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Abstract

Embedded systems often su er from sewere resource constraints suc as limited
memory for programs and data. In this work, we addressthe problem of compiling
the Esterel synchronous languagefor processorswith sud constraints.

Weintroduceavirtual machine that executesa compactbytecode designedspecif-
ically for executing Esterel and presernt a compiler for it. Our technique generates
code that is roughly half the size of optimized C code compiled using existing tech-
nigues.

We demonstrate the utilit y of our approach on the Lego RCX cortroller for the
Mindstorms system. While we are not the rst to executeEsterel on the RCX, our
technique will allow larger programs than were previously possible.
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1 Intro duction

Embeddedsystemsusually have limited resourcesud aspower, size,compu-
tation speed,and memory. A key challenge,then, in implemerting embedded
systemsis meeting requiremerts within theselimits.

In this work, we addressthe problem of running reactive, embedded pro-
grams, speci cally programswritten in the Esterel syncdhronouslanguage[2],
in a constrained-memoryenvironment. We proposean Esterelvirtual madine
whoseinstruction set has direct support for Esterel constructs|sp eci cally
concurrency|that otherwiserequire a fair amourt of code on a normal, se-
guertial processor. We simultaneously deweloped a compiler for the virtual
madine that producesbyte code that is roughly one-halfthe sizeof an equiv-
alent optimized native executable.

We implemenrted our virtual madine on the Hitachi H8-basedRCX mi-
crocortroller that is part of the Lego Mindstorms system.

Code compressiorfor embeddedsystemis a well-studied topic that hasled
to industrial solutions such as ARM's Thumb instruction set. This replaces
the standard 32-bit ARM instruction set with a 16-bit variant that omits
many instructions and register combinations. It generally provides a 20{30%
reductionin code size. While usingsud a compactinstruction seton compiled
Esterel code would certainly work, the virtual-machine-basedapproad we
proposeachievessigni cantly higher compressiorratios.

Running Esterelon the RCX microcortroller is alsonot novel, having been
achieved beforeby Christophe Mauras and Martin Richard*, with somehelp
from Xavier Fornari. Their approad, howewer, is more traditional: like us,
they usethe BrickOS environment astheir low-level interfaceto the hardware,
but usea standard Esterel compiler that generatesC that is cross-compiled
onto the H8 microcortroller; their cortribution is mostly in providing an API.

Roop et al. [7] have proposedan Esterel-sgeci ¢ instruction set, but their
focus was on e ciency, not code size,and their approad appearsto be lim-
ited to Esterel programswith no concurrency For thesereasonswe did not
attempt to follow their work in designingour virtual madine.

Our compilation technique, built on the Columbia Esterel Compiler [4]
translates the GRC-like intermediate represemation [6,5] used within CEC
into a bytecode of our own devising. We descrike the intermediate represen-
tation in Section2 and the bytecode in Section3.

Our two cortributions are the virtual macine and the compilation algo-
rithm, which, like the algorithm devisedby Edwards for the SynopsysEsterel
compiler [3], translatesa concurrert cortrol- o w graph (i.e., GRC) into a se-
quertial programwith explicit cortext switches. We descrike this in Section4.

Finally, we presen experimertal resultson our LegoRCX implemertation
in Section6.

4 http:/lwww.emn.fr/x-  info/lego/
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2 Esterel and the GRC representation °

Berry's Esterellanguage[2] is an imperative concurrernt languagewhosemaodel
of time resenbles that in a syncronousdigital logic circuit. The execution
of the program progressesa cycle at a time and in ead cycle, the program
computesits output and next state basedon its input and the previous state
by doing a boundedamourt of work; no intra-cycle loops are allowed.
Esterelis a concurrent languagein that its programsmay cortain multiple
threads of cortrol. Unlike typical multi-threaded software systems,however,
Esterel'sthreadsexecutein lockstep: eat seeghe samecycle boundariesand
communicateswith other threads using a disciplined broadcastmedanism.
Esterel'sthreads communicate through signals,which behave like wiresin
digital logic circuits. In ead cycle, ead signal takesa single Boolean value
(presentor absen) that doesnot automatically persistbetweencycles. Inter-
thread comnunication is simple: within a cycle, any thread that readsthe
value of a signal must wait for any other threadsthat setthat signal'svalue.
Statemeris in Esterel either executewithin a cycle (e.g., emit makes a
given signal presett in the current cycle, present tests a signal) or take one
or more cyclesto complete(e.g., pausedelays a cycle beforecortinuing, await
waits for a cycle in which a particular signalis preset). Strong preemption
statemernts ched a condition in ewvery cycle before deciding whether to allow
their bodiesto execute. For example,the every statemert performsareset-like
action by restarting its body in any cyclein which its predicateis true.
Esterel's semartics require any implemertation to deal with three issues:
the concurrert execution of sequetial threads of cortrol within a cycle, the
scheduling constrains amongthesethreads due to comnunication dependen-
cies,and how (cortrol) state is updated betweencycles

2.1 The GRC Representation

Consider the small Esterel program in Fig. 1(a). It models a shared re-
sourceusing three groupsof concurrertly-running statemeris. The rst group
(await I through emit O) takesa requestfrom the environment on signal |
and passesdt to the secondgroup of statemeris (loop through end loop) on
signal R. The secondgroup respondsto requestson R with the signal A in
alternate cycles.

This simple exampleillustrates many challengingaspects of compiling Es-
terel. For example,the rst thread communicateswith and respondsto the
secondthread in the samecycle, i.e., the presenceof R is instantaneously
broadcastto the secondthread, which, if the present statemert is running,
obsenesR andimmediately emits A in response. In the samecycle,emitting A
causeghe weak alort statemert to terminate and sendcortrol to emit O.

5 Much of this section was taken from Edwards, Kapadia, and Halas [4].
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module Example:

input I, S;
output O;
signal R,A in
every S do
await |;
weak abort
sustain R
when immediate A;
emit O
Il
loop
pause; pause;
present R then
emit A
end present
end loop
end every
end signal
end module

(@) (b)

Fig. 1. An Example. (a) A simple Esterel module modeling a shared resourceand
parallel execution. (b) The (simplied) GRC graph, consisting of a selectiontree
and a cortrol- o w graph.

As is often the case the inter-thread communication in this examplemeans
that it is impossibleto executethe statemeris in the rst thread without
interruption: thosein the secondhread may haveto executepartway through.
Ensuring the code in the two threadsexecutesn the correct, interleaved order
at runtime is the main compilation challenge.

The Columbia Esterel compiler translates Esterelinto a variant of Potop-
Butucaru's [6] graph code (GRC). Shown in Fig. 1(b), GRC consistsof a
selectiontree that represetts the state structure of the programand an acyclic
concurrert cortrol- o w graph that represeis the behavior of the programin
ead cycle. A straightforward syntax-directed translation producesthis GRC
from the program's abstract syrntax tree. The cortrol- o w portion of GRC is
equivalert to the concurrert cortrol- o w graph descriked in Edwards [3].

2.2 The Seletion Tree

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

2.3 The Control-Flow Graph

The cortrol- 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) augmerted with fork (triangles), join (inverted tri-

angles),and terminate (octagons)nodes.

The cortrol- o w graph is executedoncefrom entry to exit for ead cycle
of the Esterel program. The nodesin the graph test and set the state vari-
ablesrepreseted by the exclusive nodesin the selectiontree and test and set
Booleanvariablesthat represemn the presence/absencef signals.

The fork, join, and terminate nodes are responsible for Esterel's concur-
rency and exceptionconstructs. When cortrol readesa fork node, it is passed
to all of the node's successorsSud separatethreads of cortrol then wait at
the correspnding join node until all the incoming threads have arrived.

3 The BAL Virtual Mac hine

The designof our virtual machine arosefrom a desireto executeEsterel pro-
grams in as little memory as possible. Since Esterel programs, with their
concurrency preemption, and signals, behave very di erently than, say, C
programs,it seemedan obvious choiceto implemert a virtual madcine whose
instruction set was customizedto Esterel semarnics. We deviseda compact
eight-bit instruction setwith just thirteen instructions, listed in Table 1.

Instructions in our virtual madine consistof one,two, or more bytes. The
v e low-order bits of the rst byte encale the instruction type (we only use
four currertly; the other is for future expansion);higher-orderbits in this byte
sometimesencale additional information. For example, TWB usesthe three
higher order bits to distinguish whether it is testing state registers,signals,or
termination codes.

Our virtual machine hasfour typesof registers: thread program courters,
signals, states, and completion codes. There may be up to 256 of eat type,
since eadth is indexed by a single byte; the exact number is a compile-time
constart. Program courters hold the location wherea thread will resumeand
are only accessedndirectly through the two switch instructions SWC and
SWCU. Signal registershold the presence/absencetate of ead signal, are
set and clearedby SSIG and EMT, and are tested by the TWB and MWB
instructions. State registershold the state of threads between instants (cf.
program courters, which hold the state of threads within an instant) and
are setand tested by SSTT and TWB/MWB instructions. Completion code
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Table 1
Summary of the Instruction Set
Op code | Description Enco ding(Hex)
Signal, State and Thread Instructions
SSIG Set Signal 2A RR
Clear Signal 0OA RR
SSTT Set State 0B RR VV
EMT Emit a Signal 04 RR
STHR Set Thread O7TT HH LL
Control Flow Instructions
END Program End 03
EXIT Terminate the Program 02
JMP Jump 06 HH LL
NOP No Operation 01
Branch, Switch and Terminate Instructions
MWE Multiw ay Branch On State 2D NL RR HH2 LL2 HH3 LL3 ...
Multiw ay Branch On Completion Code | 4D NL RR HH2 LL2 HH3 LLS...
Two Way Branch on State 29RR HH LL
TWB Two Way Branch on Signal 49RR HH LL
Two Way Branch on Completion Code | 69 RR HH LL
SWC Switch Thread O5TT
SWCU | Switch Unknown 0C
TRM Set Completion Code for a Join 08 RR VV

RR = RegisterNumber

VV = 8-bit Value

HH = High-order addressbyte
LL = Low-order addressbyte
NL = Number of labels

TT = Thread Number
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registers store the exit level (i.e., O for terminate, 1 for pause,and 2 and
higher for traps) for groupsof concurrert threads following the usual Esterel
numbering corvertion [1]. They are set by the TRM instruction and tested
by TWB/MWB instructions.

The certral challengein the virtual madine was implemerting Esterel's
concurrency So our virtual madine maintains a separateprogram courter
for ead thread and has context-switching instructions: SWC and SWCU.

The switch thread instruction, SWC, storesthe PC for the current thread,
takesan eight-bit thread number asan argumern, and loadsthe PC from that
thread number. A specializedversion of this (SWCU) is usedto switch back
to the thread that calledthe current thread without having to passthe thread
number as an argumert.

Onedicult y herewasto handlethe rst invocation of any thread. Our
compiler generatescode at the beginning of the program that usesSTHR
instructions to initialize the current PC for ead thread to a dedicated\not
running” block that consistsof a single SWCU instruction.

4 Sequential Code Generation

Our sequetial code generationtechnique generatescompact bytecode from
CEC's GRC represemation of the concurrert Esterel program. One of its
main goalsis to take advantage of the corntext-switching macdinery in our
VM, which we speci cally designedto be easy GeneratedC code requiresa
fair amourt of overheadfor eat context switch, typically a switch statemen;
our VM allows us to encale a cortext switch in two bytes.

After our VM, our sequetializing algorithm is our main cortribution. It
addscontext switchesbasedon the sdeduleof nodesin the GRC represeta-
tion of the Esterel program described in Section2. Our addition to CEC is
code that sthedulesthe nodes,assignsa thread number to eat node, sequen-
tializes the graph, de nes the path of execution,and nally outputs the BAL
represemation (Section 3). Fig. 3 shows the stepsin generating BAL from
GRC on a small example(a subsetof Fig. 1(b)).

The rst stepin our algorithm is to usea simpletopologicalsort to schedule
the executionof the nodesin the program. Both corntrol and data dependencies
are consideredin this phase(data dependenciesare drawn as dashedlinesin
Fig. 1(b)), and we assumethe graph is cycle-free.

Next, we assigna thread number to ead node. This is straightforward]|
the topmost thread is numbered0 and the threadsunder a fork are numbered
sequemially starting with the next available thread number. Our onetrick isto
givethe rst child thread under ead fork the samenumber asits parert. This
is safesincethe parert doesnot to run until all its children have terminated.

The next stepis sequetialization, which we descrilke in detail in Section5.
Our algorithm intro ducestwo new nodesto the GRC: switch nodesand active
points (seethe key in Fig. 2). An active point node represens the living
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SWC t4 SWC t4 SWC t4

SWC 10
. : SWCN Switch to thread N
| . Active Point

SWCt1 SwCtl swcCitl

Branch on state

set state Nto C

swe 2 SWCE2 SWCt2 Swct Branch on signal

o

0
SWCtl SWCt0 SWCt0 SWCtl SWCtl SWCtl SWCt0 SWCt0 SWCt0 SWCtl SwCtl

l & \ \ i /
A Fork
SWCt2 b SwWC !2 SWCt2 SWCt2 o SWC 2 S\NC 2

Emit signal

Terminate node on code C

SwCts  wct3 ! swctl

Join

case label

Fig. 2. The sequetialized graph of the concurrernt Esterel program in Fig. 1(a).

sectionsof the threadswherewe have not yet processedhe upcomingnode. A
switch node represets a cortext switch demandedby the sdhedule,i.e., when
the next node in stheduledsequencéelongsto a di erently-numberedthread.
Pairs of switch nodesare insertedat sud cortext-switch points. Fig. 2 shows
the e ect of running our sequetializing algorithm on the Esterel example
showvn in Fig. 1(a).

After sequemialization, our compiler adds caselalel, jump lakel, and done
lakel nodesto the graph to de ne the path of execution for the program
(Fig. 3(e)). The locations of theseare determined by computing the reverse
immediate dominators of the nodesin the graph, which tells us where cortrol
recorvergesafter ead switch and fork node (seeEdwards [3] for details).

Finally, the BAL is generatedby performing a depth- rst seart on the
graph and generatinga BAL instruction for ead node. The depth- rst seart
stopswhenit encourers a jump lakel node sincewe are guararteed the code
at the destination label will be generatedat someother point. The BAL

represemation (Fig. 3(f)) is then asserbled to getthe byte code for the virtual
madine, (Fig. 3(g)).
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0
Assign
Sdchedule Threads 0 Sequetialize A 1
ST A TR O CHEREEE. 7
|
|
0 1 |
|
2> <> 2> —<3> |
|
! "0
N4/ %17
€Y (b) (c) (d)
0
11 1 t0
} STHR1 t1 07 01 00 Oe
| EMT1 04 01
} SWCL 05 01
| @el STHR1 NR1Convert 07 01 00 Od
Add ‘ Convert END to 03
Caselabels } to BAL byte code
[imp_done] [done | NRlSWCU o
|
[ t1
} TWB2 2 case_ 1 49 02 00 15
! ) JMPdone 06 00 15
case 1
done
SWQ 05 00

(e) (f) (9)

Fig. 3. Translating GRC to bytecode. Starting with a fragmert of the concurrernt
GRC graph (a), we schedule the nodesin the graph (b) and assignthread numbers
(c). Next, the graph is sequetiialized as described in Section 5. After sequettial-
ization (d), the execution path is set by adding caselabels (e). It is then corverted
to BAL (f) and assenbled to produce bytecode (g).
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(d) (e)

Fig. 4. The behavior of the sequetializing algorithm. The dotted line labeled F
represers the frontier. The frontier starts at the top of the graph (a) and moves
down a node at a time in scheduled order (b). When a node is in the samethread
asthe most recerilly moved one, it is simply moved above the frontier (c). However,
when the next node is from a di erent thread, a switch is added to the previous
thread and a active point is added to the new thread just above the just-moved
node (d). The algorithm is complete when the frontier has swept acrossall nodes
in scheduled order (e).

5 The Sequentializing Algorithm

Fig. 5 shawvs our sequetializing algorithm. Beforethe GRC represetation of
the Esterel program is sequetialized, node numbers and thread numbers are
assignedto ead node in the graph and the nodes are scheduled. After the
nodes are sdheduled, the sequetializing algorithm producesa version of the
graph containing threads and cortext switchesfeaturedin Fig. 2.

The algorithm maintains two setsof CFG nodes, the parert set P[t] and
the active set A[t], for ead thread t. The parert set acts asthe set of nodes
for a thread that have already been visited and sequetialized. The active
setis the set of nodesfor ead thread that have not yet beenvisited but are
children of the nodesin the parert set. Thesetwo sets are separatedby a
frontier. Fig. 4 shaws the frontier asa dashedline labeledF.
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1: for each threadt in G do

2: createnew active point p

3:  copy rst noden oft in G to n°newnodein G°
4:  connectp and n°

5 addpto P[t]

6: addn®to A[t]

7: t°= the rst thread

8: for each node n in sdeduledorder do
9: tisthread ofn

10: if t 6 t9then

11: for each parert pin P[t9 do

12: for each successoc of p in A[t9 do

13: create switch node s from t°to t

14: connects betweenp and ¢

15: replaceP [t with the set of new switch nodes

16:  moven to P[t] and remove it from Alt]
17: for each unreaded successoc of n do

18: copy c to c® new node in G°
19: if nisafork then

20: add child to Afthread of c]
21: else

22: add child to Alt]

23:  t°= t fremenber the last threadg

Fig. 5. The sequetializing algorithm

When our algorithm considersthe next node in the sdedule, it chedks
whetherthe thread of this node is the sameasthe thread of the last node that
was processedline 10). If the threads are the same,then the node is simply
moved from the active set into the parernt set (line 16) and the successoref
the node are addedto the active set (lines 17{22). This is why node 2 simply
moves above the frontier on Fig. 4(c). If the threads are not the samethen
switch nodesare addedbetweenthe parerts and their children in the active set
for the last thread (lines 11{ 14). Then the current node is considered.Hence,
in Fig. 4(d), when node 3 gets processed,a switch node gets inserted into
thread O after node 2 but beforenode 4. Oncethe cortext switch and active
point are addedbetweenthe parert and child, the cortext switch movesinto
the processedectionand becomeghe newparen for the child node. Fig. 4(d)
shaws the state after the switch node and active point have beenaddedto the
parert setof thread 0.

The algorithm consistsof seweral parts. The initialization (lines 1{6) of
the parert setand active setinvolvescreating an active point and connecting
it to the rst node in the thread (lines 2{4). The active point is added to
the parernt setand the rst node to the active set for that thread (lines 5{6).
In the next section, the algorithm processe®ad node in sdheduledorder by
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moving it from the active setinto the parert setand then adding ead of its
children to the active set (lines 8{23).

The testing of the thread (line 10) is the key part of the algorithm. We
test if the thread number of the current node is the sameasthe last node that
was processed.If they are not the same,then we needto executea cortext
switch. The context switch is createdby consideringeat node in the parert
set for the last thread. For ead parernt and active child pair a switch node is
createdand inserted betweenthem (lines 11{ 14).

6 Exp erimental Results

We ran our virtual machine on a Pertium 4-classdesktop macdine and also
ported it to the Hitachi H8-basedRCX microcortroller used by the Lego
Mindstorms. We usedbrickOS 0.2.6on the RCX. Tables2 and 3 shaw results.

For ead of the examplesshavn, we built the byte code to be executedon
the virtual madine using the sequetializing algorithm. We also built the C
code for the Esterel program using an alternate path: the Columbia Esterel
compiler, which generates\link ed-list" code [4]. Finally, we built the object
code for this C code for both x86 and H8 using gccrunning with optimization
(-02.

For ead example,the size of the byte code is at least 47% smaller than
the compiled C code for both the x86 and H8 processors.The code for the
virtual madine occupies814 bytes on the H8, independert of the program it
must run; this doesnot include spacefor the registers.

Table 3 showvs executiontimes. We comparedthe speedof the coderunning
on the VM on an x86 with that of the compiled, optimized C code running
on the samemadine (a Pertium 4 running at 2.5 GHz). The listed number
are per-tick executiontimes, collectedby running 1000000cycleson random
input data. The dacexampletimes are an outlier; it is unrealistically small.

7 Conclusions

We have presened a virtual-machine-basedapproad for implemerting Esterel
programsin memory-constrainedervironments. We preserned a virtual ma-
chine designedwith Esterelin mind (in particular, it supports instruction-level
concurrency)and a novel compilation algorithm for it that statically sdhedules
the concurrencyto eliminate most dynamic run-time behavior.

Our virtual madine is deliberately very simple and closely paired with
the Esterellanguage.It hassignal status registers,completion code registers,
per-thread program courters, and inter-instant state-holding registers. Most
operations on these are classical,but two instructions explicitly implemert
concurrencyby passingcortrol to another thread.

Our compilation schemestatically schedulesthe concurrert behavior of the
programand generatesstraight-line code for eat thread that includesexplicit
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Table 2
Code sizesfor various examples.

Example BAL x86 H8

dacexample 369 917 60% 842 57%
abcd 870 2988 71% 2648 68%
greycourter 1289 3571 64% 2836 55%
tcint 5667 11486 51% 10074 51%

atds-100 10481 38165 73% 26334 60%

BAL: the sizeof our bytecode (in bytes)

x86: the sizeof optimized C code for an x86

H8: the sizeof optimized C code for an Hitachi H8
Percertagesrepresen the sizesavings of using bytecode.

Table 3
Execution speedsfor compiled versusvirtual machine code.

Example x86 BAL

dacexample 0.06 s 1.1 s 18
tcint 028s 11s 4
atds-100 0.20s 14s 7

instructions for context-switching betweenthreads. As a result, the order in
which threads are executedis known at compile time and therefore does not
introduce overhead, but the details about what instructions are executedis
determinedat run-time.

Experimentally, we nd that the bytecodefor our virtual madineis roughly
half the size of optimized native assembly code generatedfrom C, and runs
between4 and 7 times slower than optimized C code. We validated this on
both an x86-baseddesktop madcine and a small microcortrollerlan  Hitachi
H8 in the LegoMindstorms RCX cortroller.

Our virtual machine currertly only supports a pure subsetof Esterel, i.e.,
it does not support arithmetic and calls to external functions. We plan to
add arithmetic by adding stack-basedarithmetic instructions to the VM. For-
tunately, it is never necessaryto context switch during the evaluation of an
arithmetic expression,soit will only be necessaryto maintain a single stak
sharedby all threads. Adding support for externally-called functions is an-
other possibility, although it raisessometricky dynamic library issues.Work
on theseextensionsis ongoing.
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