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Abstract

Software components for embedded reactive real-time appli-
cations must satisfy tight code size and run-time constraints.
Cooperating Finite State Machines provide a convenient in-
termediate format for embedded system co-synthesis, between
high-level specification languages and software or hardware
implementations. e propose a software generation method-
ology that takes advantage of the verP/ restricted class of spec-
ificationsand allowsfor tight control over theimplementation
cost. The methodology exploits several techniques from the
domain of Boolean function optimization. We also describe
how the simplified control/data-flow graph used as an inter-
mediate representation can be used to accurately estimate the
size and timing cost of the final executable code.

1 Introduction

In this Paper we address the problem of synthesizing effi-
cient sortware for embedded reactive real-time systems. Such
systems are in general composed of software and hardware
components, and the software has tight memory-size and
execution-speed constraints.

In particul ar, wefocus on control -domi nated embedded sys-
tems, where the emphasis is on the decision process that |eads
from a set of input events to a set of output events (reaction).
This class of systems covers a fairly broad range of applica
tions, from microwave ovens and watches to tel ecommunice-
tion network management and control functions. Finite State
Machines (FSMs) provide a convenient and common mech-
anism for specifying the intended behavior of such systems.
Although we use the Codesign Finite State Machine (CFSM)
model defined in[CGH*944] for the sake of explanation, our
results can be applied to any FSM-based specification.

Theuse of FSMsfor embedded control specification offers
several advantages over apparently more powerful formalisms
(such as unrestricted programming languages). First of all,
they are easily understood and widely used even as informal
specifications. Secondly, there are abundant theoretical and
practical results concerning their manipulation (minimization,
encoding, formal verification of properties, . . .
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~Unfortunately “pure” FSMs don’t provide a very conve-
nient representation for systems that perform even a small
amount of computation. It is customary to extend them with
the capability to perform assignments of expressions to vari-
ables, and to use comparisons to determine transition con-
ditions. This mechanism increases the expressive power at
the expense of the synthesisand verification capabilities (e.g.,
thereisnolonger a“canonical” formfor such extended FSMs,
verification becomes much more difficult, etc.).

The purpose of this paper is to describe agorithms for an
optimizing compiler from an FSM specification to object code
on a micro-controller. This compiler is not to be compared
against traditional compilersfor a programming language like
Cor Pascal, because we are solving amuch simpler and more
restricted problem. But exactly for this reason we can afford
to perform optimizations that are either impossible or simply
too expensive in the general case ([ASl_J88]?. We can even
tightly coupl ethe opti mi zati on process with afast and accurate
timing and code si ze estimation procedure, totakeinto account
constraints at a much finer granularity level than is possible
with atruly genera -purpose compiler.

~ Throughout thispaper we makethefoll owing main assump-
tions:

1. The standard resource dlocation and operation schedul-
ing steps have aready been performed on the high-level
specification ([CW91]). A global approach, where re-
source allocation, schéduling and control i mplementation
areal considered simultaneoudly isleft tofutureresearch.

2. A Real Time Operating System is used to activate appro-
priately the tasks implementing the FSMs, ensuring the
satisfaction of timing constraints that span more than one
FSM transition. Our synthesis procedure, on the other
hand, providesthe Operating System with execution time
estimates that can be used either off-line or on-line to
schedule the FSMs. We are investigating means to alow
an off-line scheduling procedure to propagate timing con-
straintsto the compiler so that scheduling becomes easier
(or feasible at al).

3. A general-purpose (but machine-specific) compiler is
used to transform the code that we produce into machine
code. This allows us to concentrate on domain-specific
transformations, while leaving genera ones such as reg-
ister alocation and instruction selection to the generd-
purpose compiler. Note that the C code that we produce
Isso simple and low-level that we can keep a very t|_?ht
control over theresulting machine code, and the compiler
cannot “undo” our optimizations.

We use, like most compilation strategies, a control/data-
flow diagram (called s-graph, for software graph, in the fol-
lowing) as an intermediate data structure. The s-graphissim-
pler than general control/data-flow diagrams, because it needs



only to represent asinglefunction from adiscrete domain (the
set of input events and values) to a discrete domain (the set
of output events and values). ' As such, it requires only two
primitives; conditional branch and assignment ?us ng arith-
metic and relational expressions without side effects). This
simple representation has a straightforward representation in
C and can be translated with equal ease into object code by
any available compiler. In this way we can obtain good cost
and performance estimates at any’ intermediate stage of the
optimization process, without the need to compile the code
and analyze the results.

Our software synthesis procedure is composed of the fol-
lowing main steps:

1. Trandation of agiven CFSM into an s-graph.

2. S-graph optimization.

3. Trandation of the s-graph into atarget |anguage.
4. Scheduling of the CFSMs.

5. Compilation into machine code to be run on the target
Pprocessor.

Step 1 uses Binary Decision Diagrams (BDDs, [Bry86]) as
an Intermediate representation, to generate a very fast initial
s-graph, potentially at the expense of codesize. Itisbased ona
new result, described in this paper, that states the equivalence
between a multioutput multivalued function f and an s-graph
that isdirectly obtained from aBDD representing f.

Steps 2 and 4, which are currently being implemented, will
usethe software J)erformanc_e estimation package to minimize
the code size and meet the given timing constraints.

The paper is organized asfollows. Section 2 contains back-
ground information and the s-graph structure definition. Sec-
tion 3 describes the software cost and performance estimation
technique based on s-graphs. Section 4 describes the s-graph
synthesis and optimization procedure. Section 5 shows some
experimental results demonstrating the effectiveness of the
approach.

2 Prdiminaries
2.1 PreviousWork

Previousapproachesto automated code generationfor reactive

real-time systems have started either from synchronous pro-
ﬁ_rammln anguages (e.g., Esterd, [BCG91]), or from other
igh-level languages (|[CWB94, GIM94]).

In the first case, the main problem is the identification of
asingle FSM equivalent to the Esterel specification, and its
efficient implementation as asoftware program. The approach
has the advantage of producing avery fast implementation (as
all the internal communication between modules disappears
when the single FSM is produced), at the expense of code
size. Our approach allows afiner trade-off between size and
speed, because the designer can choose the granularity of the
generated CFSMs, even if they are produced from an Esterel
specification ([Yee94]). Moreover, the currently distributed
version of the Esterel compiler (V3) produces C code rep-
resenting the FSM in tabular format, with a fast interpreter
for it. Our software implementation strategy, on the other
hand, produces an implementation of each transition function
in machine code, thus relying on the efficiency of the micro-
controller instruction set coding.

In the second case, previous work usually focused on the
scheduling of operationsderived from aconcurrent high-level
specification. The problem is that of choosing an order for
potentially concurrent operations that satisfies the given tim-
Ing constraints. In our case, we decompose the problem of
satisfying timing constraintsinto two (possibly iterated) steps:

(1) code generation for each CFSM, (2) scheduling of CFSM
transitionsto satisfy timing constraints. The difference is that
we can take advantage of the large body of research about
scheduling for real-time systems (e.g., [LL73]) for the second
step. On the other hand, some of the agorithms of [GIM 94]
can &l so be used to perform a preliminary optimization before
our synthesisalgorithm. This would allow an easier satisfac-
tion of “short term” timing constraints (e.g_., those dictated by
aspecific interface protocol implemented directly in software)
which may be more difficult to satisfy with classical schedul-
ing techniques (designed for “long term” response and input
rate constraints).

2.2 Binary Decison Diagrams and Character-
Istic Functions

A Binary-Decision Diagram (BDD, [Bry86]) is an efficient
representation for storing and manipulating Boolean func-
tions. A BDD is a directed Q/dic graph with a root node
for each output function and leaf nodes representing the value
of each function for each input minterm. Each non-leaf node
represents an input variable, and each of the two out-edges of
the node represents the value of the variable (0 or 1) aon

that branch. The representation is made compact (reduced()J
by sharing common functional subgraphs. Given afunction f
and an ordering of the input variables, the Reduced Ordered
]ICBDD (simply called BDD inthefollowing)isacanonical form
or f.

Whilethesizeof theBDD may beexponentia inthenumber
of inputsfor any ordering, in many practical cases (especialy
thosethat deal with adecision process) agood ordering can be
found that produces a small BDD. Functiona operations on
the BDD take at most »? space and time (n is the number of
nodesin the BDD); equivalence checking between two BDDs
requires only a graph isomorphism check. The canonicity
property of BDDs, efficient BDD package implementation,
and recent improvements in variable ordering strategies have
made BDD-based a gorithmsefficient and effective for avari-
ety of problemsinvolving Boolean function manipulation.

Multioutput functions (or, equivaently, sets of functions
defined on the same domain) can be represented by their char-
acteristic functions. A single-output binary-valued function
(X xY) — {01}, where X = X; x ...X,, and
Y = Y1 x ...V}, represents the multioutput multival ued func-
tion f 1 X — Y if x/(z,y) & (y = f(z)). The same
notation can also be used to describe a Boolean relation R, as
Xz, y) & (y € R(x))

Thefunction resulting when some argument x; of afunction
f isreplaced by aconstant » iscalled arestriction (or cofactor)
and is denoted f.,—;. The projection of a function f onto a
space orthogonal to x; (or Smoothing of f by ;) is denoted
S, f. Thatis, if x; € {0,1},then S;, f = fr,=1V fo,=0.

The support of an output variable y; of amultioutput func-
tion is the set of inputs upon which y; essentially depends.
More precisdly, an input variable z; belongs to the support of

Yi it Spyyi, . oxn) # i, .. oxp).

2.3 Codesign Finite State M achines

According to [CGHT94a], a CFSM is areactive Finite State
Machine with a set of input and output events. Events are en-
tities that may occur at determinate instants of time and m:

or may not carry avalue ég:fr. the notion of signal in EstereIa{
For the purpose of this discussion, each event is associated
with abinary-valued varisblewhichistruein thetimeinterval
between its emission and its detection, and with an optional
discrete-valued variable carrying its value. This valueis de-
fined only when the associated binary-valued variableistrue,



Figure1: A simples-graph

and remains unchanged until a new event of the same type
occurs. In the following, variables denoting the presence of
an event are identified by the event name preceded by a “*”,
while variables denoting its value are identified just by the
event name. An input event to a CFSM may be detected at
most once at any time after itsemission. Thereactionisdeter-
mined by the transition function of the CFSM. The transition
function maps the set of input events and values onto the set
of output eventsand values: f: X1 x ... X,,, = Y1 x...Y}.

24 SoftwareGraphs

In thissection we define more preci sely the control -flow graph
that we use internally to represent the CFSM transition func-
tion.

Definition 1 An s-graph GG isa directed acyclic graph (DAG)
with one source and one sink. Its vertex set V' contains four
types of vertices: BEGIN, END, TEST, and ASSIGN. The
source has type BEGIN, the sink has type END. All other
vertices are of type TEST or ASSIGN. Each TEST vertex
v has two children true(v) and false(v)t. Each BEGIN
or ASSIGN vertex « has one child next(u) only. Any non-
source vertex can have one or more parents. Each vertex is
labeled with a function defined on a set of discretefinite-valued
variableszy, ...z, ... z,. ANASSIGN vertex v isassociated
with a function a; (21, ...z, . . . z,) and an output variable
z; (intuitively, it assignstheresult of a; (21, ...7;,...2,) tO
z;). A TEST vertex v is associated with a Boolean-valued
function (predicate) p,(z1, . . . 25 ).

A smple s-graph isshown in Figure 1.

The definition of the multioutput function computed by
an s-graph G with BEGIN node v is given by the following
agorithm. Let z = (z1,...2m, y1, .. .y1) beavector of vari-
ables appearing in the vertex labels of G (x; € X; U {¢} and
y; € Y; U {e}, where ¢ isadistinguished “ undefined” value).

rocedure evaluate (v: vertex; 1, . ..&m, 41, . . . yr:variable)
egin
e forl<j<m
zeeform4+1<j<m+!
eval (next(v), z1, .. . Zm+1)
end

rocedure eval (v:vertex; z1, . . . zp, 4 :variable)
egin
1Theimplementation described in Section 5 allowsmorethan two children.

The a(lextension of the definitions and theorems to the more general case is
trivial.

if visaTEST
then
if py (21, ... 2Zm41)
then eval (true(v), z1, . . . Zm+1)
eseeval (fase(v), z1, - . - zm+1)
dseif v isan ASSIGN
then
zi<=a; o (%1, - - Zm4l)
eval (next(v), z1, ... Zm+1)
else (v iSEND)
YjS2myy TOr 1< 5 <1
end

Definition 2 Ans-graphisfunctional if every (output) variable
Zmtg, for 1< j <

1. is assigned by eval at least one defined value for each
combination of values of the input variables, and

2. has a defined value whenever a predicate or a function
depending on z,,; isvisited by eval.

Definition 3 A functional s-graph, with BEGIN vertex v, de-
notesa function f : X1 x ... X,, — Y1 x ...Y; computed by
procedure evaluate (v, 1, . . . ¥, Y1, - - - Yi)-

It is easy to show that the definition is consistent (i.e, that

ff is indeed a completely specified function), and that a non-

unctional s-graph computes either an incompletely specified

function (if condition 1inDefinition 2 isviolated), or arelation

between the input and the output variables (if condition 2 in

Definition 2 is violated). Thisfact can be used in optimizing
the s-graph, as briefly explained in Section 4.

If we apply procedure evaluateto the s-graph of Figure 1,
we see that it defines a function which is triggered by event
xc and assigns to o’ the value of a + 1 if « is not equa to
b. Otherwiseit emits xy and resets « to 0. It should be clear
that if iteratively called by the scheduler, connecting @ and o
together, it implements a CFSM which increments a until it
equals b, and then emits xy and resets a to O.

The next two sections describe how the timing and size of
the code generated from an s-graph can be accurately esti-
mated, and how an s-graph implementing a given transition
function can be built.

3 Software Cost and Performance Esti-
mation

Hardware/software partitioning and software synthesis for
real-time embedded systems require accurate and quick es-
timates of code size and of minimum and maximum execution
time.

There are at least two aspects of the problem that we must
consider here: the structure of the code, e.g., loops and fase

paths?, and the system on which the program will run, includ-
ing the CPU (instruction set, interrupts, etc.), the hardware
ari:hltecture (cache, etc.), the Operating System, and the com-
piler.

~ The s-graph structure is very similar (as shown more pre-
cisely in Section 4.2) to the final code structure, and hence
helpsin solving the problem of cost and performance estima-
tion. Each vertex in an s-graph is in one-to-one correspon-
dence with a statement of the synthesized C code, and the
form of each statement is determined by the type of the cor-
responding vertex. This means that the resulting C code is
poorly structured from a user’s point of view, but has a very

2A path in the control flow graph is false if it can never be executed, e.g.,
dueto conflicting Boolean conditions.



simplestructure. Hence the effects of thetarget system on the
execution time and code size of each vertex type can be easily
determined, as described bel ow.

The timing analysis is drastically simplified, because the
s-graph implements the FSM transition function: looping is
dealt with at the Operating System level. Moreover, fase
paths can be determined with agood degree of accuracy from
the structure of the CFSM network, e.g. by computing event
incompatibility relations.

Cost estimation can hence be done with a simple traversal
of the s-graph. Costs are assigned to every vertex, represent-
ing its estimated execution cycle requirements and code size
(including most effects of the target system).

3.1 Cost Estimation on the S-graph

Our estimation method consists of two major parts. First, we
determinethe cost parametersfor thetarget system. Secondly,
we apply those parameters to the s-graph, to compute the
mi 5“ mum and maximum number of execution cycles and the
code size.

Each vertex is assigned two specific cost parameters (one
for timing and one for size), depending on the_;% e of the
vertex and the type of the input and/or output variables of the
vertex. Edges may aso have an associated cost, as the then
and else branches of an if statement generally take different
timesto execute. Currently, we use seventeen cost parameters
for cal culating execution cycles, fifteen for code size, and four
for characterizing the system (e.g., the size of a pointer).

Theparametersaredetermined for each target system (CPU,
memory/bus architecture, compiler) with a set of sample
benchmark programs. These programs are written in C, and
consist of about 20 functions, each with 10 to 40 statements.
Each if or assignment statement which is contained in these
functionshas the same style as one of the statements generated
fromaTEST or ASSIGN vertex. Thevalueof each parameter
isdetermined by examining the execution cycles and the code
size of each function. A profiler or an assembly level code
analysis tool, if available, can be used for this examination
(weare currently usi n%an internally devel oped cycle calcula
tor for the Motorola68HC11 micro-controller, as well as the
pixie tool for MIPS CPUs).

The calculation of software performance is based on graph
traversing algorithms. The minimum execution cycle require-
ment is calculated by finding a minimum cost path (based
on Dijkstra’s shortest path algorithm) from the BEGIN to the
END vertex of thezjgraph. Similarly, the maximum execution
cycles are calculated by finding a maximum cost path (based
on the PERT longest path algorithm). The code size is calcu-
lated simply by summing up all the code size parameters for
all the vertices of the s-graph. The computational complexity
of those graph traversing algorithmsis O( ElogN), O(E) and
O(FE) respectively (where E isthe number of edges, and NV is
the number of verticesin the s-graph).

4 Sgraph Implementation and Opti-
mization

We have shown in the previous sections how an s-graph com-
putes afunction, and how itstiming and code size characteris-
tics can be estimated. In this section we describe the s-graph
synthesisand optimization a gorithmsmorein detail. The cur-
rently implemented procedureisasfollows: (1) Initial s-graph
implementation from the transition function of an FSM. (2
S-graph optimization. (3) Trandation of the s-graph into
code. The next sections are devoted to an explanation of each
step.

4.1 |Initial S-graph Implementation
Thefirst step of the software synthesis procedure derivesan s-
g?_raph implementing the transition function of agiven CFSM.
he method is based on the Shannon decomposition and is
given assuming that all variables are binary «; € {0, 1} (the
next secti on describes how this can be extended to multival ued
variables). It takesasinput an arbitrary ordering z1, . . . Zm 41
onthei nﬁut and output variables, avariableindex : (initialized
as 0 at the root of the recursive call), and the characteristic
function y/ of the trangition function. Aswe will see below,
the choice of the ordering influences the form of the final s-
grzéoh)(specifically the relative mix of TEST and ASSIGN
nodes).

procedure build(zy, . . . zm 4 :variable; i:index; F':function)

begin
ifi=0
then
create aBEGIN vertex v
next(v) <build(z1, . . .zmy1, 1, F)
dseif F=1
then

create or retrieve the END vertex v
eseif z; isan input
then
create a TEST vertex v withp, = (z;)
true(v) <:bUi|d(Z]_, e Zmdls 1+ 1, le:]_)
false(v) <build(z1, ... zm+i, i + 1, Fl=0
elseif z; isan output
then
create an ASSIGN vertex v |abeled with
Zi = 5, k>it1nzisan inputfz =1
(either aconstant or afunction depending on un-processed out-
put variables) next(v) <build(z1, . .. z2m41, ¢ + 1,
S F))
return v
end

The following theorem, proved in [CGH*94b)], shows the
correctness of thisagorithm.

Theorem 1 Let x/(z1,...%m,y1,...y) be the character-
istic function of multioutput function f, such that y;, =
fr(za, .. .xy),andlet zq, . . . 214, beanarbitrarytotal order-
ing of itsvariables. Then thes-graph G returned by procedure

build(z1, ..., 2m, y1, ...,y 0; x/) computes f.

A straightforward reduction procedure can then be used to
minimize the size of the s-graph (asfor BDDs). It recursively
merges nodes with the same labels and the same children,
starting from the END.

Note that the mapping from the transition function to the
s—g_rggh is not unique since it is based on the ordering of the
variables, Section 4.1.2 discusses the influence of this choice
over thetiming and size characteristics of the generated code.

Moreover, the input to this algorithm need not aways be
a function, but could also be a relation (e.g., when non-
determinism is used to describe design freedom, or don’t
cares). In that case, the ASSIGN label may depend on un-
defined output variables (including z;) as well. The simplest
case, when S, .. . x/ = z;, corresponds to a classical
“don’t care’, because z; can be assigned any value (including
the cheapest option of no assignment) and till be compatible
with the characteristic function.

This flexibility can be exploited to minimize the
size of the s-graph, because the ASSIGN label a;,
could in fact be any function which is 1 whenever

(Szz+l~~~zm+l Xﬁ,:l) A (Szz+l~~~zm+l Xﬁ,:o) is1, andisOwhen-
ever (Szz+l~~~zm+l Xﬁ,:l) N (Szz+l~~~zm+l Xﬁ,:o) ISO
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Figu;le 2: Block diagram of a mixed control- and data-flow
grapi

411 Arithmetic Function Handling

A transition functioninvolving arithmetic operations cannot be
handled efficiently by a direct application of procedure build.
First of dl, representing the function y/ (eg., as a BDD)
would be very inefficient. Moreover, the cofactoring opera-
tions were described assuming binary variables. In practice,
we need to handle the more genera case of extended FSMs,
with arithmetic and relational operators. So we must consider
adata flow graph associated with both the BDD representation
of v/ and with the s—graph, which performs arithmetic com-
putations. Formally, this can be described by representing the
global CFSM transition function as a composition of areac-
tive block and a set of oPerators. The reactive block specifies
a function from a set of input variables (some of which can
be output of an operator) to asingle selection variable. s This
variable selects which function of the primary inputs of the
CFSM is assigned to each output. In the following we will
cal b (21, - - - 2m41) thefunction assigned to z; when the
selection variable has value k.

Theagorithmto build an s-graph from atransition function
represented in compositeformisderived from procedurebuild
as follows. First, procedure build is applied to the reactive
block R only, with just one multivalued output variable, the
selection s. In the resulting s-graph each path has only one
ASSIGN vertex labeled with s<<k. Each ASSIGN vertex of
thisinitial s-graphisreplaced by achain of I ASSIGN vertices,
each labeled withy; = Ay, ;).

Figure 2 shows adata-flow graph of the CFSM of Figure 1.
The control-flow graph is contained within the reactive block
R.

4.1.2 Algorithm Implementation and Practical |ssues

Aswesaid above, theinitial s-graph can beformedinavariety
of ways, dePendl ng on the variaple order used in procedure
bggjd. The tollowing three mgjor classes of orderings can be
used:

1. Ordering each output after its support yields an s-graph
where dl the decision computation is done by TESTSs.
ASSIGN nodesarelabeled only withthe ;. ;) functions.

2. Ordering each output before its support yields an s-graph
without TEST nodes. Each ASSIGN node is labeled
with the logica and of the enabling condition for the
multiplexer and the A, ; function.

3. All other orderingsyield an s-graph with some interme-
diate mix between TEST and ASSIGN nodes.

Our current implementation allows only thefirst two possi-
bilities, while the range of solutionsthat can be obtained with
thethirdclass of orderingsisavail ablethrough an optimization
step described in the next section.

In both cases, the s-graph is built from aBDD representing
the characteristic function of the reactive component of the
transition function. In case 1 a traversal of the BDD from
the root corresponds exactly to the traversal performed by
procedurebuild, because the smoothing of the output variables
yields one of the two children of the current BDD node. The
size of the s-graph is exactly the same as the size of the BDD.

For thisreason, itisvery important tohaveasmall BDD rep-
resenting thetransitionfunction. Dynamic variablereordering
isruntolocally optimizetheBDD size. Thereorderingisdone
withthe“sift” agorithm [Rud93], which siftsonevariableat a
time up and down in the ordering and freezes it in the podition
where the BDD size isminimized (with the constraint that no
output can sift before any input in its support).

The s-graph obtained in this way has the following impor-
tant properties. Each input variable is tested only once per
ath; this provides the minimum depth s-graph (which trans-
ates to minimum execution time).  Moreover, the ordering
of the variable tests is heuristically optimal for code size, in
the sense that no single variable can be moved in the order-
ing while decreasing the size of the BDD, and hence of the

s-graph.

4.2 S-graphtoC Trandation

The i.-éjraph obtai ned according to one of the procedures de-
scribed in the previous section can now be translated into C
code, to be compiled on the target machine. There are a
number of optimization operations that can be performed on
the s-graph before the final code generation. Some of them,
such as code motion, common subexpression factoring, etc.,
are common to general-purpose compilers and will not be de-
scribed in detail here. Other optimizations are specific to the
FSM domain.

For example, we can collapse multiple adjacent TEST
nodes with a unique entry point into a single TEST node
with a multivalued function and multiple children. This com-
plex TEST node can be implemented using constructs such
as switchin C or case in Pascal. The choice of whether such
collapsing should be used depends essentialy on the rela-
tive efficiency of implementation of conditional jumps versus
multi-way jumps in the chosen micro-controller. For exam-
ple, micro-controllerswhere the program counter is ageneral -
purposeregister allow efficient multi-way jumpsby usingjump
tables. The cost and performance estimation procedure can
be used to quickly evaluate the alternatives and drive the opti-
mization.

~The final trandation of the s-graph into C (or any other
high-level language) isfairly straightrorward, dueto the direct
correspondence between s-graph nodetypesand basic C prim-
itives. The fact that the code is so unstructured may hinder its

readability®, but allows greater efficiency.

Basicaly, aTEST nodeistrandated to anif and two gotos,
whilean ASSIGN istranslated to an assignment. Appropriate
declarations of local and global variables, aswell as Operating
System support statements (e.g., handling of input and output
event buffers) are also inserted into the output code.

After the synthesis of the codeis complete, we can evaluate

the effectiveness of the methodology, as shown in the next
section.

3Note that in our envisioned codesign methodology the designer should
never be exposedtoit, just like the user of a general-purpose compiler should
never haveto look at the assembly code.



Table 1: Resultsof the cost/performance estimation procedure

5 Experimental Results

In this section we report the results of the cost/performance
estimation procedure and of the s-graph synthesis procedure,
applied to a car dashboard control system. In all cases, the
numbers are given for a Motorola 68HC11 micro-controller.
They are obtained using our estimation pack?e, as well as
by actual measurements done on the output of the INTROL C
compiler for the 68HC11. The timing columns are given in
terms of clock cyclesfor asingletransition of each FSM, and
the code size columns are given in terms of bytes.

Table 1 summarizes the result of the cost estimation pro-
cedure, and compares it against an exact measurement of the
code size and timing (maximum number of clock cycles), per-
formed by analyzing the compiled object code.

Table 2 showsthe effect of the different orderingsin proce-
dure build on the software size and timing. In both cases, the
computed function is exactly the same. The only differenceis
the order of the variables, which affects the number of TEST
nodes. The first case uses a naive ordering, in which all out-
puts are ordered after all inputs, the second case forces each
output to appear after itssupport (case 1in Section4.1.2). The
timing in both cases is exactly the same, because the number
of TEST and ASSIGN nodes on a path on the s-graph is the
same. Theonly differenceisthesize, duetothesharing among
subgraphs, which can be performed better in the second case.
Asareference, we also compare the result with an implemen-
tation which uses a two-level multi-way jump structure. The
first jJump is done based on the current state, the second jump
isdone based on the concatenation of all the decision variable
into a single integer. The jumps are followed by an appro-
priate sequence of ASSIGNs. This simple implementation
(similar to what is often done during structured hand-coding
of reactive systems) performs better than the naive ordering,
but worse than the optimized decision graph.

As areference, a hand-designed version of the same dash-
board controller requires 7425 bytes of memory. Our small-
est implementation requires 10392 b)éteﬁ of memory, but has
much better timing characteristics. E.g., the hand-designed
version of SPEEDOMETER requiresabout 3200 cycles, while
ODOMETER takes about 4000 cycles.

We have also tried to compile the same code using the
MIPS comﬁller, which has much better optimization capabil-
ities than the INTROL compiler, and the results are similar.
This demonstrates that the optimization space that we can ex-
plore in our restricted case Is significantly larger than in the
case of a general-purpose compiler.

6 Conclusions and Future Work

Inthispaper we have presented anew methodol ogy for thesyn-
thesis of software for embedded real-time control -domineated
systems. The methodology exploits the use of a Finite State
M achine specification, and unlike classica ComB| lation algo-
rithms startsfrom a description of the functionto be computed,

function i estimated i measured t_perc. diff [ function [ inbeforeout | support | two-Tevel |
me Size me Size me Size
BELT 353 433 | 270 392 | 30 10 3',§€M ETER 328 222 13%2
ODOMETER 379 287 | 380 266 0 7 FUEL 1148 631 872
FUEL 541 657 | 555 631 -2 4 SPEEDOMETER 724 621 714
SPEEDOMETER | 851 601 | 872 621 | -2 -3 NORMAL IZE 458 458 516
NORMALIZE 920 479 | 999 458 | -7 4| | CROSSDISP 6275 | 5182 6274
CROSS.DISP 3795 4169 | 4040 5182 | -6 -19 DETECT EDGE 519 484 612
DETECTEDGE | 850 511 | 810 484 4 5 QUAD2SIGN 799 509 031
QUAD2SIGN 919 509 | 928 509 0 0 COIL_SWITCH 1699 712 1136
COILSWITCH | 1038 677 | 912 712| 13 -4 | | TIMER 32447 | 1137 1206
TIMER 1005 1417 | 859 1137 | 16 24

Table 2: Effect of different TEST variable orderings

rather than from one operationa implementation of it. This
allows the use of powerful optimization algorithms based on
Boolean function manipulation methods.

Theinternal representation that we useisalso thebasisof a
quick but fairly precise cost and performance estimation pro-
cedure. The procedure is based on assigning cost parameters
to the control/data-flow graph, and can be easily customized
for different CPUs and runtime environments.

In the future we plan to exploit the cost estimation pro-
cedure to Olperform global optimizations aimed at satisfying
timing and size constraints, with a much finer tuning than is
currently possible. We are aso exploring the coupling be-
tween scheduling algorithms and code synthesis, to alow the
scheduling procedure to transmit user-defined constraints to
the compilation steps.
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