitys achieved

tion of the number of interface functions generated for this block ; ] ; ; .
(these function are the nodes of the PDG). Therefore, minimizing yvhen no false input-output dependencies are added during cluster

the number of generating functions is essentially for scalability.
The price to pay for modularity is reusabilttylf we generate

too few interface functions, we may create additional, false input-

output dependencies, that were not in the original diagram. These

dependencies may result in false dependency cycles when we latefyenarate no more than + 1 interface functions for a block with

embed macro block in a certain diagram. An example illustrating ;' o,tts (no more than functions if the block is combinational).

this phenomenon has been given in the Introduction (see Figures 1, (Lublinerman and Tripakis 2008b) we have also proposed an-

and 2). Another example is given here. Suppose we generate onlyother clustering method, called tiseep-getmethod, which gener-

2 - . . . ates at most two (and often just one) interface functions per block.
Note that profiles and PDGs are essentialigtractionof the internals of The step-get method privileges modularity but obviously cannot

a block. As with most abstractions, they can be more or less refined, that is, . I~ . L7,
lose less or more information. The more information is lost, the less usable g_uar_antee max'm‘.”". re_usablllty. For sequential blocks, an init() func
tion is added to initialize the state.

the abstraction becomes.

The problem is that we have createdadse dependenclge-
tween the output of? and its input: this dependency did not ex-
ist in the original diagram becaugé is Moore-sequential. False
input-output dependencies can be harmful in terms of reusability.
'For example, if a user aP attempts to connect the output Bfto
its input, to form a feedback loop, then the above single-function in-

In (Lublinerman and Tripakis 2008b) we have proposed the so-
calleddynamicclustering method that achieves maximal reusabil-
ity with a minimal number of interface functions. In that sense, this
method is optimal. Moreover, the dynamic method is guaranteed to




5. Modularity vs. code size

In this paper, we explore another trade-off: modularity vs. cod
size. We Illustrate this trade-off through an example, shown i
Figure 4. Part (a) of the figure shows a macro blétlith n + 2
sub-blocks, named;, ..., A,,, B, C. We suppose that each of these|
blocks has a single interface function step(), abbreviated. {80
A,.s stands forA; .step(), etc. The PDG of each of the sub-blocks
then clearly consists of a single node. By connecting the PDGs
the sub-blocks we form the SDG fd?, as shown in part (b) of

e
n

} }
= (¢ + 1) modulo 2; c := (¢ + 1) modulo 2;
of y_1 := B.step( x_1, z_B ); y_2 := C.step( z_C, x_.3 );
return y_1; return y_2;
} }

P.get_1(x_1,x_2) returns y_1 { P.get_2(x_2,x_3) returns y_2 {

if (c=0) { if (c=0) 1
z_1 := A_l.step( x_2 ); z_1 := A_l.step( x_2 );
z_2 := A_2.step( z_1 ); z_2 := A_2.step( z_1 );

é;%n—l} :=A_{n-1}.step(z_{n-2});
(z_B, z_C):=A_n.step(z_{n-1});

é;:{n—l}:=A_{n—1}.step(z_{n—Q}) ;
(z_B, z_C):=A_n.step(z_{n-1});

Figure 4.
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(d) The clustering produced by the method in this paper

P.get_1() i

P.get_2() Y2
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Figure 4. Example illustrating the trade-off between modularity
and code size.

Using the dynamic method, the SDG is clustered in two sub-
graphs, as shown in part (c) of Figure 4. Notice that this is optimal.

Figure 5. Code generated with the dynamic method for the exam-
ple of Figure 3.

P.get_1(x_1) returns y_1 {
P.internal( x_2 ) { y-1 := B.step(x_1, z_B);
z_1 := A_1.step(x_2); return y_1;
z_2 := A_2.step(z_1); }
z_{n-1}:=A_{n-1}.step(z_{n-2}); | P.get_2(x_3) returns y_2 {
(z_B, z_C):=A_n.step(z_{n-1}); y_2 := C.step(z_C, x_3);
¥ return y_2;
}

Figure 6. Code generated with the optimal disjoint clustering
method (this paper) for the example of Figure 3.

The code that is generated from this clustering is shown in
Figure 5. Two interface functions are generatedRopne for each
sub-graph. The bodies of the two functions are identical up to their
last two statements: this is because both functions may need to
evaluate the chain of block4; to A,,. Internal persistent variables
z_1, z_2, and so on, hold the values of internal signals between
blocksA; and A2, A; and As, and so on. Variable is a modulo-2
counter, initialized to zero, that serves to flag whether sub-blocks
A; to A,, have or have not been fired in the current synchronous
instant: if c=0 these blocks have not been firedc#1 they have.

All these are automatically generated using the dynamic method:
we refer the reader to (Lublinerman and Tripakis 2008b) for the
details.

The problem with the code of Figure 5 is that it contains a lot of
replication: the firsi: + 3 lines of the bodies of functions P.g&f)
and P.geR() are identical. In the worst case, this phenomenon can
result in code that is replicated times, wherem is the number
of outputs of the block. This clearly results in code size blow-up
that may be unacceptable for embedded applications where small
footprint is often crucial.

We can eliminate this replication phenomenon, by giving up
some modularity: instead of two sub-graphs, we can cluster the
graph in three sub-graphs, as shown in part (d) of Figure 4. This
clustering produces non-overlapping sub-graphs, thus resulting into
interface functions that share no code. The code generated from
this alternative clustering is shown in Figure 6. Note that the code
of Figure 6 is not only smaller than the code of Figure 5, it is also
more efficient. Indeed, it avoids the use of counrtewhich results
in savings of memory, as well as time (to test the conditief).

The PDG forP generated for the clustering in three sub-graphs

Indeed, clustering all nodes into a single sub-graph would create is shown in part (e) of Figure 4.

false dependencies from input to outputy, and from inputzs
to outputy;, and that would result in loss of reusability. Also note

Note that clustering (d) does not result in any loss of reusability.
It does not create any false input-output dependencies, and thus

that the dynamic clustering method may result in sub-graphs that achieves maximal reusability, as does clustering (c). The different
“overlap”, that is, that share some nodes, as is the case with thisbetween the two clusterings is that (c) privileges modularity instead
example. This is essential in order to achieve a minimal number of of code size, while clustering (d) opts for code size at the expense

sub-graphs.

of some modularity.



In the rest of the paper we explore the idea of optimizing code
size in depth. It is worth pointing out that the motivating example
of Figure 4 is not just an academic example but actually occurs in
practice: see Figure 10 and related discussion in Section 8.

6. Optimal disjoint clustering

valid clustering for any SDG: the one where every cluster contains
a single node.

Proposition 1. Validity of a clustering can be checked in polyno-
mial time in the number of nodes of the SDG.

Proof. Validity Condition 1 is trivial to check in linear time in the

From the discussion in the previous section, it becomes clear thatnumber of nodes. Condition 2 can be checked by computing the
the trade-off between modularity and code size can be explored bytransitive closure of— on the nodes of the original graph, then
“tuning” the clustering algorithm to use more or less overlapping. the transitive closure of the “lifted” relation»y on clusters, and
The dynamic clustering method proposed in (Lublinerman and then checking that the two relations are the same between inputs
Tripakis 2008b) uses as much overlapping as necessary in order teand outputs. Transitive closure can be computed using a simple al-
optimize modularity while maintaining maximal reusability. On the ~ gorithm such as the all-pair shortest-path algorithm (Floyd 1962)
other hand, if we want code of minimal size then we should use a which runs inO(|V'|?) time, or other techniques with better worst-
clustering that results idisjoint(i.e., non-overlapping) sub-graphs.  case complexity, e.g., see (Fischer and Meyer 1971) and (Copper-
In this section we explore this option. We show that, unfortunately, smith and Winograd 1990). The acyclicity condition can be verified
optimizing modularity while maintaining maximal reusability and by explicitly computing the quotient graph and then checking for

disjoint sub-graphs is an intractable problem (NP-hard).

We formalize a Scheduling Dependency Graph (SDG) as a finite
directed acyclic grapliy = (V, —), whereV is the set of nodes
and—C V x V is the set of edges. Both sets are assumed to be
non-empty. If(v,v') €— we writtev — v'. V is partitioned in
three disjoint non-empty sets

|4 ‘/in U Vout U ‘/int (1)

Vin contains thdnput nodes that have no incoming edggs: €
Vin, Au € V : u — v. Vout cOntains theoutputnodes that have
no outgoing edgesfv € Vous, Au € V 1 v — u. We also assume
that output nodes have a unique “writer”, that is, for ang Vout,
the set{u € V | v — v} is a singleton (i.e., contains a single
element) Vi, contains theénternal nodes. We assume that there is

no direct edge between an input node and an output node (if there

is, we can add a new, “dummy”, internal node in-between). Notice
that some internal nodes may have no incoming or no outgoing

edges. This is necessary in order to model, for instance, SDGs like

the one shown in Figure 3. In that example, there are four internal
nodes, plus the input nodeiR and the output node_But.

Definition 1 (Clustering). LetG = (V, —) be a directed graph. A
clusteringof GG is defined by a partition of into k disjoint sets of
nodesy = {Vi, ..., Vi } such thatU®_, V; = V. EachV; is called a
cluster We “lift” the relation — from nodes to clusters as follows:
Vi —v Vj iff there existv € V; andv’ € V; such thatv — v'.
Givenv € V, we denote byw] the (unique) cluste¥; € V such
thatv € V;. We denote by-" (resp.,—?,) the transitive closure of
— (resp.,—v). We say that the clustering defined Byis valid if
the following conditions hold:

1. Foranyv € Vin U Vou, [v] is a singleton, that is, input and
output nodes are clustered independently.

2. Foranyv € Vi, andv’ € Vou, if [v] =3, [v'] thenv —* o',
That is, V does not introduce any input-output dependencies
that were not already il (note thatv —* v’ implies[v] —3,

[v] by definition).

3. The relation—+, on clusters is acyclic (after dropping all self-

loops).

We say that the clustering defined Byis almost validif Condi-
tions 1 and 2 above hold, while Condition 3 (acyclicity) may not
necessarily hold.

Thequotientof G w.r.t. V, denoted5 /v, is the directed graph

that has clusters as nodes and whose edge relation is the relation

—y on clusters.

Validity captures the fact that a clustering achieves maximal
reusability, by not introducing false input-output dependencies. The
acyclicity condition ensures that the resulting interface functions

do not have cyclic dependencies. Notice that there always exists a

acyclicity using Tarjan’s algorithm (Tarjan 1972) which runs in lin-
ear time. O

The optimal disjoint clustering problers, given an SDGG,
find a valid clustering o7 with minimum number of clusters. The
decision version of this problem is, givéhand an integet, decide
whether there exists a valid clustering@fwith at mostk clusters.

We will show that the optimal disjoint clustering problem is NP-
hard.

Before proving the result, we introduce some useful concepts.
Notice that because of validity Condition 1, input and output nodes
are clustered in isolation in a valid clustering. Therefore, a valid
clustering can be defined by a partition \af,; instead ofl”. We
will be using this alternative definition in what follows.

Definition 2 (Mergeability). Let G (V,—) be an SDG
and letV' = {uvi,...,ou} € Vine = {v1,...,0n} be a
subset of internal nodes. We call' mergeableif the partition
{V' {vks1},...,{vn}} defines an almost valid clustering. Two
nodesvi,v2 € Vin, are calledmergeableif the subsef{vq, v2}

is mergeable. Thenergeability graptof G, denotedM (G), is an
undirected graph on the node sEt,;, where we add an edge be-
tweenv; andw. iff v; andv, are mergeable.

Lemma l. LetG = (V,—) be an SDG and le¥ = {V4, ..., Vi.}
be a partition ofV%,; defining an almost valid clustering. L&t =
{Vi,.., VI,V ..., Vi} be arefinemenif V, whereV; is split in
two non-empty, disjoint subsét¥ U V' = V;. Then)’ defines an
almost valid clustering.

Proof. Suppose)’ is not almost valid. Theny”’ violates validity
Condition 2 (Condition 1 holds by definition). This means there
must exist nodes € Vi, andv’ € Vou such thafv] —3, [v] in
G/ butvA*v' in G. That is, there must exist a path

0 = [v] =y Ur =y - Up =y [V]

in G/v+. This means in turn that there exist nodgsu € Uj;, for
7 =1,...,1,such that

’ ’ ’
V— UL, U] — U2, ..., U] — V.

We distinguish the following cases:

1) None ofV/, V;’ appear ino, that is,Vj = 1,....1 : U; #
Vi ANU; # V. Theno is also a path oy /1, which implies that
V is not almost valid, which is a contradiction.

2) Only one ofV}/, V/" appear ino. Suppose, w.l.0.g., that only
V;/ appears inr. Then, by replacing’; by V; we obtain a new path
o’ which is a path of7/y: this holds becausg; C V;. This again
implies thatV is not almost valid, a contradiction.

3) BothV}/, V;”” appear inv, that is,o has the form:

[v] —yr Ur —yr - =y Uy =y Vi o



—>v/ ‘/;// —>v/ Ul2 —>v/ LEC —)v/ Ul —)V/ [1]/}.
Then the path

/
g

W] =y Ui =y - —=p Uy =y Vi =y Uiy =y - =y U]

is a path ofG /v : this holds because botty’, V;” are subsets df;.
This again implies thaP is not almost valid, a contradiction. O

Lemma 2. LetG = (V,—) be an SDG and ley = {V1,..., Vi }
be a partition ofVi,; defining an almost valid clustering. Then for
alli=1,...,k, forall v,u € V;, v andu are mergeable.

Proof. By Lemma 1, sincé’ is almost valid, any refinement of
into a finer partition is also almost valid. In particular the refinement

v}, oy {v,ul, o, {vn})

that groups only nodes, u together and leaves all others isolated
must be almost valid. Therefore, by Definition 2,and v are
mergeable. O

An SDGG = (V, —) is calledflat if there are no dependencies
between its internal nodes, that is

! !
Av, v € Vit 1 v — v

)

Notice that in a flat SDGZ, any clustering of5 that satisfies the
first two validity conditions also satisfies the acyclicity condition,
that is, it is a valid clustering. This is because the only edges
allowed in a flat SDG are from input nodes to internal nodes and
from internal nodes to output nodes.

Lemma 3. Let G (V,—) be a flat SDG and lety
{Vi,...,V&} be a partition of Vi,: into mergeable cliquesthat
is, foralli = 1,...,k, for all v,u € V;, v andu are mergeable.
ThenV defines a valid clustering.

Proof. Supposé is not valid. Then, validity Condition 2 must be
violated (Condition 1 holds by definition and Condition 3 cannot be
violated in a flat graph). This means there must exist noded/;,,
andv’ € Vo such thafv] —3, [v'] (in G/v) butv/A*v' (in G).
Sincew is an input,jv] —3, [v] implies there exists; € V;, for
somei = 1,..., k, such that: (1p — v; and (2)V; —3, [v']. (2)
and the fact that? is flat together imply that (3) there exists € V;
such that, — v’. (1) andv/4*v’ together imply (42 # v1. (1),

(4) andv4*v’ together imply that; andv, are not mergeable,
which contradicts the hypothesis tHatis a mergeable clique.

We are now ready to prove our main theoretical result. We show
that the optimal disjoint clustering problem is NP-hard by reducing
the partition-into-cliquesproblem to the former problem. Let us
first recall the problem of partitioning a graph into cliques. We are
given an undirected graghl = (V, E), whereV is the set of nodes
and E is the set of edges, and a positive intedér< |V|. We
want to decide whethér” can be partitioned inté < K disjoint
sets,V = V5 U--- U V4, such that eachy; is a clique, that is, for
anyv,u € V;, (v,u) € E. This problem is NP-hard (Garey and
Johnson 1978).

Proposition 2. Optimal disjoint clustering is NP-hard.

Proof. Let G = (V, E) be an undirected graph. We construct a flat
SDG Gy, using the construction technique illustrated in Figure 7.
For each node of G we create three nodes(#;: an internal node
v € Vine, an input node’ € Vi, and an output node® € Vous.
We add inGs the edges*® — v andv — v°.

For each edgéu,v) € E, we create the following six nodes in
Gy eu, ey € Vint, €y, €l € Vin, €l €l € Vous. We also insert
in Gy the edgese, — eu, eu — €, €, — €y, €y — €.
Additionally, we create the following four edgest — e.,, e, —

v°, v" — ey, e, — u’. Gy can be constructed in linear time in the
size ofG.

Let us studyM (Gy). First, note that a node, produced by
edgee of G is not mergeable with any other internal node. For
instancee,, is not mergeable with:, since this would create the
dependency!, —* u°; e, is not mergeable witk,, since this
would create the dependeney —* ey; e, is not mergeable with
v, since this would create the dependenty—* ¢./. Now, let us
focus on two nodes andv of G. Suppose, first, that, v) ¢ E.
Thenwu andv are not mergeable i&' ¢, since merging them would
create the dependeney —* v° (or v® —* u°). Next, suppose
that(u,v) € E. Thenu andv are mergeable it ;. Indeed, in this
case we have the picture shown in Figure 7. Mergirandv does
not add new dependencies, sincealready depends ost andv®
already depends ouf.

It follows that two nodes: andv of G are mergeable i ¢ iff
they are adjacent i&'. This, and the fact that,-type nodes are not
mergeable with any other node, implies tAd{G ;) is the disjoint
union of G and a set oR|E| independent nodes,, e., ..., that
must be clustered in isolation. We claim ti@tcan be partitioned
into k cliques iff Gy admits a valid clustering df + 2| E| clusters
(we are not counting the clusters for the input and output nodes).
SupposeG; can be clustered inté + 2|E| clusters. Then the
nodes of (that are internal nodes 6f¢) must be clustered intb
clustersVi, ..., Vi, since the res?|E| clusters are reserved for the
ew-type nodes. By Lemma 2, eadh can only contain nodes that
are pairwise mergeable. Therefore, ed¢leorresponds to a clique
of M(Gy), thus to a clique of7. Conversely, suppose thatcan
be partitioned intd: cliques. ThusM (G ) can be partitioned into
k + 2|E| (mergeable) cliques. Sindg; is flat, by Lemma 3, this
partition defines a valid clustering f6#. O

i

u el ere v
u > eu ev [ v
. , , .
u' €y, ¢ €y & v

Figure 7. The SDG sub-graph representing edgev) of G in the
proof of Proposition 2.

Corollary 1. Optimal disjoint clustering is NP-complete.

Proof. The problem is NP-hard as shown in Proposition 2. It is

also in NP: non-deterministically choose a clustering, then check
whether it is valid. The latter can be done in polynomial time as

shown in Proposition 1.

7. Reduction to SAT

In this section, we show how the optimal disjoint clustering prob-
lem can be solved by reducing it to a propositional satisfiability
problem. The latter can be solved in practice today using a SAT



solver. Before we present our method, we need some technical re-

sults.
LetG = (V, —) be an SDG with sets of input and output nodes
Vin andVoys, respectively. For a subsgét C V of nodes, we define

In(V") eV | eV iv-"0"} €))
Out(V") {v € Voue | ' €V 10 =" v} 4)

the set of dependent inputs and outputs\&f, respectively. We
write In(v) andOut(v) instead ofin({v}) andOut({v}), respec-
tively.

Let V be a partition ofl;,s. For anyV’ € V, we define

Inv (V") {v € Vin | [v] =3 V'} (5)
Outy (V") {v € Vour | V! =3 ]} (6)

If v € Iny(V’) then we say that cluste¥”” depends on input
nodev. If v € Outy (V') then we say that output nodedepends
on clusterV’. Notice that, by definition|n(V’) C Iny (V') and
Out(V’) C Outy (V). The inverse inclusions do not generally
hold, however. Also note that, by definition, i’ —3, V" then
Iny, (V') C Iny(V") andOuty (V') D Outy (V). Finally, note
that forv € Vi, andu € Voue, [v] =3 [u] iff there existsV’ € V
such that € Iny, (V') andu € Outy (V7).

Lemma4. LetG = (V,—)beanSDGandle¥ = {V1, V5, ..., Vi }
be a partition ofV4,; defining an almost valid clustering. Suppose
that Iny (V1) = Iny(V2) and Outy (V1) = Outy(V2) and let
V' = {Vi UVa, Vs, ..., Vi }. V' defines an almost valid clustering.

Proof. V' is a partition of internal nodes only, thus the clustering
it defines satisfies validity Condition 1 by definition. Suppose there
existv € Vin andv’ € Vout, such thafv] —3, [v'] butvA*v'.
Then, there must exidt’, V" € V', such that: (1Jv] —y V7,
2) V' =3, V" and )V —y [V']. If both V! # Vi UV, and
V" # V4 U Va then the clustering induced By does not satisfy
Condition 2, which contradicts the hypothesis that it is almost valid.
Thus,V' =Vi UVeor V"' = V3 U Vs,

Case (@)V' = V1 U Va. (2) implies that eithek;s —3, V" or
Vo —3 V. Without loss of generality, we consider the latter case.
(1) and the fact thatny, (V1) = Iny(V2) imply [v] —v Va. (3)
impliesV” —y [v]. Thus, we havév] —y Vo —3, V' —y V'],
i.e., [v] =% [v'], which contradicts the hypothesis thatdefines
an almost valid clustering.

Case (b)V" = V1 U Va. (2) implies that eithet’” —3, V1 or
V' —3, Va. Without loss of generality, we consider the latter case.
(3) and the fact thauty (V1) = Outy (V) imply Vo —y [v']. (1)
implies [v] —v V’. Thus, we havév] —y V' —3 Vo —y V'],
i.e., [v] =3 [v'], which again contradicts the hypothesis that
defines an almost valid clustering. O

Lemmab. LetG = (V,—) be an SDG and le¥ be a partition of
Vint defining an almost valid clustering. Suppdsés optimal w.r.t.
the number of clusters, that is, there is no partitivh that has
fewer elements thavi and also defines an almost valid clustering.
ThenV defines a valid clustering.

Proof. V defines an almost valid clustering, therefore, validity Con-
ditions 1 and 2 are already satisfied (Definition 1). We need to prove
that Condition 3 (acyclicity) is also satisfied. Suppose not. Then
there existh, Vo € V, i # j, such thalhr —3, Vo andVa —3, V4.

This implies thatny, (V1) = Iny(V2) andOuty (V1) = Outy (Va).

But this means that we can mer§g and V>, and still obtain an
almost valid clustering, with fewer elements (Lemma 4). This con-
tradicts the hypothesis th&tis optimal. O

We now propose the reduction to SAT. L@t= (V,—) be a
Scheduling Dependency Graph as before ALetN be an arbitrary

o= A VX
1S5Sk b € Vigg
A /\ ij =4 /\ —Xpe
b € Ving 1<¢<k
1<j<k 0+
A /\ (ij :>Yoj)
be ij,O € Vout
b—o
1<j<k
A\ /\ (ij :>ZZJ)
be ‘/intvi € Vvin
i—b
1<j<k
A\ /\ (Xblj /\szg = (Yog = YO]’))
b17b2 S Vvintyo € Vout
b1 — bs
1<j#L<k
A\ /\ (Xblj A\ X},zg = (Zij = Zi(’.))
b17b2 € ‘/intai € Ving
b1 — by
1<jAL<k
A A = (Yo A Zij)

7 S ‘/intao € Vout
iAo
1<j<k

Figure 8. Encoding almost valid clusterings as propositional for-
mulas.

positive integer. We define the propositional form@#aas shown
in Figure 8, whereX,;,Y,;, Z;; are boolean variables denoting
that internal nodé belongs to clustef, that output node depends
on clusterj, and that clustef depends on input noderespectively.

Fi, encodes the following conditions (conjunctions appearing
from top to bottom in Figure 8):

1.
2. an internal node belongs to exactly only one cluster,

every cluster must contain at least one internal node,

3. if an outputo directly depends on an internal nobltheno also
depends on the cluster containityg

. if an internal node directly depends on an input nodehen
the cluster containing also depends on input node

. if an internal nodeb, directly depends on another internal
nodeb,, then the cluster containing: will depend on every
input node that the cluster containihg depends upon (i.e.,
b — by = Iny([b1]) C Iny([ba]),

6. if an internal nodé directly depends on another internal node
b1 then every output that depends on the cluster contaiting
will also depend on the cluster containibg(i.e.,b1 — b2 =
Outy([b1]) 2 Outy([b2])), and,

if an outputo does not depend on an inputhen it is not the
case that a clustgrdepends o ando depends on cluster.

7.

Lemma 6. LetG = (V,—) be an SDG an& < N such thatF;
is satisfiable. Lep be a satisfying assignment amtthe clustering



induced by’ = {V1,---, Vi } where forb € Vi.t, b € V; if and Three clustering and corresponding code generation methods
only if X; is true it¢. Then: are currently implemented in the tool: the step-get and the dynamic
. " N . . methods proposed in (Lublinerman and Tripakis 2008b) and the op-
L Zl < J < kYo € Vour.Vj — [o] implies thatYo; is true in timal disjoint clustering method proposed in this paper. To solve the
! . . 4. L . . latter problem, the tool employs the SAT-based method described
2.V1 < j < k.Vi € Vin [i] =y V; implies thatZ;; is true in¢. in Section 7. In our implementation we used B®T4JSAT solver
(see http://www.sat4j.org).

We have experimented using our tool on a set of Simulink ex-
amples. Some of these examples are described in The Mathworks’
web-site for Simulink under “Demos” and they are available with
the Simulink tool. Two other examples are real-world models pro-
vided by industrial partners from the automotive domain. For con-
fidentiality reasons we cannot reveal the source neither the nature

Proof. (<) Let )V’ be a partition defining an almost valid clustering  ©f these examples. We will refer to them as “X1” and “X2" in the

V such that)’| = k and letb € V andV1 < j < k.V; € V. rest of this section. . o .
Set each boolean variabl&,; to true if b € V; and to false Our experiments had multiple objectives. First, we wanted to

otherwise. Note that the first two conjunction termsZ hold validate the need for multiple interface functions per block, which
for any proper partition of siz&. Set each variablé’,, to true is the fundamental hypot.heS|SJust|.fy|ngth|s anq our previous vyork.
if 0 € Outy(V;) and to false otherwise. Set each variadlg to Indeed, we found that this need arises in practice and it is not just a

true if i € Iny(V;) and to false otherwise. Observe now that the theoretical problem. In most of the example; we tried, there are
third to sixth conjunction terms itF, encode the following facts: ~ feedback loops between macro blocks, at different levels of the

In(V;) C Iny,(V;), Out(V;) C Outy(V;), andVy, £, if V; —3, Vi hierarchy. One such example is an engine timing model coming
tpl(enJIL\R\};}}(QJILV(;JQS e(r%dbuti(vv(j)ﬂg Outv](Vg). FiJnJ)}f thge from the Simulink demo suite. The top-level diagram for this ex-
last term encodes the fact thét € Vin,0 € Vout,i A* o =,/  ample is shown in Figure 9 (picture copyright The Mathworks).

3j 14 € Iny(V;) A o € Outy(V;). Thus the above is a satisfying 1 he top-level diagram contains a number of macro blocks: “Throt-
assignment foi}‘k_ ! tle & Manifold”, “Compression” and so on. Notice that there are

(=) Consider a satisfying assignmeatto F;, and let)’ = multiple feedback loops between these blocks. However, when the

Proof. Follows by induction on the length of the path on the depen-
dence relatior—y.

Lemma 7. Let G = (V,—) be an SDG andk € N. Fj is
satisfiable if and only if there exists an almost valid clustering
defined by’ a partition of V;,.:, such that)’| = k.

{Vi,---,Vi} whereb € V; if and only if X,; is true in¢$. The hierarchy is flattened these loops are “broken” by blocks such as
first,two7terms iNFy impo]sev’ to be a part]ition of sizé. Let unit-delays. A monolithic code generation method that generates a
VY = V' U Vi U V,ur as before and note that satisfies valid- single interface function per block would fail on all these examples,

ity Condition 1. Suppose that validity Condition 2 does not hold. Pecause of these feedback loops. Thus, multiple interface functions

Hencedi € Vin,0 € Vu such thati A" o and[i] —3 [o]. per block are needed in practice as well as in theory.
Moreover there 7exist§‘ such thatli] —3 V; andV; —3 [o]. As a second objective for the experiments, we wanted to com-

By Lemma 6 we have that,; and Z;; are true ing but theng pare the three clustering and code generation methods implemented
would not be a satisfying assignmentf, since this assignment N the too!. Flnally, we wanted to see how .the SAT-based method
falsifies the last term in the conjunction. 0 performs in practice in terms of execution time.

The results of our experiments are summarized in Table 1.
Thus, we can solve the optimal disjoint clustering problem using Although the optimal disjoint clustering problem and our SAT-

the following procedure: based method have exponential worst-case complexity, in every
S . example we have tried, execution took only a few seconds on
1. initialize k := 1; a standard laptop computer (IBM T43p with a 2.26 GHz Intel

. build formulaFy; Pentium processor and 2 GB of RAM running Windows XP and
Java 6). Notice that this is the time it takes to process and generate
code forall blocks of each example. The greatest SAT problem
.if Fy is satisfiable, terminate and announce that the optimal submitted to the SAT solver among all the examples that we tried
disjoint clustering hag clusters; the clustering can be directly was a formula with 851 boolean variables and 773 clauses. This
obtained by theX,; variables: nod# is in cluster; iff in the formula was produced for the top-level block of example “X2"
solution of F, Xy; is true; when checking whether a disjoint clustering with 4 clusters exists.
5. otherwise incremerit := k + 1 and go to step 2. Notice that mo_dern SAT solvers can easily handle problems of
much greater size.
The procedure is guaranteed to terminate since there always exists  Table 1 should be read as follows. Every row contains the infor-
a valid clustering with at most as many nodes as the nodes of themation for one example. In the columns, we list: the name of the ex-
SDG. By Lemma 7, the procedure is guaranteed to produce anample; the total number of blocks in the example (including atomic
almost valid clustering, which is also of minimal size. By Lemma5, and macro blocks); the number of macro blocks; the number of

2
3. check whethefF;, is satisfiable;
4

this almost valid clustering is also valid. blocks that are of type Combinational (C), Non-Moore-Sequential
(NS), and Moore-Sequential (MS); the maximum number of out-
8. Tool and experiments put ports that some block from the entire model has; the maximum

We h imol ted th d tion techni ci;lvumberof sub-blocks that some (macro) block has; and the results
€ have implemente € code generation echniques proposeq, o opiained by running the three code generation methods on these

in (Lublinerman and Tripakis 2008b) and in this paper in a proto- examples
type tool written in Java. The tool takes as input a Simulink model The three methods are: step-get (S-G), dynamic (Dyn) and op-
(.md1l file) as well as profiles of blocks (in our own ASCII format). timal disjoint clustering (ODC). For each nllethod, and each exam-

The tc_>o| generates as output profiles for _the macro bIocI_<s in the ple, we report the total number of interface functions generated for
Simulink model as well as Java code that implements the interface

functions for each of the macro blocks. The tool also generates var-
ious statistics such as those that are presented below. 5This model corresponds to the “Engine 1” row in Table 1.
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Figure 9. An engine timing model in Simulink
model no. blocks max no.| max no. total no. intf. func. total code size (ELOC)
name total | macro| C,NS,MS| outputs | sub-blocks| S-G | Dyn [ ODC | S-G | Dyn | ODC | max red.
ABS 27 3 1,0,2 1 13 4 4 4 57 57 57 —
Autotrans 42 9 4,0,5 2 11 fails 13 14 fails | 108 101 14:6
Climate 65 10 4,0,6 4 29 12 14 14 144 | 165 144 42:26
Enginel 55 11 2,18 2 12 18 18 18 132 | 140 132 19:11
Engine2 73 13 3,2,8 2 13 20 20 20 180 | 188 180 19:11
Power window| 75 14 6,2,6 3 11 20 21 21 180 | 199 | 183 32:16
X1 82 16 2,59 3 14 19 19 19 182 | 182 182 —
X2 112 16 7,9,0 5 14 22 24 24 245 | 342 261 108:27

Table 1. Experimental results

all the macro blocks in the example, as well as the total code size step-get method, which justifies the need for more elaborate meth-
generated for these functions, measureeffectivelines of Java ods, in particular Dyn and ODC.
code (ELOC). Effective means that we do not count comments,  The second observation is that ODC indeed achieves code size
Java class constructors, and other similar overhead lines of codereduction in all cases except two (the “ABS” and “X1” examples).
(these can be different when using a different language). We alsoMoreover, in all but one case (the “Autotrans” example) this reduc-
do not count init() functions and the corresponding lines of code. tion comes at no expense in terms of modularity: that is, the number
The last column labeled “max red.” corresponds to the maximum of interface functions remains the same. In the case of “Autotrans”
reduction achieved by ODC and is explained later in the section. only one extra interface function is generated. The reason why
By studying Table 1, we can make the following observations: ODC can reduce code size without modularity penalty is because
First, it is interesting to see that the step-get method succeeds inthe overlapping that the dynamic method creates can sometimes
eliminating the feedback loops and corresponding dependency cy-be eliminated without introducing an additional interface function.
cles between macro blocks in almost all cases: the exception is theThis happens when sub-graph overlaps with sub-grap&'s, and
“Autotrans” example, modeling an automotive transmission sys- the set of inputs thaf; depends upon is a subset of the set of inputs
tem. In this example the step-get method fails, that is, results in thatG> depends upon. In this case the overlapping area can be re-
a (false) dependency cycle in the SDG of one of the macro blocks. moved fromG., and the dependency; — G2 can be added. This
As already mentioned, the step-get method generates at most twds valid, sincei» requires more inputs tha# , therefore whenever
interface functions per block. More precisely, it generates two inter- the inputs forG, are available(z; can be executed befof,.
face functions for Moore-sequential blocks (that have inputs) anda  The above phenomenon occurs in all the examples except “Au-
single interface function for all other blocks (Lublinerman and Tri- totrans”, where an additional sub-graph (and corresponding in-
pakis 2008b). The explanation why step-get succeeds on most ofterface function) needs to be generated in order to preserve the
the examples lies in the fact that most of the cycles in the examplesinput-output dependencies. This occurs for the “Transmission Ra-
are “broken” by Moore-sequential blocks. For these blocks, two in- tio” macro block, the internal diagram of which is shown in Fig-
terface functions is all that is needed to achieve maximal reusabil- ure 10. It is interesting to observe that the structure of this diagram
ity, and the step-get method provides exactly this. In conclusion, isidentical to the structure of diagram shown in Figure 4(a). Indeed,
the examples show both the interest but also the limitations of the blocks B andC of the latter figure correspond to the two “Product”
blocks of “Transmission Ratio” and block,, corresponds to the
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