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Abstract. Veriest is an automatic translator that converts syntaész\Verilog
designs into the synchronous language Esterel. The ttamsiato a synchronous
language can expose hidden flaws in the original designudimay subtle race
conditions. In addition, the extensive libraries of vedfierilog designs can now
be reused in synchronous designs.

Verilog and Esterel have different models and features,pticating the trans-
lation. For example, Verilog has flexible data types and atoes for dealing
with data buses of varying widths; it also supports thregeskogic, which has
no equivalent in langauges not meant to describe hardware&sy creates func-
tions in the hosting language (usually C) to represent sahgisuch features of
Verilog that are not native to Esterel.

1 Introduction

Synchronous languages specify the reactions of reactiveeai-time systems to their
environment. They have rigorous mathematical semantik&hnallows programmers
to develop critical software faster and more reliably. Syeoous languages also enable
validation and verification of the developed systems. Theyparticularly useful for
designing the control of real-time embedded systems [8].

Modern hardware design is done using hardware descripgioguages (HDLS);
Verilog [6] is one of the two most popular such languages (teer being VHDL).
As a result, there are many libraries of tested and verifiailo¢edesigns available.
These include many useful applications, such as commiumicptotocols, video and
audio compression algorithms, cryptographic algorithemsl more. These libraries far
outnumber corresponding libraries for synchronous laggesaMany of these asyn-
chronous designs could also be useful for designers ofiveagystems that use syn-
chronous languages, if they could be translated into thesgulges. These could be
used to synthesize synchronous designs in software as svedirdware.

Besides allowing reuse of existing designs, translating@ag design into a syn-
chronous language can expose hidden flaws in the design #rat mot discovered
by testing. Phenomena such as race conditions become sbwloen stated in a syn-
chronous language.

Such translation is complicated by the difference in motelsveen Verilog and
synchronous languages. Verilog is actually composed ofinaim sub-languageSyn-
thesizable Verilogs the subset of Verilog that can be directly compiled intadhare.

871



872 Menachem Leuchter, Shmuel Tyszberowicz, and YishaiefdriRan

The rest of the language is used for designing stimulus enmients (which are not
a part of the design) for the simulation of synthesizabldldgrdesigns, and contains
such features as the generation of random test vectors aadiass. Reusable Verilog
designs are all written in synthesizable Verilog. This isaadhware-oriented language,
and includes variable-length data types and flexible opes&br combining and select-
ing parts of such buses. Verilog also supports three-stgie,lin which a wire can be
in an undriven (or “floating”) state, enabling multiple soes of control for the wire.
Such features of the language have no equivalent in thettsygehronous languages.

We have implemented an automatic translator, called \Vetiest converts synthe-
sizable Verilog designs into the synchronous language &gt. Esterel is one of the
most popular synchronous programming languages, desfgnptbgramming reactive
systems. Esterel can be compiled into sequential code &ssveito hardware. Veriest
preserves the Verilog RTL hardware semantics in the geseadterel code.

In order to create readable Esterel programs, Veriest ptteta keep the structure
of the original program as much as possible. Features ofogdtiat are not directly ex-
pressible in Esterel are implemented using Esterel’s stfireexternal functions in the
hosting language (usually C). Veriest defines a set of anyifunctions, derived from
the particular features and operations used in the soursigrdeThe function names
follow a fixed scheme, so that their semantics can be immelgiahderstood without
reference to their implementation. In this way, impleméaotadetails are hidden while
the design is still executable.

We have successfully translated a number of different dgrdesigns using this
tool. The generated Esterel code was about half again asa®tige original code (ex-
cluding the generated C functions). The original intent gaite clear in the generated
code, and it seemed to be understandable and maintainable.

1.1 TheGap

Esterel is a high-level synchronous language that suppbsisaction, a variety of data
types and the ability to define new ones, and interoperglhilith other languages. It
contains special constructs for timing control, and iséfene appropriate as the target
language for developing reactive systems.

In contrast, Verilog is meant for hardware design, and thhssizable subset of
Verilog lacks many of the abstraction mechanisms and daestyf Esterel. It does
emphasize timing, although in an asynchronous settingjratitat sense is closer to
Esterel than most conventional programming languagestrahslation of C/C++/Java
code into Esterel is not as useful as that resulting fromlMgrisince the former pro-
grams are sequential, and have no timing restrictions ocuwroency. The loss in such
languages of the synchronization characteristics in tiseggdanakes it less suitable for
a synchronous language such as Esterel.

Some features of Verilog can be translated more-or-legsiljrinto Esteref, al-
though care must be taken to preserve the semantics. Otiterde pose more diffi-
culties. Verilog supports arbitrary-width variables,mibeir associated operations. For

4 In most of this paper we refer to Esterel version 5, which waadatest version when this work
was implemented [5]. We address the changes to Esterel troS&c1.
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example, it is possible to define 5-bit variables, and arétical and shift operations on
such variables truncate any results to 5 bits. Similarig, jfossible to define a variable
consisting of 128 bits, which is beyond the capabilities sifefeel’s built-in data types.

Verilog also supports flexible combinations of parts of suatiables. For example,
the expression
{data out[6:0], data_in} represents the value containing the seven least-
significant bits oflat a_out with the value ofdat a_i n concatenated on the right. In
hardware, such operations correspond to simple wirindnawit computational content.
In Esterel, these have to be represented in code.

Hardware designs sometimes usgestate (or floating) signals, which are distinct
from logical high and low (or one and zero) values. The flgasilgnals are not actively
driven, so that any of a number of connected circuits caredtiem in turn. This is
useful in cases where one output value can result from onewafral sources, each
active at a different time, or when a single wire is used a##vely for input and for
output. Verilog fully supports tri-state signals; for exalm the expressiod’ b101zzz
denotes a 6-bit value whose most-significant bits are 10ldyfed by three floating bits.
These bits could be supplied by a different module. Esteasglrto built-in support for
tri-state values.

In addition, Esterel has no built-in support for arrays, aibaata type of Verilog
(and many other languages). These have to be simulated gettexated code.

2 TheTrandation

Those constructs of Verilog that have direct counterpartsiterel are translated sepa-
rately and independently. Note that even seemingly-friyieerations such as addition
are complicated by the presence of data types with flexibtghsi For example, the
Verilog expressiora+b cannot be directly translated to Esterel if the origiaandb
are 5-bit variables, whereas their counterparts in Esteeeintegers, since truncation
of the sum to 5 bits needs to be added.

Unique Verilog constructs require a more detailed analgithe Verilog source
code. There are general translation solutions for each sanbktruct, but these are
sometimes overly complex. Veriest therefore attempts ¢togrize some frequently-
used Verilog patterns, in order to translate those into rnoneise and efficient code.

Pure Esterel can express some Verilog features awkwandltlyoghers not at all.
For example, it is impossible to represent in Esterel a liP8dator using the built-in
types. Five-bit vectorsanbe represented using Esterel integers, but correctlylatans
ing operations on them to pure Esterel requires additiopefations that increase code
size and obscure its meaning. To achieve a full and efficianstation we use Esterel
user typeq1]. These types are considered completely abstract bydtsteelf; their
implementation is given in the host language. Veriest definget of user types with as-
sociated operations. The types and operations genergtedden the particular source
program; however, they follow common patterns, and themescompletely describe
their semantics. Designers who want to maintain and moldédygenerated Esterel code
therefore do not need to read the C implementation at all.
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nmodul e up_down_counter (data_out, carry,rst,clk,dir);
i nput clk,rst,dir;
out put [23:0] data_out; output carry;
reg [23:0] data_out; reg carry;
al ways @ posedge cl k or negedge rst)
begin
if (!rst) begin data_out <= 0; carry <= 0; end
el se begin
if (dir)
begi n
data_out <= data_out + 1;
if (data_out == 24’ hffffff) carry <= 1;
el se carry <= 0;
end
el se begin
data_out <= data_out - 1;
if (data_out == 0) carry <= 1;
el se carry <= 0;
end
end
end
endnodul e

Fig. 1. A Verilog design of an up-down counter.

We start with a small yet complete example, then discuss dhetrivial issues in-
volved in the translation one by one. The full details ardlatsée in [5].

Figure 1 contains a Verilog design of a simple 24-bit up-d@eanter. Its inputs
are a clock, a counting direction selector link ¢ ) and a reset liner(st ). Its outputs
are a 24-bit bus that stores the current value and a carmhéonéxt stage. The value
of dat a_out is incremented or decremented at each rising clock cycfeemiding on
whether the value dadi r is one or zero, respectively. Whenedat a_out overflows
or underflows, it is truncated, armdr r y is set to one for one clock cycle.

Figure 2 shows the Esterel code generated by Veriest. Batloyavires (transient
values without memory, such a$ k anddi r ) and registers (memory devices, such as
car ry) are translated into Esterel as signals with boolean valuebange in the vari-
able value causes the corresponding signal to be emittél#, tlvk value of the variable
is stored in the signal’'s associated value. A binary valugdbave been represented by
the presence or absence of a signal. However, the use ofa siijh a value preserves
two important characteristics of Verilog register vareblfirst, retaining the value after
the signal disappears; and second, the ability to refergovéttue of the signal at the
previous clock tick even while a new value is assigned toécdise of the need to refer
to previous values, all signals are generated with appatmitializations.

The Verilog design usgeocedural assignmentahich have a triggering condition.
In this case, the triggering conditionad ways @ posedge cl k or negedge
rst), which means that this section of code is activated on aipesiidge of the
cl k signal or a negative edge bkt . This is translated into an Esterel loop that waits
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nmodul e up_down_count er:
type VEC 23_0; % definition of new type for 23-bit register
function CONV_STRI NG _VEC 23_0(string): VEC 23_0;
function PLUS VEC 23 0O(VEC 23 0, VEC 23 0, integer):VEC 23 0;
functi on COW_EQ VEC 23 _0(VEC 23_0, VEC 23 _0): bool ean;
function M NUS_VEC 23 O(VEC 23 _0, VEC 23 0, integer):VEC 23 0;
i nput cl k: =fal se: bool ean, rst:=fal se: bool ean, dir:=fal se: bool ean;
out put data_out:VEC 23_0, carry:=fal se: bool ean;
| oop % procedural assignment section
await [clk or rst];
if (((?clk) and not pre(?clk)) or (not(?rst) and pre(?rst))) then
if (not (?rst)) then
emt data_out (CONV_STRI NG VEC 23 0("0"));
emt carry(false);
else if ((?2dir)) then
emt data_out(PLUS_VEC 23 0O(pre(?data_out),
CONV_STRI NG VEC 23 0("1")), 24);
if (COVWP_EQ VEC 23 0O(pre(?data_out),
CONV_STRI NG_VEC 23 _0("16777215")))
then emt carry(true);
el se emt carry(false);
end if;
el se
emt data_out (M NUS_VEC 23 _0O(pre(?data_out),
CONV_STRI NG_VEC 23_0("1")), 24);
if (COVWP_EQ VEC 23 O(pre(?data_out), CONV_STRI NG VEC 23 0("0")))
then emt carry(true);
el se emt carry(false);
end if;
end if;
end if;
end if
end | oop
end nodul e

Fig. 2. The Esterel version of the up-down counter.

for a change ircl k or r st . Because these are signals with values, the meaning of
the statemendwait [cl k or rst] is to wait for theexistenceof either signal,
regardless of their values. A signal exists when a value igtednfor it. The type of
change (from false to true, denoting a positive edge, or fira to false, denoting a
negative edge) is checked separately, with the followihgtatement. This is necessary
because Esterel does not support the notion of positivegative edges of signals, and
is the reason for the need to reference previous valuestrBasnent of signals allows
the Esterel compiler to generate more efficient code, whith checks the conditions
when the value is assigned, rather than at each instant.

The body of the Verilogal ways statement uses a number dénblocking as-
signmentsexpressed using the= operator. The right-hand sides of all concurrent
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(a) Verilog source (b) Esterel translation

assign ol = a | b; | oop

assign b = a; await [a or b]; enmt ol(?a or ?b);
end | oop
N
| oop

await a; emt b(?a);

end | oop;

Fig. 3. Translating continuous assignments.

nonblocking assignments are computed before any valueaisged. In the generated
Esterel code, the same effect is achieved by using the prewalues of the vari-
ables on the right-hand side. Thus, the two Verilog nonblogkssignmenta <= b;

b <= c¢; would be translated intenit a(pre(?b)); emit b(pre(?c));
whereas the (sequential) blocking assignments b; b = c; would be translated
intoemt a(?b); emit b(?c);.

Other than these changes, the structures of the two progremssmilar. The most
striking change is the treatment of the 24-bit data type fisedat a_out . In Verilog,
the definitionr eg [ 23: 0] dat a_out causes the addition operatordat a_out
+ 1 to denote 24-bit addition, which truncates its result to tbquired length. To
achieve the same result in Esterel, Veriest defines a usecglfedvEC _23_0. All the
required operations on this data type are defined as useidnacThis particular pro-
gram uses addition and subtraction on 24-bit quantitiebcampares them for equality.
Veriest therefore defines the functioREUS VEC 23 0, M NUS_VEC 23 0, and
COWP_EQ VEC _23_0 for these operations. The implementation of these funstion
C is straightforward, and is generated automatically.

This example also shows the treatment of constants. Inthisple, the target host
language could represent integers of up to 16 bits. The Pvebiors of the example are
therefore represented as a struct of two integers, and ihacegeneral way to specify
constants of this type. The general solution in such cagesise strings to encapsulate
the constants, with conversion functions (IRENV_STRI NG_VEC 23_0) to create
the internal representation. Of course, whenever possiblaeric constants are used.

Continuous Assignmerih addition to the procedural assignments shown in the exam-
ple, Verilog also supportsontinuous assignmestatements of the formssi gn var

= expressionTheir semantics is that the variable always has the valtreeaxpression;
whenever the value of the expression changes, so does trieofahe variable.

In order to translate continuous assignments into Estiérey, must be placed in a
loop that waits on any variable involved in the expressiathi@nge. If there are multiple
continuous assignments, they are translated separatelydrallel Esterel loops. Figure
3 shows an example of such translation.

Variable-Width VectorsThere are two possible ways of dealing with variable-width
vectors. The first is to embed them into the closest builiiager type large enough to
hold them. This makes arithmetical operations relativaigightforward, but selecting
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subfields and combining them to create new vectors is mofieudtf The second ap-
proach is to keep each vector as a set of separate bits. Thésraelection, shifting, and
concatenation easier, but arithmetic becomes complexe@iten, the same variable
participates in both types of operations. Veriest take$itbieapproach. Each of the new
types created for variable-width vectors is embedded iméxt highest integer type, or
in a C struct of integers in case the field is too wide. As sholwve, special-purpose
functions are created as necessary in order to perforrmaatibal operations on the
new types. Similar functions are created for selection amtatenation.

A set of concatenation functions is created when variabt#hwectors are com-
bined. For example,

data[ 7: 0] = {data[6:0], a}
could be translated into
enit data( CONCAT_| NT_BOOL( CONV_I NT_I NT(?data, 6, 0), 7, ?a, 1)),

where the second and fourth arguments specify the numbeitsofdbtake from the
preceding argument. However, Veriest recognizes thigpats a shift, and produces
the more concise

enmit data(OR | NT_BOOL(SH FT_L_INT_INT(?data, 7,1), ?a)).

The second argument to the shift function is the width of thiftexd field, and the third
is the shift amount.

Such heuristics are not necessary for correct transldiigrithey improve code read-
ability and reduce its size. Since the goal of the transtei8do generate maintainable
code in the synchronous language, it is important to inctuad heuristics for common
cases, such as shifts. For the same reason, built-in Esfggedtors are used when pos-
sible. For example, Veriest will use" instead of the functio€OVP_EQ VEC 8 0.

Arrays Verilog supports arrays of other types, and in particulsays of registers. For
example, the declaratioreg [ 7: 0] nen{ 0: 255] defines an array containing 256
8-bit vectors. (This is a typical way to define memory.) Esttesn the other hand, does
not have built-in arrays. As in the case of vectors, the gmiut to use user types. In
this example, Veriest will create the typ&RRAY_REG 7_0_255_0, with associated
operations for reading and writing elements or ranges afyatr

Tri-State Logic Verilog supports a floating state for bits in addition to zanal one. In
Esterel, it must be simulated using an additional bit. Fahezariable that may have
floating bits, Veriest creates another variable that hasdnee name with aZ suffix.
Each bit in the new variable has the value one exactly wheodhesponding bit in the
original variable is in the floating state. Veriest createdecto manage both variables
together in order to represent the Verilog semantics. Famgte, the Verilog excerpt

i nout [2:0] data;

data = (select) ? 3 bl1l : 3 bzzz;

is translated into
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i nput out put data: integer;
out put data_Z: integer;
if (?select) then

emt data(7); %set data to 3'blll

emt data Z(0); % set data to normal node
el se

emt data_Z(7); %set data to tri-state node
end if

In this case, the variablgat a is shared between all modules that may attempt to
write to it, butdat a_Z is duplicated for each module. A module may only write to
dat a if it asserts indat a_Z that those bits it is writing to are not floating. Note that
whensel ect is false and all bits oflat a are set to tri-state mode in the Verilog
source, there is no need to change the value ofititea variable in Esterel, since its
value is irrelevant whedat a_Z is set to all ones.

Veriest creates special comparison functions, suctCA8 EQ Z and
COVP_NEQ Z, for comparing tri-state variables.

3 Results and Discussion

We have evaluated Veriest on four designs. These are alimgalseful Verilog designs,
each written by a different programmer. The example desigiisde the following: the
up-down counter shown in Section 2; a Viterbi encoder, aorarorrecting algorithm
based on convolution encoding [7]; a real-time clock; andnaplementation of the
I2C protocol for connecting multiple devices using only twaesi. In all cases, the
generated code was functionally equivateiatthe original. This section analyzes the
results of the translation of these examples, and disctssesmplications.

3.1 Maintainability

Esterel code generated by Veriest tends to be longer thaartpmal Verilog code;
the average increase in our examples was 60% (excludingetinergted C functions).
Generated lines also tend to be longer, due to the subastitofi primitive operators
such as arithmetic, selection, shifting, and concatenabig generated functions with
relatively long names. Nevertheless, most lines have anedude length.

There are several other factors for the increase in the si#tal of the code. The
largest overhead in the translation comes from continussigiaments, each of which
needs to be translated into a loop. This is mostly due to thd teseparate the trigger-
ing condition into two parts, one in thewai t statement listing the signals to watch,
and the other in thef statement that checks the particular triggering valuestier
source for the increase in size of the generated code isffeeattice between the control
structures in the two languages. For example, Esterel laclks e or swi t ch state-
ment; Verilog’scase statement is therefore translated into nestes. A very common

5 The transformations were designed to preseve the VerildgiFdware semantics. We also
ran simulations of the source and target programs to cheikdfuivalence.
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construct in hardware designs is a state machine, whiches dhplemented as a long
case statement. Translating that statement intd &rresults in many terminatingnd
i f statements, which increase code size and decrease régdabil

In spite of all these factors, the increase in the total siZbecode seems quite rea-
sonable. The structure of the original design is presemeidd translated design to the
best degree possible, including all module, register, anelmames. The original intent
is therefore easily discernible in the generated desigkingat easily maintainable.

Since the publication of the first author’s thesis [5] (on e¥hthis paper is based),
the Esterel language (currently at version 7) has been eslamith new data types and
operators. These include bitvectors (arrays of booleditsgctor maps (records com-
posed of fields and bitvector slices), encoders from unsigxeressions to bitvectors,
and signal arrays. These were added to the language to stpaaiware or low-level
software designs” [3]. These changes remove the need touxdeey C functions to
implement operations previously unavailable. The trdimiacan now be even more
concise and readable.

3.2 Discovering Race Conditions

Because of the asynchronous nature of the language, it Slj@so write in Verilog
designs that have race conditions. These are not flagge@ lopthpiler, and may not be
caught during simulation. Figure 4(a) shows a simple exaroph race condition [2].
In this example, a st signal setx to 0 andy to 1. A subsequert! k signal causes
a race condition, where the firat ways block tries to sek to the value ofy while
the second block simultaneously tries to gdb the value ok. The Verilog simulator
will arbitrarily execute one block first. The result will bieett bothx andy will have the
same value: 1 if the first block is executed first, and 0 if theose block executes first.

The Veriest translation of this example to Esterel is shawRigure 4(b). Because
of the synchronous semantics of Esterel, this prograneigalland the compiler rejects
it with the error message “statically cyclic program, catrisecompiled by scssc.”

In this simple Verilog example, the race condition is easgpot by inspection.
However, subtle race conditions in larger Verilog desigris lve harder to discover.
Simulation, and even hardware execution (for differensoea), may yield correct re-
sults even in the presence of race conditions, and the profbight manifest itself only
under rare conditions that are difficult to duplicate. Ttenslation to the synchronous
language discovers these problems during compilation.

4 Conclusions

We have presented Veriest, a translator that can convagrde synthesizable Ver-
ilog into the synchronous language Esterel. This makesattye Ibody of intellectual-

property hardware designs available to be incorporatedsphchronous designs. As
an added benefit, the translation of an asynchronous desigraisynchronous lan-
guage can help discover subtle timing conditions that mag lescaped testing in an
asynchronous setting.



880 Menachem Leuchter, Shmuel Tyszberowicz, and YishaiefdriRan

nmodul e race(x, vy, clk, rst);
output x, y; input clk, rst; reg x, V;
al ways @ posedge cl k or posedge rst)
if (rst) x = 0; else x =vy;
al ways @ posedge cl k or posedge rst)
if (rst) y =1; elsey = x;
endnodul e
(a) A Verilog design with a race condition [2].

nmodul e race:
input cl k: =fal se: bool ean, rst:=fal se: bool ean;
out put x: =fal se: bool ean, y: =fal se: bool ean;
| oop
await [clk or rst];
if (((?clk) and not pre(?clk)) or ((?rst) and not pre(?rst))) then
if (?rst) then emt x(false); else enmit x(?y); end if;
end if
end | oop
[
| oop
await [clk or rst];
if (((?clk) and not pre(?clk)) or ((?rst) and not pre(?rst))) then
if (?rst) then emt y(true); else emt y(?x); end if;
end if
end | oop
end nodul e

(b) The translation to Esterel.

Fig. 4. A race condition.

The translation is complicated by several hardware-rélégatures of the source
language. These are solved by using user types implemented host language. The
structure of the resulting translation is very close to thfahe original, although it is
somewhat more verbose. Experiments have shown that thigsraseistill readable and
maintainable in the target language.

Some Verilog designs are more appropriate than others foraatic translation to
a synchronous language. Designs of large generic proggssimponents such as CPUs
and DSPs will probably not generate useful synchronougdssirhe same effects can
be better achieved by coding directly in Esterel. On the rotlaed, hardware-oriented
protocols for specific purposes, such as communicatioropott and compression al-
gorithms, are good candidates for automatic conversiomemexpected to yield results
comparable to our example cases.

References

1. G. Berry and G. Gonthier. The Esterel synchronous progriagn language: Design, seman-
tics, implementationScience of Computer Programmirif(2):87-152, 1992.

2. C. E. Cummings. Nonblocking assignments in verilog sgsith coding styles that kill! In
Synopsis Users Group (SNUGP00.

3. Esterel Technologies. The Esterel v7 reference manuat.t p: // www. est erel -
technol ogi es. com fi |l es/ Est er el - Language- v7- Ref - Man. pdf.

4. N. HalbwachsSynchronous Programming of Reactive Systdthswer, 1993.



Reusing Verilog Designs in the Synchronous Language Hstere881

5. M. Leuchter. Translating Verilog designs into the syocious language Esterel. Master’s
thesis, The Open University, Israel, February 2003.

6. S. PalnitkarA Guide to Digital Design and SynthesBrentice Hall, 1996.

7. J. G. ProakisDigital CommunicationsMcGraw-Hill, 3rd edition, 1995.

8. R. Shyamasundar and J. Aghav. Realizing real-time sysfesm synchronous language
specifications. Real Time Systems Symposium, Work in PesgBession, Orlando, Florida,
USA, 2000.



