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Abstract

Executing concurrent speci�cations on sequential hardware is important for both
simulation of systemsthat are eventually implemented on concurrent hardware and
for thosemost conveniently describedasa set of concurrent processes.As with most
forms of simulation, this is easy to do correctly but di�cult to do e�cien tly. So-
lutions such as preemptive operating systemsand discrete-event simulators present
signi�cant overhead.

In this paper, we present a technique for compiling the concurrent languageEs-
terel into very e�cien t C code. Our technique minimizes runtime overhead by
making most scheduling decisionsat compile time and using a very simple linked-
list-based event queueat runtime.

While thesetechniques work particularly well for Esterel with its high-level con-
current semantics, the sametechnique could also be applied to e�cien tly execute
other concurrent speci�cations.

1 In tro duction

Synchronous languagessuch as Esterel [5] and Lustre [6] hold promise as
formal designlanguagesbecauseof well-de�ned semantics and powerful prim-
itiv es. Already in substantial industrial use [2], the synchronous languages
stand poisedto grow in importance and popularity.

Automatic translation of a synchronous languagespeci�cation into e�-
cient executablecode|the subject of this paper|�nds at least two common
applicationsin a typical design
o w. Although synchronouslanguagesarewell-
suited to formal veri�cation, simulation is still of great importancein a typical
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design
o w and as is always the casewith simulation, faster is always better.
Furthermore, the �nal implementation may also involve single-threadedcode
running on a microcontroller; automatically generatingthis from the speci�-
cation can be a great help in reducing implementation mistakes.

Unfortunately, the concurrent semantics of the synchronouslanguagesmake
their implementation on uniprocessorsproblematicsincethe concurrencymust
somehow be simulated. The strength of any compilation technique for a syn-
chronous languagelies in its approach to this problem. SeeEdwards [11] for
a survey of such approaches.

In this paper, weaddressthe problemof generatinge�cien t single-threaded
code (speci�cally, a C program) from the synchronouslanguageEsterel. New
techniquesfor compiling Esterel are neededbecauseof its growing popularity
and becauseits combination of �ne-grained concurrency with inexpensive,
broadcastcommunication makesits compilation challenging.

Many techniquesto compileEsterelhave beenproposedduring the twenty
yearsthe languagehasexisted. The �rst Esterel compiler [5] derived a single
automaton for an entire concurrent program. This technique producesvery
e�cien t codeat the costof exponentially larger object code,making it imprac-
tical for all but the smallestprograms. For example,only the three smallest
examplesin our experiments can be compiledusing this technique.

The next generationof Esterel compilers [3] translated Esterel programs
into circuits, topologically sorted the gates, then generatedsimple code for
each gate. While this technique scalesmuch better than the automaton com-
pilers, it doesso at a great loss in speed. The fundamental problem is that
the program must executecode for every statement in every cycles,even for
statements that are not currently active.

Our technique most closely resembles the SAXO-RT compiler developed
at FranceTelecom[8]. Both techniquesdivide an Esterel program into \basic
blocks" that are then sorted topologically and executedselectively basedon
run-time scheduling decisions.Our technique di�ers in two main ways. First,
we only scheduleblocks within the current cycle,which makesit unnecessary
to ever unschedule a node (Esterel's preemption constructs can prevent the
executionof statements that would otherwiserun). Second,becauseof this,
insteadof a scoreboard-basedscheduler,weareableto useonebasedon linked
lists that eliminatesconditional tests.

Maurer's Event-Driv en Conditional-Free paradigm [12] also inspired us,
although his implementation is gearedto logic network simulation and does
not appear applicable to Esterel. Interestingly, he writes his examplesusing
a C-like notation that resembles the gcccomputedgoto extensionwe use,but
apparently he usesinline assembly instead of the gccextension.

Our technique also resembles that in Edwards' [9] EC compiler, but ours
usesa more dynamic scheduler. During a cycle, the Synopsyscompiler main-
tains a set of state variables,oneper running thread. At each context switch
point, the compiler generatescode that performs a multi-way branch on one
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of thesevariables. While this structure is easierfor the compiler to analyze,it
is not able to quickly skip over asmuch code asthe technique presented here.

Potop-Butucaru's compiler [13,14] currently generatesthe fastestcode for
most large examples(we beat it on certain ones). His technique has the
advantage of actually optimizing many of the state decisionsin a program,
something we have not yet applied to our compiler, and usesa technique
much like the Synopsyscompiler to generatecode. Our results suggestthat
our technique can be superior for highly-concurrent programs.

2 Esterel

Berry's Esterel language[5] is an imperative concurrent languagewhosemodel
of time resembles that in a synchronous digital logic circuit. The execution
of the program progressesa cycle at a time and in each cycle, the program
computesits output and next state basedon its input and the previousstate
by doing a boundedamount of work; no intra-cycle loopsare allowed.

Esterel is a concurrent languagein that its programsmay contain multiple
threads of control. Unlike typical multi-threaded software systems,however,
Esterel'sthreadsexecutein lockstep: each seesthe samecycleboundariesand
communicateswith other threads using a disciplined broadcastmechanism.

Esterel's threadscommunicate through signals,which behave like wires in
digital logic circuits. In each cycle, each signal takes a single Boolean value
(presentor absent) that doesnot automatically persist betweencycles. Inter-
thread communication is simple: within a cycle, any thread that reads the
value of a signal must wait for any other threads that set that signal's value.

Statements in Esterel either executewithin a cycle (e.g., emit makes a
given signal present in the current cycle, present tests a signal) or take one
or more cyclesto complete(e.g., pausedelays a cyclebeforecontinuing, await
waits for a cycle in which a particular signal is present). Strong preemption
statements check a condition in every cycle beforedeciding whether to allow
their bodiesto execute.For example,the everystatement performsa reset-like
action by restarting its body in any cycle in which its predicate is true.

3 Executing Esterel

Esterel's semantics require any implementation to deal with three issues:
the concurrent execution of sequential threads of control within a cycle, the
scheduling constraints amongthesethreadsdue to communication dependen-
cies,and how (control) state is updated betweencycles.

Our compilergeneratesC codethat executesconcurrently-running threads
by dispatching small groups of instructions that can run without a context
switch. Theseblocks are dispatched by a scheduler that useslinked lists of
pointers to code that will be executedin the current cycle. The scheduling
constraints are analyzedcompletelyby the compiler beforethe program runs
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module Example:
input I, S;
output O, Q;
signal R, A in

every S do
await I;
weak abort

sustain R
when immediate A;
emit O

||
loop

pause; pause;
present R then

emit A
end present

end loop
||

loop
present R then

pause; emit Q
else

pause
end present

end loop
end every

end signal
end module
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Fig. 1. An Example. (a) A simple Esterel module modeling a sharedresource. (b)
The (simpli�ed) GRC graph, consistingof a selectiontree and a control-
o w graph.

and a�ects both how the Esterel programs are divided into blocks and the
order in which the blocks may execute. Control state is held betweencycles
in a collection of variablesencoded with small integers.

4 The GR C Represen tation

We will illustrate the operation of our compiler on the small Esterel program
in Fig. 1(a). It models a sharedresourceusing three groupsof concurrently-
running statements. The �rst group (await I through emit O) takesa request
from the environment on signal I and passesit to the secondgroup of state-
ments (loop through end loop) on signal R. The secondgroup responds to
requestson R with the signal A in alternate cycles. The third group simply
makesQ a delayed versionof R.

This simpleexampleillustrates many challengingaspectsof compiling Es-
terel. For example, the �rst thread communicates with and responds to the
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secondthread in the samecycle, i.e., the presenceof R is instantaneously
broadcast to the secondthread, which, if the present statement is running,
observesR and immediatelyemitsA in response.In the samecycle,emitting A
causesthe weak abort statement to terminate and sendcontrol to emit O.

As is often the case,the inter-thread communication in this examplemeans
that it is impossible to execute the statements in the �rst thread without
interruption: thosein the secondthread may haveto executepartway through.
Ensuring the code in the two threadsexecutesin the correct, interleaved order
at runtime is the main compilation challenge.

Our compiler translates Esterel into a variant of Potop-Butucaru's [14]
graph code (GRC). Shown in Fig. 1(b), GRC consists of a selection tree
that represents the state structure of the program and an acyclic concur-
rent control-
o w graph that represents the behavior of the program in each
cycle. A straightforward syntax-directed translation producesthis GRC from
the program'sabstract syntax tree. The control-
o w portion of GRC is equiv-
alent to the concurrent control-
o w graph described in Edwards [10].

4.1 The Selection Tree

The selectiontree (left of Fig. 1(b)) is the simpler half of the GRC representa-
tion. The tree consistsof three typesof nodes: leaves(circles) that represent
atomic states,e.g.,pausestatements; exclusive nodes(double diamonds)that
represent choice, i.e., if an exclusive node is active, exactly oneof its subtrees
is active; and fork nodes(triangles) that represent concurrency, i.e., if a fork
node is active, all of its subtreesare active.

Although the selectiontree is usedduring the optimization phaseof our
compiler, for the purposesof code generationit is just a complicatedway to
enumeratethe variablesneededto hold the control state of an Esterelprogram
betweencycles. Speci�cally, each exclusive node represents an integer-valued
variable that storeswhich of its children may be active in the next cycle. In
Fig. 1(b), theseare labeled s1 through s6. We encode thesevariables in the
obvious way: 0 represents the �rst child, 1 represents the second,and soforth.

4.2 The Control-Flow Graph

The control-
o w graph(right of Fig. 1(b)) is a much richer object and the main
focus of the code-generationprocedure. It is a traditional 
o wchart consist-
ing of actions (rectanglesand pointed rectangles,indicating signal emission)
and decisions(diamonds) augmented with fork (triangles), join (inverted tri-
angles),and terminate (octagons)nodes.

The control-
o w graph is executedoncefrom entry to exit for each cycle
of the Esterel program. The nodes in the graph test and set the state vari-
ablesrepresented by the exclusive nodesin the selectiontree and test and set
Booleanvariablesthat represent the presence/absenceof signals.

5



Edwards, Kap adia, and Halas

The fork, join, and terminate nodes are responsible for Esterel's concur-
rencyand exceptionconstructs. When control reachesa fork node, it is passed
to all of the node's successors.Such separatethreads of control then wait at
the corresponding join node until all the incoming threads have arrived.

Esterel's structure inducesproperly nested forks and joins. Speci�cally,
each fork hasexactly onematching join, control doesnot passamongthreads
before the join, and control always reaches the join of an inner fork before
reaching a join of an outer fork. In Fig. 1(b), each join node has two corre-
sponding forks, and the topmost two forks are owned by the lowest join.

Together, join nodes|the inverted triangles in Fig. 1(b)|and their pre-
decessors,terminate nodes2 |the octagons|implemen t two aspects of Es-
terel's semantics: the \w ait for all threads to terminate" behavior of concur-
rent statements and the \winner-tak e-all" behavior of simultaneously-thrown
exceptions. Each terminate node is labeled with a small nonnegative inte-
ger completion code that represents a thread terminating (code 0), pausing
(code 1), and throwing an exception(codes2 and higher). Onceevery thread
in a group started by a fork hasreached the corresponding join, control passes
from the join along its outgoing arc labeledwith the highest completion code
of all the threads. That the highest code takes precedencemeans that a
group of threadsterminates only whenall of them have terminated (the max-
imum is zero) and that the highest-numbered exception|the outermost en-
closingone|tak esprecedencewhen it is thrown simultaneouslywith a lower-
numberedone. Berry [4] �rst described this clever encoding.

4.3 An Example

Considerthe behavior of the program in Fig. 1(a) represented by the control-

o w graph on the right of Fig. 1(b). The topmost node testsstate variable s1,
which is initially set to 1 to indicate the programhasnot yet started. The test
of S immediately below the nodesthat assign0 to s1 implements the everyS
statement by restarting the two threads when S is present (indicated by the
label P on the arc from the test of S). The test of s2 just below S encodes
whether the body of the every hasstarted and should be allowed to proceed.

The fork just below the rightmost s2=1 action resumesthe three con-
current statements by sendingcontrol to the tests of state variables s3, s4,
and s5. Variable s3 indicates whether the �rst thread is at the await I (=2),
sustaining R while checking for A (=1), or has terminated (=0). Variable s6
could actually be removed. It is a side e�ect arising from how our compiler
translates the weak abort statement into two concurrent statements, one of
which tests A. The variable s6 indicates whether the statement that tests A
has terminated, somethingthat can never happen.

2 Instead of terminate and join nodes, Potop-Butucaru's GRC usesa single type of node,
sync, with distinct input ports for each completion code. Our representation is semantically
equivalent and easierto represent.
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When s3 is 1 or s3 is 2 and I is present, these two threads emit R and
test A. If A is present, control passesthrough the terminate 3 node to the
inner join. Becausethis is the highest exit level (the other thread, which
emits R, always terminates at level 1), this causescontrol to passfrom the
join along the arc labeled 3 to the node for emit O and to the action s3=0,
which e�ectively terminates this thread.

The secondthread, topped by the test of s4, either checks R and emits A
in response,or simply setss4 to 0 so it will be checked in the next cycle.

The third thread, which starts at the test of s5, initially emits Q if s5 is 1,
then setss5 to 1 if R is present.

Although the behavior of the state assignments, tests, and completion
codesis fairly complicated,it is easyto translate into imperative code. Unfor-
tunately, concurrencycomplicatesthings: becausetwo of the threads cannot
be executedatomically since the presenceof signals R and A must be ex-
changed during their execution within a cycle. Generating sequential code
that implements this concurrencyis our main contribution.

5 Sequential Code Generation

Our code generationtechnique relieson the following observations: while ar-
bitrary clustersof nodesin the control-
o w graph cannot be executedwithout
interruption, many large clusters often can be; theseclusters can be chosen
so that each is invoked by at most one of its incoming control arcs; because
of concurrency, a cluster's successorsmay have to run after someintervening
clustershave run; and groupsof clusterswithout any mutual data or control
dependencycan be invoked in any order (i.e., clustersare partially ordered).

Our keycontribution comesfrom this last observation: becausethe clusters
within a level can be invoked in any order, we can use a very inexpensive
singly-linked list to track which clusters must be executedin each level. By
contrast, most discrete-event simulators [1] are forced to use a more costly
data structure such asa priorit y queuefor scheduling.

The overhead in our scheme approaches a constant amount per cluster
executed. By contrast, the overheadof the SAXO-RT compiler [8] is propor-
tional to the total number of clustersin the program, regardlessof how many
actually execute in each cycle, and the overhead in the netlist compilers is
even higher: proportional to the number of statements in the program.

Our compilerdividesa concurrent control-
o w graph into clustersof nodes
that can executeatomically and orders theseclusters into levels that can be
executedin any order. The generatedcode contains a linked list for each level
that storeswhich clustersneedto be executedin the current cycle. The code
for each cluster usually includescode for scheduling a cluster in a later level:
a simple insertion into a singly-linked list.

Fig. 2(a) shows the e�ect of running our clustering algorithm on the
control-
o w graph of Fig. 1(b). The algorithm identi�ed eight clusters, but
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#define sched1a next1 = head1, head1 = &&C1a
#define sched1b next1 = head1, head1 = &&C1b
#define sched2 next2 = head1, head1 = &&C2
#define sched3a next3 = head1, head1 = &&C3a
#define sched3b next3 = head1, head1 = &&C3b
#define sched4 next4 = head2, head2 = &&C4
#define sched5a next5 = head3, head3 = &&C5a
#define sched5b next5 = head3, head3 = &&C5b
#define sched5c next5 = head3, head3 = &&C5c
#define sched6a next6 = head4, head4 = &&C6a
#define sched6b next6 = head4, head4 = &&C6b
#define sched6c next6 = head4, head4 = &&C6c
#define sched7a next7 = head5, head5 = &&C7a
#define sched7b next7 = head5, head5 = &&C7b

int cycle() {
void *next1;
void *next2;
void *next3;
/* other next pointers */

void *head1 = &&END_LEVEL_1;
void *head2 = &&END_LEVEL_2;
/* other level pointers */

if (s1) { s1 = 0; goto N26; }
else {

s1 = 0;
if (S) {

s2 = 1; code0 = -1;
sched7a; sched1b; sched3b;
s3 = 2; sched6b;

} else {
if (s2) {

s2 = 1;
code0 = -1;
sched7a; sched1a; sched3a;
switch (s3) {
case 0: sched6c; break;
case 1:

s3 = 1; code1 = -1;
sched6a; sched2; goto N38;

case 2:
if (I) {

s3 = 1; code1 = -1;
sched6a; sched5a;

N38: R = 1; code1 &= -(1 << 1);
} else { s3 = 2; sched6b; }
break;

} } else {
N26: s2 = 0; sched7b;

} } }
goto *head1;

C1a: if (s5) Q = 1;
C1b: if (R) s5 = 1;

else s5 = 0;
code0 &= -(1 << 1);
goto *next1;

C2: if (s6) sched4;
else s6 = 0;
goto *next2;

C3a: if (s4) s4 = 0;
else {

if (R) A = 1;
C3b: s4 = 1;

}
code0 &= -(1 << 1);
goto *next3;

END_LEVEL1:goto *head2;

(b)

Fig. 2. (a) The control-
o w graph from Fig. 1(b) divided into blocks. Control
arcs reaching join nodes have been replaced with (dashed) data dependenciesto
guarantee each block has at most one active incoming control arc. (b) The code
our compiler generatesfor the �rst two levels: clusters 0, 1, 2, and 3 (reformatted
to �t space).
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this is no ideal: a better algorithm would have combined clusters 4 and 5,
but it is not surprising that our simple-mindedalgorithm missesthe optimum
sincethe optimum scheduling problem is NP-complete(seeEdwards [10]).

After eight clusterswere identi�ed, our levelizing algorithm, which usesa
simple relaxation technique, grouped them into the six levels listed at the top
of Fig. 2(a). It observed that clusters1, 2, and 3 have no interdependencies,
can be executedin any order, and placed them together in the secondlevel.
The other clustersare all interdependent and must be executedin the order
identi�ed by the levelizing algorithm.

Our main contribution is our semi-dynamicschedulerbasedon a sequence
of linked lists. The generatedcode maintains a linked list of entry points for
each level. In Fig. 2(b), the head1variable points to the headof the linked list
for the �rst level (the completecode has more such variables) and the next1
through next3 variablespoint to the successorsof clusters1 through 3.

The code in Fig. 2(b) takes advantage of gcc's computed goto extension
to C. This makes it possible to take the addressof a label, store it in a
void pointer (e.g.,head1 = &&C1a) and later branch to it (e.g.,goto *head1)
provided this doesnot crossa function boundary. While not strictly necessary
(in fact, we include a compiler 
ag that changesthe generatedcode to use
switch statements embeddedin loops instead of gotos), using this extension
substantially reducesscheduling overhead since a typical switch statement
requires at least two bounds checks plus either a jump table lookup or a
cascadeof conditionals.

Fig. 3 illustrates the behavior of these linked lists. Fig. 3(a) shows the
condition at the beginningof every cycle: every level's list is empty|the head
pointer for each level points to its END LEVEL block. If no blocks where
scheduled,the program would executethe code for cluster 0 only.

Fig. 3(b) shows the pointers after executingsched3a, sched1b, and sched4
(note: this particular combination cannot occur in practice). Invoking the
sched3a macro (seeFig. 2(b)) inserts cluster 3 into the �rst level's linked list
by setting next3 to the old valueof head1|END LEVEL1|and setting head1
to point to C3a. Invoking sched1b is similar: it setsnext1 to the new value of
head1|C3a|and setshead1to C1b. Finally, invoking sched4 insertscluster4
into the linked list for the secondlevel by setting next4 to the old value of
head2|END LEVEL2|and setting head2to C4. This seriesof scheduling
stepsproducesthe arrangement of pointers shown in Fig. 3(b).

Becauseclusters in the samelevel may be executedin any order, clusters
in the samelevel can be scheduledcheaply by inserting them at the beginning
of the linked list. The sched macrosdo exactly this. Note that the level of
each cluster is hardwired sincethis information is known at compile time.

A powerful invariant that arises from the structure of the control-
o w
graph is the guarantee that each cluster can be scheduledat most onceduring
any cycle. This makes it unnecessaryfor the generatedcode to check that it
never inserts a cluster in a particular level's list more than once.
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Level 0 /* Cluster 0 */
...
goto *head1;

Level 1 C1a:
C1b:
...
goto *next1;

C2:
...
goto *next2;

C3a:
C3b:
...
goto *next3;

END LEVEL1:
goto *head2;

Level 2 C4:
...
goto *next4;

END LEVEL2:
goto *head3;

(a)

Level 0 /* Cluster 0 */
...
goto *head1;

Level 1 C1a:
C1b:
...
goto *next1;

C2:
...
goto *next2;

C3a:
C3b:
...
goto *next3;

END LEVEL1:
goto *head2;

Level 2 C4:
...
goto *next4;

END LEVEL2:
goto *head3;

(b)

Fig. 3. Cluster code and the linked list pointers. (a) At the beginning of a cycle.
(b) After executing sched3a,sched1b, and sched4.

As is often the case,both cluster 1 and 3 have multiple entry points. This
is easyto support becausethe structure of the graph guaranteesthat at most
oneentry point for each cluster will be be scheduledeach cycle.

We usethe dominator-basedcode structuring algorithm described in Ed-
wards [10] to generatestructured code for each cluster. Somegotos are nec-
essaryto avoid duplicating code. Fig. 2(b) has two: N26and N38.

6 The Clustering Algorithm

Fig. 4 shows our clustering algorithm. It is heuristic and certainly could
be improved, but is correct and producesreasonableresults.

One important modi�cation is made to the control-
o w graph beforeour
clustering algorithm runs: all control arcs leading to join nodesare removed
and replacedwith data dependencyarcs,and a control arc is addedfrom each
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1: add the topmost control-
o w graph node to F , the frontier set
2: while F is not empty do
3: randomly selectand remove f from F
4: create a new, empty pending set P
5: add f to P
6: set Ci to the empty cluster
7: while P is not empty do
8: randomly selectand remove p from P
9: if p is not clustered and all of p's predecessorsare then

10: add p to Ci (i.e., cluster p)
11: if p is not a fork node then
12: add all of p's control successorsto P
13: else
14: add the �rst of p's control successorsto P
15: add all of p's successorsto F
16: remove p from F
17: if Ci is not empty then
18: i = i + 1 (move to the next cluster)

Fig. 4. The clustering algorithm. This takesa control-
o w graph with information
about control and data predecessorsand successorsand producesa set of clusters
f Ci g, each of which is a set of nodesthat can be executedwithout interruption.

fork to its corresponding join. This guarantees that no node ever has more
than one active incoming control arc (before this change,each join had one
active incoming arc for every thread it wassynchronizing). Fig. 2(a) partially
re
ects this restructuring: the additional arcso� the forks have beenomitted
to simplify an already complex diagram. This transformation also simpli�es
the clusteringalgorithm, which would otherwisehave to handlejoin sspecially.

The algorithm manipulates two sets of CFG nodes. The frontier set F
holds the set of nodes that might start a new cluster, i.e., those nodeswith
at least oneclusteredpredecessor.F is initialized in line 1 with the �rst node
that can run|the entry node for the control-
o w graph|and is updated in
line 15 when the node p is clustered. The pending set P, usedby the inner
loop in lines 7{ 16, contains nodesthat could be addedto the existing cluster.
P is initialized in line 5 and updated in lines 12{ 14.

The algorithm consistsof two nested loops. The outermost (lines 2{ 18)
selectsa node f at random from the frontier F (line 3) and tries to start a
cluster around it by adding it to the pending set P (line 5). The innermost
(lines 7{ 16) selectsa node p at random from the pending set P (line 8) and
tries to add it to the current cluster Ci .

The test of p's predecessorsin line 9 is key. It ensuresthat whena nodep is
addedto the current cluster, all its predecessorshave already beenclustered.
This ensuresthat in the �nal program, all of p's predecessorswill be executed
beforep. If this test succeeds,p is addedto the cluster under construction in
line 10.
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two lines for the SAXO compiler for a \fast" and normal version of the code. grc2c
is due to Potop-Butucaru [14], SAXO is due to Closseet al. [8], EC is the Synopsys
compiler due to Edwards [10], and V3 is the automata-basedcompiler [5].

All of p's control successorsare addedto the pending set in line 12 if p is
not a fork node, and only the �rst if p is a fork (line 14). This test partially
breaks clusters at fork nodes, ensuring that all the nodes within a cluster
are connectedwith sequential control 
o w, i.e., they do not run concurrently.
Alwayschoosingthe �rst successorundera fork is arbitrary andmay not bethe
best. In general,the optimum choiceof which thread to executedependson
the entire structure of the threads. But even the simple-mindedrule of always
executing the �rst thread under a fork, as opposedto simply scheduling it,
greatly reducesthe number of clustersand signi�cantly improvesperformance.

7 Exp erimen tal Results

Fig. 5 shows our experimental results. Due to the paucity of large public-
domain Esterel programs,we have only tested the speedof our compiler on
�v e medium-sizedexamples.Table1 reproducestheseresultsnumerically and
Table 2 provides somestatistics for the examples.

Our results are mixed: Potop-Butucaru's grc2c beats us on four of the
�v e examples,but we are substantially faster on the largestexample,Chorus.
Furthermore, we are faster than the SAXO compiler on the three largest ex-
amples(Chorus, mca200,and Wristwatch). This is expected: our technique
should becomefaster than the SAXO compiler on larger examplessinceour
(similar) technique has lessoverheadfor unexecutedparts of the program.

The number of clustersand levels in Table 2 suggestswhy our technique
is better on someprogramsand worseon others. A key contribution of our
technique is the use of one linked list per level for scheduling. The more
clusters there are per level (measured,e.g., by the C/L averagein Table 2),

12
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Example CEC (switc h) grc2c SAX O (fast) EC V3 V5
atds 0.11 0.13 0.03 0.11 0.08 0.10 66.0
Chorus 0.94 1.52 1.54 1.42 1.29 1.76 51.0
mca200 1.66 2.75 1.47 2.62 2.35 1.79 29.0
tcint 0.28 0.34 0.14 0.34 0.25 0.18 0.25 1.3
Wristwatch 0.78 0.93 0.61 0.89 0.87 0.86 0.62 2.1

Table 1
Numerical version of Fig. 5: time, in seconds,to run 1000000 iterations of the
generatedcode. The (switch) column shows times for CEC generating switch

statements instead of computed gotos. The (fast) column is for the fast version of
the SAXO compiler. V3 represents automata-basedcode, which can only be

generatedfor two of the examples.The V5 column lists times for code generated
by the netlist-based V5 compiler.

Example Description Size Clusters Levels C/L Threads
atds Video generator 622 156 16 9.8 138
Chorus Task scheduler [15] 3893 662 22 30.1 563
mca200 Shock absorber [7] 5354 148 15 9.9 135
tcint Bus controller 357 101 19 5.3 85
Wristwatch Berry's example 360 87 13 6.7 87

Table 2
Statistics for the examples. Sizeis the number of Esterel sourcelines after run

statement expansionand prett y-prin ting. Clusters is the number of clusters found
by the algorithm in Fig. 4. Levels is the number of levels the clusters were

compressedinto. C/L is the ratio of clusters to levels. Threads is the number of
concurrent threads as reported by the EC compiler [10].

the more our technique di�erentiates itself from the SAXO compiler. The
results bear this out: Chorus, which has the largest number of clusters per
level on averageexhibits the largest improvement over the other techniques.

We also ran the netlist-basedV5 compiler on theseexamplesand found
that the runtimes are uniformly much worsethan any of the other compilers.
The results for the Wristwatch show the least variance becauseit calls the
most user-de�ned functions, something none of these compilers attempt to
optimize.

These timing results were obtained by applying a random sequenceof
inputs to the code generatedby each compiler and measuring the time it
took to execute1000000 reactions. We note that the ratio of our measured
times di�er noticeably from thosereported by Potop-Butucaru [14]. This can
be attributed to a variety of factors including a di�erent processor(Potop-
Butucaru useda P3, our results are on a P4) and perhapsdi�erent stimulus.
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8 Conclusions

In this paper, we presented an improved way to generatecode for Esterel that
useslinked lists to track which blocks of code are to be executed.This results
in improved running times over an existing compiler (SAXO-RT [8]) that uses
a similar technique basedon bit-mapped 
ags and in the largest examplewe
tried, a substantial improvement over the previously fastest-known compiler
(Potop-Butucaru's grc2c[14]).

While our technique is not an improvement of the samemagnitude as the
move from netlist-style compilers, it is competitiv e, generatesreadablecode,
and appearsto work especially well on large concurrent programs.

Sourceand object code for the compiler described in this paper is freely
available aspart of the Columbia EsterelCompiler distribution available from
http://www.cs.columbia.edu/ ~sedwards/c ec/ .
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