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SMV language overview

The SMV language can be divided roughly into three parts - the definitional language, the structural
language, and the language of expressions. The definitional part of the language declares signals and
their relationship to each other. It includes type declarations and assignments. The structural part of the
language combines definitional components. It provides language constructs for defining modules and
structured data types, and for instantiating them. It also provides constructor loops, for describing
regularly structured systems, and a collection of conditional structures that make describing complicated
state transition tables easier. Finally, expressionsin SMV are very similar to expressionsin other
languages, both hardware description languages and programming languages. For this reason,
expressions will be discussed last, as any expressions appearing in discussions of other parts of the
language should be self explanatory.
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Data types and type declarations

A type declaration is of the form

<signal > : <type>;
where <si gnal > isthe name of asignal and <t ype> isthe set of values that the signal may take.

Boolean, enumerated and subrange types

Arrays
Multidimensional arrays

Generic arrays

Structure
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Boolean, enumerated and subrange types

The simple types are boolean, enumerated and subrange. The type “"boolean” is simply an abbreviation
fortheset{ 0, 1} . Thus,

foo : bool ean:

declares asignal named " foo", which can take on the value O or 1. An enumerated typeis a set of
symbols. For example,

bar : {ready,w | ling, abl e};

declares asignal named ""bar", which can take one of the symbolic values " “ready”, ~“willing" or ""able".
A type can also be a subrange of the integers. For example,

count : 0..7;

declaresasignal " count” which can take any value inclusively in the range from 0 to 7. Numeric values
in type declarations may also be expressions, consisting of numeric constants, and the numeric operators
+,-,%,/,nod, <<, >>and ** (seesection 9).
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Arrays

An array of signalsisdeclared in the following way:

<signal > : array <x>..<y> of <type>;

This declares a collection of signals of type <t ype>, with subscripts running from <x> to <y>. For
example, the declaration

zip : array 2..0 of bool ean;
IS equivalent to declaring.

zip[2] : bool ean;
zi p[1l] : bool ean;
zi p[0] : bool ean;

An element of an array can be referenced by adding a subscript in square brackets. The subscript must
evaluate to an integer in the declared range of the array.
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Multidimensional arrays

Arrays of arrays can aso be declared. For example,

matrix : array 0..1 of array 2..0 of bool ean;
Isequivalent to

matri x[0] : array [2..0] of bool ean;
matrix[1] : array [2..0] of bool ean;
The boolean signals declared in thisway are
mat ri x[ 0] [ O] matri x[ O] [ 1] matri x[ 0] [ 2]
matri x[ 1] [ O] mat ri x[ 1] [ 1] matri x[ 1] [ 2]

Thereisno fixed limit to the number of dimensions of an array declared in this way.
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Generic arrays

Note that an array in SMV isnot really adatatype. It is simply acollection of signals with similar
names. Thismeans that it is possible to declare an ““array" whose elements have different types, by
simply declaring the elements individually. For example:

state[0] : {ready, wlling};

state[1l] : {ready, wlling, able};

state[2] : {ready, wlling, able, exhausted};
See section 10.10, however, for a discussion on the consequences of such a declaration for array
references in expressions.
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Structure

A structure is a collection of signalsthat are referred to by symbolic names, rather than numeric
subscripts. A structure declarion has this form:

foo : struct {
cl . typel,
c2 : typez;

cn typen;
}

wherecl. . . cn are symbolic names. This declaration is exactly equivalent to the declarations:

foo.cl : typel;
foo.c2 : typel;

foo.cn : typel;
That is, like an array, a structure is simply a collection of signals with similar names.
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Signals and assignments

A value of asignal is an infinite sequence of values of a given type. For example,

0;1;0;1;...
Is a sequence of type boolean (of course, it isalso an integer sequence). Normally, we interpreted this
sequence as being a segeunce of values occurring over time, although this interpretation is not necessary.

Operations on signals

Assignments

Unit delay assignments - the " “next" operator

State machines

2000-09-07
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Operations on signals

An operator is applied to asignal value one element at atime. For example, the operator ~ stands for
logical "not". Thusif

foo = 0;1:0:1;...
then
~foo = 1:;0;1;0;...

That is, it isthe result of applying logical ~"not" to each element of the sequence. Similarly, & stands for
logical “"and". Thus, if

foo = 0;1;0; 1;
and bar = 0;0;1; 1;
then
foo & bar = 0;0;0;1;...
2000-09-07
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Assighments

An assignment is of the form

<si gnal > : = <expr>;

where <expr > is an expression that combines other signals using operators like ~ and & Unlike an
assignent in atypical ~procedural™ language, this assignment means exactly what it says: that
<si gnal >isequal to <expr >. So for example, suppose we make the assignment

zip := foo & bar;

If foo and bar are as above, then

zip =0;0;0;1;...

The assignmentsin an SMV program are interpreted as equations holding simultaneously. That is, the
fact that two assignments occur in sequence in a program is not interpreted to mean that they are to hold
sequentially. Thus, for example, if these assignments appear in a program:

y = x + 1;
z =y + 1,
thenwehave (at all times) z = x + 2.

2000-09-07
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Unit delay assignments - the next" operator

A special operator is provided for describing recurrences. Recurrences are circular or recursive systems
of equations, and are the way that sequential systems are described in SMV.

If x isasignal, then next ( x) is, intuitively, the "next" value of x. More precisely, the ith value of
next ( x) isequal to the (i+1)st value of x. Thus, for example, if

x =0,1,2,3,...
then
next(x) =1,2,3,4,...

By assigning avalue to the "next" value of asignal, we can define a sequential machine. For example,
assuming x and y are boolean signals,

next(x) :=y ™ x;
definesasignal x which “flips" each timethe signal y istrue (the”™ operator standsfor —exclusive or").
By definiton, the "next" value of x isequal to (y ™ X),whichisequal tox if y isfalseand ~x if y is
true. Note, however, that the above assignment does not tell ustheinitial value of x. Thus, we obtain a
different sequence depending on whether x startsat O or 1. We can determine thisinitial value by
assigning

init(x) := 0;
In this case, if we had

y =0;1;0;1; ...
we would get

x =20;0;1;1;0;0;1;1; ...
On the other hand, if we assigned

init(x) := 1,
we would obtain the sequence

x =1;1:0;0;1;1:0;0; ...

file://IC|/Program Files/SMV/doc/language/nodel12.html (1 of 2) [1/13/2002 10:38:44 AM]



Unit delay assignments - the ““next" operator

As another example, to declare asignal x that maintains a running sum of the valuesof asignal y, we
would say

init(x) := 0;
next ( x) X +y;
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State machines

Hereis an example of asmall finite state machine, expressed in SMV. It startsin astate “"idle" and waits
for asignal "start”" to be asserted. On the next cycle, it changesto a state "cycl", then to state " "cyc2",
then returnsto “idle". In state " "cyc2", it assertsasignal ~ done":

start, done : bool ean;
state : {idle,cycl,cyc2},

next (state) :=
swtch(state){

idle: start ? cycl : idle;
cycl: cyc?2;
cyc2: idle;
b
done := (state = cyc2);

Thisillustrates two forms of conditional expressionsin SMV. The “switch" operator evaluatesits
argument " state”, then chooses the first expression in the curly brackets that is tagged with that value.
Thus, if state = cycl, then the value of the switch expressioniscyc2. Thereisalso asimpler form of
conditional expression, that appears in the example as

start ? cycl : idle
If “start" istrue, thisevaluatesto “"cycl", elseto idle".

The above state machine can be expressed more " procedurally” using the structural conditional
constructs described in the next section. We would write:

default done := O;
in swtch(state){
| dl e:
I f start then next(state) := cycl;
cycl:
next (state) : = cyc2;
cyc2:
next (st at e)
done := 1;

cyc2;
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State machines

This style of expression is semantically equivalent to the previous one, but can be much more readable
for large complex state machines. The conditional constructs are only syntactic however, and can aways
be viewed as an abbreviation for a collection of simple assignment statements.
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Rules for assignments

An SMV program amounts simply to a system of simultaneous equations, with a set of unkowns that are
the declared signals. With an arbitrary set of equations, there is, of course, no guarantee that a solution
exists, or that the solution is unique. Examples of systems that have no solutions are

X 1= x + 1;

or
next(x) := x + 1;
next(x) :=x - 1;

An example of a system with many solutionsis

X
y -
We avoid these difficulties by placing certain rules on the structure of assignmentsin a program. These

rules guarantee that every program is "“executable”. This means, among other things, that a schedule
must exist for computing the elements of all the sequences. The rules for assignments are:

« Thesingle assignment rule - each signal may be assigned only once.

The circular dependency rule - aprogram may not have ~"cycles' in its dependency graph that are
not broken by delays.

y;
X,

The single assignment rule

The circular dependency rule

Range violations and unknown values

o Order of assignments and declarations
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The single assignment rule

SMV follows a "single assignment” rule. This means that a given signal can be assigned only oncein a
program. Thus, we avoid the problem of conflicting definitions. The definition of ~"single assignment” is
compicated somewhat by the ““next" and "init" operators. The rule isthis: one may either assign avalue
to X, or to next(x) and init(x), but not both. Thus, the following are legal:

X :=foo; next(x) := foo;

init(x) :=foo; |init(x) :=foo;

next(x) := bar;
while the following areillegal:
X :=foo; next(x) := foo;
X := bar next(x) := bar;
x :=foo; X :=foo;
init(x) := bar; | next(x) := bar;

2000-09-07
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The circular dependency rule

If we have the assignment

X 1= Y;
then we say that x depends ony. A combinational loop is acycle of dependencies that is unbroken by
delays. For example, the assignments

X 1= Y;
y = X;

form a combinational loop. Although as equations, they may have a solution, there isno fixed order in

which we can compute x and y, since the ith value of x depends on the ith value of y and vice versa.

To be more precise, an assignment of form

next (x) := <expr>;
introduces “"unit delay dependencies’. Thereisaunit delay dependency from x to every signal refernced
in <expr >. An assignment of the form

<signal > : = <expr>;
introduces ~ zero delay dependencies’, in the same way. A combinational loop is acycle of dependencies
whose total delay is zero. Combinational loops areillegal in SMV.

Therefore, legal SMV programs have the following property: for any sequence values chosen for the
unassigned (free) signals, thereis at least one solution for the assigned signals. There may be multiple
solutions in the case where a signal has an unassigned initial value, or the case of nondeterministic
assignments (see below).

There are cases where a combinational loop =~ makes sense”, in that there is always a solution of the
equations. In this case, the order in which signals are evaluated may be conditional on the values of some
signals. For example, take the following system:

X .
y !

If cisfalse, then we may first evaluate X, then y, obtaining x = 0, then y = 0. On the other hand, if cis
true, we may first evaluate y, then x, obtaining y = 1, then x = 1. The existence of conditional schedules
such as thisis difficult to determine, since it may depend on certains states (or signal values) being
““unreachable". For example, if we have

c?y: 0O
~Cc ? x @ 1;
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The circular dependency rule

X :=c¢c?y: 0

y :=d?x: 1
it may be the case that ¢c and d are never true at the same time, in which case x and y can always be
evaluated in some order. Loops of this kind do sometimes occur in hardware designs (especially in buses
and ring-structured arbiters). It is possible that at a future time the definition of a combinational to could
be relaxed in order to alow such definitons. Currently, however, combination loops are defined only in
terms of syntactic dependencies.
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Range violations and unknown values

By definition, asignal’'s value is always in the range of itstype. When asignal isassigned avaluethat is
not an element of its declared type, the resulting value of the signal is not defined by the SMV semantics,
except that it must be avalue in the type of the signal.

Another way to view thisisthat any assignment

X = expr;
IStreated asif it were a shorthand for:

X := (expr in TYPE) ? expr : TYPE;
where TYPE isthe set of valuesin the type of signal x. This means that if the value of expr isnot inthe

set TYPE, then the value of x is chosen nondeterministically from the set TYPE. See the next section for
a discussion of nondeterministic choice.

2000-09-07

file://IC|/Program Files/SMV/doc/language/nodel17.html [1/13/2002 10:38:45 AM]



Order of assignments and declarations

next || up || previous || contents

Next: Nondeterministic assignments Up: Rules for assignments Previous: Range violations and
unknown

Order of assignments and declarations

Because assignments are treated as a system of simultaneous equations (or inclusions), the order in which
assignments appear in the program isirrelevant to the program's semantics. There may also be multiple
type declarations for a given signal, provided they all agree on the type. Type declarations and
assignments may appear in any order.
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Nondeterministic assignments

Especially in the early stages of a design, adesigner may not want to completely specify the value of a
given signal. Incomplete specification may represent either a design choice yet to be made, incomplete
information about the environment of a system, or a deliberate abstraction made to simplify the
verification of a system. For this purpose, SMV provides nondeterministic choice. A nondeterministic
choice isrepresented by a set of values. If we make the assignment

signal := {a,b,c,d};

then the value of si gnal ischosen arbitrarily fromtheset { a, b, ¢, d} . Asanother example, suppose
that in our previous state machine, we don't want to specify how many cycles will be spent in state
““cycl”. Inthis case, we could write:

next (state) :=
swtch(state){

idle: start ? cycl : idle;
cycl: {cycl, cyc?2},;
cyc2: idle;

b

Note that in case state = cycl, the value of the switch expression isthe set { cycl,cyc2}. This means that
the next value of ""state" may be either ““cycl" or “"cyc2". In general, the mathematical meaning of the
assignment

X =Y,
wherey isaset of values, isthat x isincluded in the set y. Ordinary values are treated as sets of size one.
Thus, properly speaking, an SMV program is a simultaneous set of inclusions, rather than equations.

o Assignmentsto arrays of signals
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Assignments to arrays of signals

Technically, each assignment is only to one signal. However, it is possible to write an assignment to an
array element whose subscript is not a constant. Thisistreated as a collection of assignmentsto all the
declared elementsin the array. For example, suppose the x is declared as an array, as follows:

x : array 0..3 of bool ean;
and supposey is an expression involving asignal (i.e., not a constant expression). Then the statement:

next (x[y]) := expr;
Istreated as an abreviation for the array of assignments:

I f(y=0) next(x[0]) := expr;
I f(y=1) next(x[1l]) := expr;
1 f(y=2) next(x[2]) := expr;
I f(y=3) next(x[3]) := expr;

This syntactic interpretation has two important consequences. First, although the “"next" value of x is
assigned, the subscript y is evaluated at the "“current” time. Thisisin accordance with what we would
expect to occur in a procedural language. Second, this statement effectively assigns all of the elements of
the array. This means that, for example, the following is aviolation of the single assignment rule:

X[ 0] := foo;

x[count + 1] := bar;
This makes sense, since it is not possible to determine statically whether O and count +1 refer to the
same element of the array.

A practical note: if you want to make two assignments to variable indices in the same array, you can use
use the “"default” construct (described below). That is, the following is legal:

default next(x[i]) := foo;

in next(x[j]) := bar;
In the case where i = j, the second assignment takes precedence, and thus there are no simultaneous
assignments.
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Modules

A module isabundle of definitions (type declarations and assignments) that can be reused. Much like a
subroutine, a module may have formal parameters. When creating an instance of the module, actual
signals or expressions are plugged in for the formal parameters, thus linking the module instance into the
program. Most often the formal parameters of a module are declared to be either inputs or outputs. |nputs
are expected to be assigned outside the module, whereas outputs are expected to be assigned inside the

module.

M odul e declarations

| nstantiations

Input and output declarations

I nstance hierarchies

Structured data types

Defined types
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Module declarations

As an example, suppose we want to construct a binary counter, by designing a counter “"bit", and then
chaining the bits together to form a counter. In SMV, the counter bit might be declared as follows:

MODULE counter _bit(carry_in, clear, bit_out, carry_out)

{

| NPUT carry _in, clear : boolean;
QUTPUT bit_out, carry_out : bool ean;

next (bit _out) :=clear ? O : (carry_in " bit_out);

carry out := carry in & bit_out;

}

The "INPUT" and "OUTPUT" declarations are specialized forms of type declarations, which aso give
the direction of signals being declared. These declarations must occur before any ordinary type
declarations or assignments.
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Instantiations

To create athree-bit counter, we can now write, for example:

cl ear : bool ean;
count : array 2..0 of bool ean;
carry : array 3..0 of bool ean;

bitO : counter _bit(carry[0], clear, count[O], carry[1]);
bitl : counter _bit(carry[1l], clear, count[1l], carry[2]);
bit2 : counter _bit(carry[2], clear, count[2], carry[3]);

Here, three instances of the module “"count er _bi t " are created. These instances have names "~ hit0",
“hitl", bit2". Each instance s, in effect, a copy of the definitionsin module "count er _bi t".
However, al the signal names referenced in the instance are prefixed with the instance name, so that they
are unique to that instance. For example, the signalsin module instance " bit0" are:

bitO.carry_in
bitO. cl ear
bit0. bit out
bit0. carry_out
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Input and output declarations

The effect of the INPUT declaration is to make an assignment from the actual paramentersto the
corresponding formal parameters. Thus, in instance " bit0", the declaration

| NPUT carry_in, clear : bool ean;
has the effect of assigning

bitO.carry_in := carry[O0];

bitO.clear := clear;
Similarly, the effect of the OUTPUT declaration is to make an assignment from the formal paramenters
to the corresponding actual parameters. Thus, in instance ""bit0", the declaration

QUTPUT bit_out, carry_out : bool ean;
has the effect of assigning

count [ 0]
carry[ 1]

bitO.bit_out;
bit0.carry_out;
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Instance hierarchies

Modules may, of course, contain instances of other modules, and so forth, provided the module
references are not circular. So we can, for example, create three-bit counter module, as follows:

MODULE counter3(carry_in, clear, count, carry_out)

{
| NPUT carry _in, clear : boolean;
QUTPUT count : array 2..0 of bool ean;
QUTPUT carry_out : bool ean;
carry . array 3..1 of bool ean;
bitO : counter _bit(carry_in, clear, carry[0], carry[1]);
bitl : counter _bit(carry[1l], clear, carry[1l], carry[2]);
bit2 : counter _bit(carry[2], clear, carry[2], carry[3]);
carry _out := carry[3];

}

If we then instantiate this module with

foo : counter(cin,clr,cnt,cout);
we will have, for example, aninstance of count er _bi t caledf oo. bi t 0, which defines signals

foo.bitO.carry_in
foo. bitO.cl ear
foo.bit0.bit_ out
foo.bit0.carry_ out

MODULE declarations may not appear inside other MODULE declarations, however. That is, all
MODULE declarations must be in the outermost scope.
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Structured data types

A module with only type declarations and no parameters or assignments acts like a structured data type.
For example, to define a data structure “"hands” with fields “"left" and "“right", the following module
might be defined:

MODULE hands()
{

| eft, right : bool ean;

}

An instance of this structured type can be created as follows:

party : hands();

Thisis exactly equivalent to

party.left, party.right : bool ean;
The two fields of this record can be referenced as

party. | eft

party.right

In fact, any signal belonging to a module instance can be referenced directly by name in thisway.
Normally, however, it is recommended that only inputs and outputs be referenced.

An array of agiven structured type may be created in the same manner as an array of signals. For
example,

foo : array 1..0 of hands();
which would be equivalent to

party[1].left, party[1l].right : bool ean;
party[O].left, party[O].right : bool ean;

Aswith signals, multidimensional arrays may be created.
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Defined types

A type definition (typedef) is a special kind of module declaration with no parameters, and aslightly
different syntax. The definition of ~“hands" above can equivalently be written as

t ypedef hands struct{
| eft, right : bool ean;

}

The general form of this declarationis

t ypedef <nane> <type>
where <t ype> isany legal type specification.
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Conditionals

Assignments or groups of assignments may be made conditional. Thisis especialy useful when several
assignments all depend on the same condition - it avoids repeating the conditional structure in each
assignment.

o Simple conditionals
o Defaults
o Complex conditionals - switch and case
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Simple conditionals

The basic conditional structureis

| f (<condition>)
<stntl>

el se
<stnt 2>

A ““statement” can be either an assignment, or a group of statements delimited by curly brackets.

The effect of the statement
i f(c)

X = foo;
el se

X = bar;

Is exactly equivalent to

X :=c¢ ? foo : bar:

If X isassigned in the "if" part, but not assigned in the “"else” part, then x is undefined when the
condition isfalse. Thismeansthat x can take any value in itstype. Similarly, if x isassigned in the
“else” part, but not in the “if" part, then x is undefined when the condition is true. For example,

1 f(c)
x := foo;
el se
y .= bar;
Isequivalent to
X :=c¢ ? foo : undefined;
y := c ? undefined : bar;

Mathematically, undef i ned isthe set of all possible values.

If next(x) is assigned in one part of the conditional, but not the other, then

next (x) = Xx;
Is the default. For example,
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i f(c)

next (x) := foo;
el se

next (y) := bar;

IS equivalent to

c ? foo : x;
cC ?y . bar;

next ( x)
next (y)

Conditionals are statements, and therefore can be nested inside conditionals. Groups of statements can
also be nested inside conditionals. For example:

i f(c)
{
x = foo;
i f(d)
next (y) := bar;
el se
next(z) := bar;
}
el se
X : = bar;

The “"else” part may be omitted, although thisis hazardous. It can result in an ambiguity asto which “if"
agiven “else" correspondsto, if there are nested conditionals. Care should be take to use curly bracesto
disambiguate. Thus, instead of:

i f(c)
i f(d)
<stnt>
el se
<stnt>

the prefered usageis:

if(c){
i f(d)
<stnt>
el se
<stnt>
}

The effect of:

1 f(c)
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<stnt>
isequivalent to:

if(c)
<stmt>
el se {}

next || up || previous || contents

Next: Defaults Up: Conditionals Previous: Conditionals
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Defaults

The ““default” construct provides away of automatically filling in the cases where asignal is undefined
with adefault value. The syntax is:

def aul t
<stntl1>
I N
<stnt 2>

The effect of this statement isto use the assignmentsin <st nt 1> in any casesin <st nt 2> where the
given signal is unassigned. For example,

def aul t
X = foo;
I n
{
i f(c)
{
X = bar;

next (y) y + 1;

}

el se
next (y)
}

Isequivalent to

y + 2

next(y) :=c?y +1: vy + 2;
X :=c¢c ? bar : foo;

An assignment to next(x) may also appear in the default statement. The effect is again to insert the
default assignment in any cases where next(x) is not defined. Default statements may be nested inside

conditionals, and vice-versa, and groups of statements may appear in both the ""default” part and the “'in
part.
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Complex conditionals - switch and case

The complex conditionals are ""case" and " "switch". A “"case" statement has the form:

case{
<condl> : <stntl>
<cond2> : <stnt2>

<condn> : <stntn>
[default : <dftlstnt>]

}

This statement is exactly equivalent to

I f (<condl>) <stntl>
else if (<cond2>) <stnt2>

else if (<condn>) <stntn>
[el se <dfltstnt>]

Note this means that if al the conditions are false, and there is no default statement, then no assignments
are made.

A “switch" statement has the form:

swi t ch( <expr>){
<casel> : <stntl>
<case?2> : <stnt2>

<casen> . <stntn>
[defaul t : <dftlstnt>]
}

Thisis exactly equivaent to:

case{
<expr> in <casel> : <stntl>
<expr> in <case2> : <stm 2>

<expr> in <casen> : <stntn>
[default : <dftlstnt>]
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}

Note that the set inclusion operator “"in" is used instead of “"=". This means that each case may be a set of
values rather than a single value. For example, if we want a counter that waits for asignal ~ start”, counts
to seven, assertsasignal *"done", and resets, we might write:

def aul t
done : = O;
I n
swi tch(count) {
0 i f start then next(count) := 1;
1..6 : next(count) := count + 1;
7 |
next (count) := O;
done := 1;
}
}
2000-09-07
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Constructor loops

A looping construct is provided for expressing regular structures more succinctly. Loops are simply
unrolled by the compiler into the equivalent “"in-line" code.

Basic for-loops

Creating arrays of instances

Creating parameterized modules

Chained constructor |0ops
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Basic for-loops

For example,
for(i =0; 1 <3;, 1 =1 + 1){
X[i1] :=1;
}
Isin every way equivalent to
x[0] := O;
x[1] = 1,
x[2] = 2

The general form of theloop is

for(var = init; cond; var = next)
<stmt >

Theloop isunrolled in the following way: initialy, var issettoi ni t . Then, whilecond istrue, st mt
Isinstantiated, and var isset to next . Theloop variable var may appear in st nt . Each occurrence of
var isreplaced by its current value.
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Creating arrays of instances

One important use of loopsisto create arrays of module instances. For example, to create a three bit
counter as an array of counter bits, we could write:

bits : array 2..0;

for(i =0; I <2;, 1 =1 + 1)
bits[i] : counter bit(carry[i],clear,count[i],carry[i+1]);

Notethat bi t s isfirst declared as ageneric array. Then the elements of the array are "“filled in" inside
the loop. In thisway, each counter bit is connected to the appropriate signal, as a function of the loop
index i .

Also note that module instances can be nested inside conditionals, provided that the condition evaluates
to aconstant at compile time. Since loops are unrolled at compile time, aloop index counts as a constant.
Thus, for example, if we want to use a special module ““speci al _bi t " for bit 0 of the counter, we
could write:

bits : array 2..0;

for(i =0; 1 <2; 0 =1 + 1){
i f(i = 0)
bits[i] : special _bit(carry[i],clear,count[i],carry[i+1]);
el se
bits[i] : counter _bit(carry[i],clear,count[i],carry[i+1]);
}
2000-09-07
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Creating parameterized modules

Compile time constants can also be passed as parameters to modules. This allows us to write a generic
n-bit counter module, which takes n as a parameter:

MODULE nbit _counter(n,carry_in,clear,count,carry_out)

{

| NPUT carry _in, clear : bool ean;
QUTPUT count (n - 1)..0 : bool ean;
QUTPUT carry_out : bool ean;

bits : array (n - 1)..0;
carry : array n .. 0 of bool ean;

for(i =0; I <n; 1 =1 + 1)
bits[i] : counter _bit(carry[i],clear,count[i],carry[i+1]);

carry_out := carry[n];

}

The ability to nest module instances inside conditionals even makes it possible to write recursively
defined modules. For example, the following code builds an n-input " or" gate as a balanced tree of
2-input “or" gates:

MODULE or _n(n,inp, out)

{
| NPUT inp : array O0..(n - 1) of bool ean;
QUTPUT out : bool ean:;

case{
n=1: out :=1inp[0];
n=2: or2(inp[0],inp[1l],out);
defaul t: ({

X,y . bool ean;
or n(n/ 2, inp[O .. (n/ 2 - 1)], X);
or n(ln-n/ 2, inp[(n/ 2) .. n], Vy);
or 2(x,y,out);
}
}
}
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Chained constructor loops

It is commonly necessary to select the first element of an array satisfying a certain condition, or to
perform some other computation involving prioritizing an array. A looping construct called ““chain” is
provided for this purpose. It acts exactly like a " for" loop, except that the assignments in one iteration of
the loop act as defaults for the assignments in subsequent iterations. This makesit possible to assign a
signal in more than one iteration of the loop, with the later assignment taking priority over the earlier
assignment.

For example, suppose we want to specify a  priority encoder”, that inputs an array of signals, and
outputs the index of the highest numbered signal that istrue. Hereis a priority encoder that inputs an
array of boolean signals of size "'n":

MODULE priority n(n,inp,out)

{
| NPUT inp : array O..(n - 1) of bool ean;

QUTPUT out : 0..(n-1);
chain(i =0; i <n; i =i + 1)
i f (inp[i]) out =1,

}

Depending on the contents of the array “inp", the signal ~ out” might be assigned many timesin different
iterations of the loop. In this case, the last assignment is given precedence.
The construct:
chain(i =0; I <4;, 1 =i + 1)
<stnt>
Isin every way equivalent to:

def aul t

<stm withi = 0>
I n default

<stm withi = 1>
i n default

<stm withi = 2>
I N

<stm withi = 3>
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Expressions

An “expression” combines signals using a collection of operators. These operators include:
« boolean operators (""and", ““or", "not" and "xor"),
« conditional operators (" if-then-else”, ““case" and " switch")
 arithmetic operators (" +", =", *", /", "mod", and shifts)
e comparison operators (" =", <", >", T>=" ="
« Set operators (union, integer subrange and inclusion)
« Vector operators (concatenation, subrange)

 conversion operations (integer to bit vector and vice versa)

Since signals are sequences of values, all of these operators apply to the elements of a sequence
one-by-one. Thus, if

r = I1,%9,%3,...

= Y l¥a, V...

and - isabinary operator, then

r-y= (551 'yi),(fﬂﬂ 'yz),(iﬂa 'ya),---

The following describes the various operators as they apply to individual values.

o Parentheses and precedence

» Integer constants

o Symbolic constants
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Expressions

o Boolean operators

o Conditiona operators ("if", "case" and " switch")

o Representing state machines using conditionals

o Arithmetic operators

o Comparison operators

o Set expressions
o The set inclusion operator
0 Extension of operators to sets

o Comprehension expressions
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Parentheses and precedence

Parentheses ()" may always be put around an expression, without changing its value. If parentheses are
omitted, then the order of operatorsis determined by their priority. The operators are listed here in order
of priority, from " strongest binding" to ~“weakest binding":

- (concat enati on)
- (unary m nus sign)

* ], <<, >> (mult, div, left shift,right shift)
+, - (add, subtract)

nod (i nteger nod)

i n (set inclusion)

uni on (set union)

= ~5, <, <5, > >= (conpari son operators)
~ (not)

& (and)

|, " (or, exclusive or)

<-> (iff)

-> (inmplies)

(tupl e separator)
(conditional)
(i nteger subrange)

N
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Integer constants

Integer constants may appear in expressions, and are optionally signed decimal numbersin the range

273 (2% - ).

2000-09-07

file://IC|/Program Files/SMV/doc/language/node39.html [1/13/2002 10:38:48 AM]



Symbolic constants

next || up || previous || contents

Next: Boolean operators Up: Expressions Previous. Integer constants

Symbolic constants

Symbolic constants may be declared by including them in a type declaration, such as,

X . {ready, wlling, able};

The three symbolsr eady,w | | i ng and abl e aretreated as distinct constants, which are also distinct
from all the integers. A given symbolic constant may not appear in two different types. For example,

x . {foo, bar, baz},;

y : {red, green, foo};
isillegal, sincef 00 appears in two distinct types. Thisrestriction is made so that programs may be type
checked.
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Boolean operators

The boolean operators are " &", for logical and, | " for logical or, " ~" for logical not, """ for exclusive
or, - >"forimplies, and ~"<- >" for if-and-only-if (exclusive nor). The boolean values are O (false) and
1 (true).

The " &" operator obeys the following laws:

X O X

Ro Ro Qo
X B X O
o
X P, OO

1 &
If neither x nor y isaboolean value, then “"x & y" isundefined. (recall that an " "undefined” expression
yields the set of all possible values, which in the case of a boolean expressionis{0,1}). In particular,

1 & undefined = undefined
O & undefined =0

That is, “undefined" values behave like " X" valuesin typical logic simulators. Y ou can write an
undefined value as simply {0,1}.

Also note that
1 & 37 = 37
0 &37 =0

37 & 37 = undefi ned

The other boolean operators behave similarly, obeying:

0] x =x
x| 0 =x
1] x =1
x| 1 =1
0O"NX =X
x N0 =x
1M X = ~X
x N1 = ~X
X ->y ==x]y
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X <>y ==(x"Yy)
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Conditional operators (" if", case'" and switch")
The simple conditional operator has the form

X ?2y . z
Ityieldsy if x is1 (true) and z if x isO (false). If x isnot aboolean value, it yieldsundef i ned.

The complex conditionals are “"case" and " "switch". The expression

case{
cl : el
c2 . ez
cn : en;
[default : ed;]
}

Isequivalent to

cl ?el: c2?e2: ... ch?en: ed
if thereis adefault case, and otherwise

cl ?2el: c2?2e2: ... cn ? en : undefined

That is, if al the conditions cl...cn are false, and there is no default case, then the case expression is
undefined.

The expression
swi tch(x){
vl : el;
v2 . ez

vn en;
[default : ed;]
}

Isequivalent to
(x invl ?2el: (xinv2) ?2e2: ... (xinwvn) ? en : ed

if there is adefault case, and otherwise
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(x invl) ?2el: (xinv2) ?2e2: ... (xinwvn) ? en : undefined

That is, the switch expression finds the first set vi that contains the value x, and returns the corresponding
ei. Thevi can aso be single values - these are treated as the set containing only the given value.
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Representing state machines using conditionals

As an example, suppose we have a state machine with one boolean input =" choice”, that startsin state
“idle", then depending on " “choice" goesto either state “left” or “right”, and finally returns to state
“idle". Using a“case" expression, we could write:

next (state) :=

case{
state = idle : choice ? left : right;
default : idle;

¥

The equivalent using a switch statement would be:

next (state) :=
swtch(state){
idle : choice ? left : right;
default : idle;
}s
The values in a switch statement can also be “"tuples’ (lists of expressions separated by commas, see
section on tuples). Using this notation, we can write the above state machine as

next (state) :=
switch(state, choice){

(idle, 1) ; left;
(idle, 0) . right;
({left,right}, {0,1}) c i dle;

}
If we want to add outputs "left_enable" and ““right_enable" to our state machine, to indicate that the state
is left" and " right"” respectively, we can use a switch expression that returns atuple. Thus:

(next(state),left _enable, right _enable) :=
sw tch(state, choice){

(idle, 1) . (left, 0, 0);
(idle, 0) . (right, 0, 0);
(left, {0, 1}) . (idle, 1, 0);
(right, {0, 1}) . (idle, 0, 1);

b
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Representing state machines using conditionals

This provides afairly succint way of writing the truth table of a state machine, with current state and
inputs on the left, and next state and outputs on the right.
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Arithmetic operators
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Arithmetic operators

The arithmetic operators are

+ addi tion
subtraction and unary m nus sign
* mul tiplication
| nt eger division
nod remai nder of division
<< | eft shift
>> right shift
All results of arithmetic on integers are modulo 232, in the range _94 (231 — l) A

The operators " *", /" and “"mod" obey the law

y * (x/y) + (x nmod y) = x
The remainder is always positive.

The expression “'x << y"isequivaentto "x * 2¥".Similarly, "x >> y"isequivalentto "x /
",
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Comparison operators

The comparision operators are

= equal

~= not equal

< | ess t han

> greater than

<= | ess than or equal

>= greater than or equal

When applied to integers, all return boolean values. The “"equal” and “"not equal" operators may also be
applied to symbolic constants. Any integer is considered not equal to any symbolic constant. The
inequality operators are undefined if either operand is a symbolic constant.
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Set expressions

A set is specified as alist of elements between curly brackets:

{ elem ... , elem}

Note that a set cannot be empty - there must be at least one element. Each element can be one of the
following:

o Anexpression x. Inthis case, the value of x isincluded in the set. Note that if x itself represents a
set of values, then all elements of x are included.

« Asubrangex .. y,wherex andy areinteger valued expressions. In this case all elementsin the
subrangex .. vy areincluded inthe set.

o A guarded expressonc ? e.Inthiscase, thevaueof e isincluded in the set if the condition ¢ is
true.

Theset x. . y can be abbreviatedto x. . y.

Note that a set expression may represent the empty set in the case that all elements are guarded, and all
the guard conditions are false. In this case the result of the set expression isundef i ned. Thus, for
example:

{1 ? foo, 1 ? bar} = {foo,bar}
{1 ? foo, 0 ? bar} = {foo}
{0 ? foo, O ? bar} = undefined

Thereason for thisrule is that a set expression isinterpreted (with one exception, below) to represent a
non-deterministic choice between the values in the set. A choice between the empty set of valuesis not
meaningful.

o The set inclusion operator

o Extension of operatorsto sets

o Comprehension expressions
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Vectors and vector operators

A vector is afixed-length sequence of values. Various operations are allowed on vectors, including
concatenation, test for equality, and binary arithmetic and logical operators, which treat a vector asa
binary number. Note, however, that a vector itself isnot a” first class' valuein SMV. That is, it is not
possible for the value of asignal to be avector. However, syntactic shorthands are provided that make it
possible to treat vectors asif they were first class values.

A vector x of n elementsis denoted by a non-empty, comma-separated list of elements within square
brackets:
[xn, ..., x1, x0]

The nth element can be extracted from a vector by the function nt h, which takes a vector asits first
argument, and an integer as its second argument. The function nt h numbers the elements of the vector
from zero on theright. So, for example,

nth([5,4,3,210], 2) = 2

« The concatenation operator

o Extension of operators to vectors

« Vector coersion operator

o Arithmetic on vectors

« Comparison operators on Vectors
o Vector sets
o Coercion of scalars to vectors

o EXplicit coercion operators

o Coercion of array variables to vectors

o Generic arrays and vector coersion

o Array subranges

o Assignmentsto vectors

o Assignmentsto arrays
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Vectors and vector operators
 Vectors asinputs and outputs
« lteratively constructing vectors
« Reduction operators

o Vectors as conditions
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The concatenation operator

A vector may also be constructed using the concatenation operator ~::". As an example,

(0O ::1::1:: 0
isavector of length 4. That is, the 4 boolean valuesin this expression are treated as vectors of length 1,
and concatenated to produce a vector of length 4.

The concatenation operator is associative. Thus, for example,

((O:: 1) :- (2::0)=(0::2::1::0)
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Extension of operators to vectors

Logical operators extend to vectors in the obvious way, by applying them one-by-one to the el ements of
the vector. That is, if f isaunary operator, then

fIx,yl = [f(x),f(y)]
For example,

~[0,1,0] =1[1,0,1]
Binary logical operators extend similarly. That is, if * isabinary operator, then

[w.x] * [y, z] = [wy, x*Z]

For example,

[0,1] & [1,1] =[0,1]
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Vector coersion operator

When combining vectors of different length with a binary operator, the shorter vector is prepended with a
vector of zeros to make the vectors the same length. Thus, for example,

[a,b,c,d] * [e,f]
Isequivalent to

[a,b,c,d] * [0,0,e,f]

In generd, if x and z are booleans, then

(w:: x) * z (w* 0) :: (x * 2)
X * (y :: 2z) (0 *y) :: (x* 2
The exceptions to the above rule are
« thearithmetic operators,
« the comparison operators, and
« the conditional operator
« theunionand "'in" (set inclusion) operators
These exceptions are described below.
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Arithmetic on vectors

Arithmetic operators applied to vectors treat the vectors as unsigned binary numbers. As stated above, if
the vectors are of unequal length, the shorter vector is prepended with a vector of zeros to make the
lengths equal. Thus

[0,1,1,0] + [1,0]
Isequivalent to

[0,1,1,0] + [0,0,1,0]

The arithmetic operator is then applied to the unsigned binary numbers represented by the two vectors,
yielding an unsigned binary representation of the result, of the same length as the argument vectors. The
operators are the same as they are on integers, except the result is modulo 2", where n is the vector

length. The result is always negative (intherange 0 , . . (2” — l)). For example,

and

[1,1, 1, 0]
+[0,0,1, 0]
=[0,0,0,0]

Note that, since the arithmetic is modular, it doesn't actually matter whether we look at it as signed or
unsigned, except that extension is always by zeros. This extension by zeros implicitly treats vectors as
unsigned numbers.
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Comparison operators on vectors

Comparison operators on vectors operate in the same manner as arithmetic operators:. the shorter vector
Is prepended with zeros, and the resulting vectors are compared as unsigned binary numbers.

2000-09-07

file://IC|/Program Files/SMV/doc/language/node55.html [1/13/2002 10:38:49 AM]



Vector sets

next || up || previous || contents

Next: Coercion of scalarsto Up: Vectors and vector operators Previous. Comparison operators on
vectors

Vector sets

The “"union” operator can be applied to vectors, to produce a set of vectors. In particular, one can express
a nondeterministic choice between the vectors [0,1] and [1,0] by writing either

[0,1] union [1, 0]
Note that the following is not legal, however:

{{0,1], [1,0]}
Aswith other operators, vectors are padded with zeros to the same length before the union operator is
applied. The “"in" operator may also be applied to vetor sets. In general:

[a,b] in ([c,d] union [e,f])
Isequivalent to

([a,b] =[c,d]) | ([ab] =T[e f])
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Coercion of scalars to vectors

An integer expression is coerced to a vector expression whenever:
« itiscombined with avector by abinary operator or conditional, or
« itisassigned to avector of signals

The length of the vector representation of an integer is 32 bits. The shorter of the two argument vectorsis
then padded with zeros before applying the opertion.

[0,1,1] + 17
yields a 32 bit vector representation of the number 20.
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Explicit coercion operators

An vector expression may be explicitly coerced to avector of a given length by applying the “"bin"
function. The expression

bi n(n, val)

causes the vector “"va" to be either shortened to length n, or padded with zerosto length n. If ““val" isan
integer, isisfirst coerced to a 32 bit vector, and then truncated or padded. Thus, for example

bin(3,17) =10,0,1]

bin(4,17) =11,0,0,1]
and

[0,1,1] + bin(4,17)
isequal to

[0,0,1, 1]
+[1,0,0,1]
=11,1,0,0]

Note that coercing a negative integer to longer than 32 bits will not produce the intuitively correct result,
since “"hin" treats its argument as an unsigned number. The “"sbin" operator is equivalent to “"bin",
except that it sign extends rather than zero extending. Thus, for example “"sbi n( 64, - 1) "isastring of
64 ones.
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Coercion of array variables to vectors

A reference to an array of signals without a subscript will be converted to a vector. For example, if X is
declared in thisway:
x : array 0..3 of bool ean;

then the expression “ X" is equivalent to

[x[ O], x[1],x[2], x[3]]
Note that the elements of x occur in the order given by the type declaration. Thus, for example, if X is
declared in thisway:

x : array 3..0 of bool ean;
then the expression “"x" is equivalent to

[x[3].,x[2],x[1],x[0]]

This has consequences when combining " "big endian" and "little endian” arrays. For example, if we have

x : array 3..0 of bool ean;
y . array 0..3 of bool ean;

Then the expression "X = y" isequivalent to

(x[3] =y[0]) & (x[2] =y[1]) & (x[1] =y[2]) & (x[O] = y[3])

The only difference between big-endian and little-endian arrays is the order in which they are converted
to vectors (which determines which element of the array is considered most significant and least
significant).
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next || up || previous || contents

Next: Array subranges Up: Vectors and vector operators Previous. Coercion of array variables

Generic arrays and vector coersion

Notethat it is possible to declare an array of signals by individually declaring the elements of the array.
This alows elements of an array to have different types, asin the earlier example:

state[0] : {ready, wlling};

state[1l] : {ready, wlling, able};

state[2] : {ready, wlling, able, exhausted};
However, the lack of an ““array" declaration means that there is no defined order for building a vector
from these elements. Thus, the expression st at e cannot be coerced to avector. To alow this, we can
use ageneric array declaration, asfollows:

state : array O..2;
This does not declare any signals, but it does determine how st at e should be converted to a vector.
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Array subranges

A array variable may be explicitly coerced to a vector by specifying a subrange of bit indices. For
example, the expression

X[ 2..5]
Isequivalent to

[x[2],x[3],x[4], x[3]]
Similarly,

X[ 5..2]
Isequivalent to

[x[5], x[ 4], x[3],x[2]]

Subranges may be used, for example, to extract bitfields, or to reverse the declared order bitsin an array.
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Assighments to vectors

Assignments may also be made to vectors of signals. When avalue is assigned to a vector, the following
rules apply:
« Aninteger value on theright hand sideis first coerced to a 32 bit vector.

« A vector value on the right hand side is padded or truncated to the same length as the left hand side
of the assignment.

For example,

[x,y] :=11,1,0];
Isequivalent to

1;
0;

X
y
That is, the leftmost (high order) bit is dropped to make the vectors the same length.

On the other hand

[x,y] =1
Isequivalent to

X = 0;
y = 1;
since the integer is coerced to a vector, and then truncated to length 2.

The assignment

[x,y,z] :=1[1,0];
Isequivalent to

X = 0;
y :=1;
z = 0;

since the vector on the right-hand-side is zero-extended.

Important note: A vector of signals may not be assigned a nondeterministic value.
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Assignments to arrays
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Assignments to arrays

An unsubscripted array reference on the left hand side of an assignment is converted to a vector (see
above). This means that the result of the assignment depends on whether the vector is " big-endian” or
“little-endian”. For example, if:

x . array 0..1 of bool ean;
then

x :=11,0];
Isequivalent to

[x[ O], x[1]]
which is equivalent to

[1,0];

x[ 0]
x[ 1]

On the other hand, if:

T
(BN

x : array 1..0 of bool ean;
then

x :=11,0];
Isequivalent to

[x[1],x[0]] :=1[1,0];
which is equivalent to

x[ 1]
x[ 0]
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Vectors as inputs and outputs
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Vectors as inputs and outputs

The above rules regarding vector assignments have consequences when vectors are passed as parameters
to modules. For example, suppose we have a module:

MODULE f oo( x)

{
| NPUT x : array 1..0 of bool ean;

}

Suppose we create an instance of * foo" as follows:

bar : foo(y);
Thisis equivaent to:

bar.x : array 1..0 of bool ean;
bar.x :=vy;

The meaning of this depends on whether “"y" is big-endian or little endian. If “y" is declared in the same
order as " bar.x":

y . array 1..0 of bool ean;

then we have
bar.x[1] := y[1];
bar.x[0] := y[O0];

On the other hand, if “"y" isin the opposite order:

y : array 0..1 of bool ean;
then

bar . x[ 1]
bar . x[ 0]

y[ O] ;

y[1];

That is, passing a "big-endian” array to a "little-endian™ parameter, results in areversal of the index
order of the elements. What remains constant is the value as a binary number.

file://IC|/Program Files/SMV/doc/language/node64.html (1 of 2) [1/13/2002 10:38:51 AM]



Vectors as inputs and outputs

Note that as a result of the above rules for vector assignment, inputs may be truncated, or zero-extended.
For example, if we instantiate ~ foo" as follows:

bar : foo([0,1,0]);
the effect will be

bar . x[ 1] 1;
bar . x[ 0] 0;

since the vector [0,1,0] will be truncated to [1,0]. On the other hand,

bar : foo([1]);
will give us

bar . x[ 1] 0;
bar . x[ 0] 1;

since the integer 1 will be coerced to the vector [0,1].

The same remarks apply to outputs. That is, suppose we have amodule

MODULE zi p(y)

{
QUTPUT vy : array 1..0 of bool ean;
}
Aninstance
bar : zip(x);
Isequivalent to

bar.y : array 1..0 of bool ean;
X .= bar.y;

Thismeansthat if X" has length shorter than “"bar.y", then “"x" will get the low order bits of ~"bar.y".
Similarly, if X" islonger, then it will get “bar.y" extended with zeros. If “"x" isan array declared in the
opposite order to “"bar.y", then X" will get “"bar.y" reversed, and so on.
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Iteratively constructing vectors

A vector may be constructed iteratively using the construction [ f (i) :i =l ..r],wheref (i) issome
expression containing the parameter i , and | , r areintegers. This expandsto the vector
[f(l),...,f(r)].Forexample, the expression:

[ i*i i =1..5]

IS equivalent to:

[1, 4,9, 16, 25]
On the other hand:

[ i*1 1 =5..1]
Is equivalent to:

[ 25, 16, 9, 4, 1]
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Reduction operators

The associative operators : : (concatenation), &, | ,*, +, * and mer ge may be applied to vectors as
““reduction"” operators . For example,

& w Xx,Yy, z]
Isequivalent to

(W& x &y & z)

and so on. Reduction operators may be combined with the iterated vector constructor. For example, to
compute the sum of the first five squares, we could write:

+ i*i i = 1..5]

Note that for the non-commutative operator : : , the order of the range specification matters. For example

o[ i*too 1 = 1..5]
produces[ 1, 4, 9, 16, 25] , while

o[ 1*too 1 = 5..1]
produces| 25, 16, 9, 4, 1] . Alsonotethat using : : as areduction operator makesit possible to
construct a vector by repeating a pattern. For example,

o[ [0,1] - 1 = 1..3]
iIsequivalentto[ 0, 1, 0, 1, O, 1].

Reduction operators do not coerce their arguments to vectors. A reduction operator applied to a scalar
operand has no effect. Thus, +3 = 3 (and not 2, fortunately!).
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Vectors as conditions

If avector appears as the condition in a conditional expression or statement, then the logical ““or" of the
elements of the vector is taken as the condition. Thus, for example,

[X,y,z] ? foo : bar
Isequivalent to

(x| y| z) ? foo : bar

In particular, this means that when a bit vector is used as a condition, it is considered to be true if and
only if it is non-zero.
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Assertions

An assertion is a condition that must hold true in every possible execution of the program. Assertionsin
SMV arewritten in a " linear time" temporal logic, that makes it possible to succinctly state propositions
about the relation of eventsin time.

e Tempora formulas

e The assert declaration

e Using...Prove declarations
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Temporal formulas

Temporal formulas may contain all of the usual expression operator of SMV, plus the temporal operators
G, F, X and U. The meanings of these operators are as follows:

e X pistrueattimetif pistrueattimet + 1.

. G pistrueattimetif p istrueat al times t' > ¢.
. F pistrueattimetif p istrueat sometime t' > ¢.

e p U qgistrueattimetif gistrue at sometime t! 2 t, and for all times<t' but 2 t,pis

true.
A temporal formulaistrue for a given exectution of the program if it istrue at theinitial time (t = 0).
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The assert declaration

A declaration of the form

assert p;

where p isatemporal formula, means that every execution of the program must satisfy the formulap. An
execution that does not satisfy the formulais called afailure of the program.

An assertion may be given aname. For example:

foo : assert p;

This does not change the semantics of the program, but provides an identifier “"foo" for refering to the
given assertion. The code

foo : assert p;
foo : assert q;

Isequivalent to

foo : assert p & Q;
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Using...Prove declarations

A usi ng...pr ove declaration tells the verification system to use one assertion as an assumption when
verifying another. A declaration of the form

usi ng foo prove bar;

where foo and bar are identifiers for assertions, tells the verification system to use assertion foo as an
assumption when proving assertion bar. A list of assumptions may also be used:

using al,a2,...,an prove bar;
Such a “proof" may not contain circular chains of reasoning. Thus, for example,

using foo prove bar;
usi ng bar prove foo;

isillegal.
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Refinements

N.B. This section isincomplete and under construction

The mechanism of " refinement” in SMV allows one model to represent the behavior of adesign
simultaneously at many levels of abstraction. It also allows one to verify in a compositional manner that
each level of the design is a correct implementation of the level above.

The basic object in the refinement systemisa layer”. A layer isanamed collection of assignments. For
example:

| ayer P : {
X 1=y + z;
next (z) := x;
}
represents alayer named P, which contains assignments to signals x and z. Within alayer the single
assignment rule applies. That is, any given signal may be assigned only once. However, asignal may be
assigned in more than one layer.

One layer may be declared to " "refine" another. The syntax for this declaration is:

P refines Q

where P and Q are names of layers. If P refines Q, then an assignment to any signal sin P supercedes the
corresponding assignment to sin Q. For example, suppose that layer Q is defined as follows:

| ayer Q : {

y 1= z;

next(z) := 2 * vy;
}

The net functional effect of these declarationsis equivalent to:

X :=y + z;

y 1= 2,

next (z) := Xx;
That is, the assignment to z in P supercedes the assignment to z in Q, because P refines Q. Any
assignment that is superceded in this way becomes a part of the specification. That is, in our example,
every trace of the system must be consistent with
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Refinements
next(z) :=2 * vy

at all times. This proposition is given the name " z//Q", meaning " the assignment to signal z in layer Q".
Note that the property z//Q istrue in the case of our example, since at all times

X = y+z = z+z = 2%z
Thus, we can infer that every trace of our system is also atrace of the system consisting only of the layer
Q. Put another way, our system satisfies specification Q (and also, trivially, specification P).

The refinement relation

o Circular assignments

Compositional verification

o Theusi ng...pr ove declaration
Abstract signals

next || up || previous || contents

Next: The refinement relation Up: The SMV language Previous. Using...Prove declarations
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next || up || previous || contents

Next: Circular assignments Up: Refinements Previous: Refinements

The refinement relation

The refinement relation between layersis by definition transitive. Thusif we have:

P refines Q
Qrefines R

then by implication

P refines R
The refinement relation may not be circular. Thus

P refines P

isan error. The implementation of asignal is the assignment to that signal whose layer is minimal with
respect to the refinement relation. If no unique minimal assignment to asignal exists, the programisin
error.

o Circular assignments
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Compositional verification

In order to verify agiven assignment x//P, where x isasignal and Pislayer, it isalowed to use any other
assignment y//Q as an assumption (with one proviso, below). The syntax for thisis:

using x//P prove y//Q

In this case, x//Pisrefered to asthe " assumption” and y//Q as the ""guarantee”. The one restriction on the
use of this statement isthat if x and y are identical, then P must refine Q. Other than this, any useis
allowed, including circularities. For example, it islegitimate to write:

using x//P prove y//P,
using y//P prove x//P,;

As aexample, suppose we have:

| ayer P :

| ayer Q :
I nit(x)
next ( x)
y = X;
}

{

Qrefines P

using x//P prove y//P;
using y//P prove x//P;

That is, in essence, the "using" declarations say that in order to prove that x is always zero, we can
assume that y is always zero, and vice versa.

< O
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The using...prove declaration
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The usi ng...pr ove declaration

This declaration has the form form

usi ng
p1 p 2 ..., pk
prove
qgl, 92, ..., gm
wherep 1, p_ 2, ..., p_kandqg 1l ,q 2, ..., g mareproperties. The meaning of the declaration is
that propertiesp_1, p_2, ..., p_k areto betaken asassumptionswhen proving the properties
qlq? ..qm

If assumptions are not declared for a given property, then that property inherits the assumptions of its
parent. For example, if we wish to assume property f oo when proving bar . a, bar. b andbar . c,itis
sufficient to declare

usi ng foo prove bar;

If there is no declaration of assumptionsfor bar . a, then it will inherit the assumption of f oo fromits
parent, bar . Note, however, that if we include the declaration

usi ng baz prove bar. a;
then only property baz isused to prove bar . a.
Similarly, if we wish to assume a collection of propertiesf 00. a, f 00. b andf 00. ¢ when proving a
property bar , it is sufficient to declare:

usi ng bar prove foo;
It is allowed to use severa assignments to the same signal as assumptions. For example:

using x//Pl, x//P2 prove y//P
In this case, the conjunction of the two assumptionsis used.
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Abstract signals

In some cases, it may be necessary to introduce auxiliary signals that are used as part of the specification,
or part of the proof, but do not belong to the system being verified. Such signals are introduced by the
keyword abst r act , asfollows:

abstract <signal> : <type>
The implementation of a non-abstract signal may not depend on an abstract signal.
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Syntax

This section gives a BNF grammar for the SMV language.

o Lexica tokens

o ldentifiers

« EXxpressions

. Types

« Statements

« Module definitions

« Programs

2000-09-07
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Lexical tokens
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Lexical tokens

A program is a sequence of lexical tokens, optionally separated by whitespace. A token is either an atom,
anumber, or any of the various keywords and punctation symbols that appear int ypewr i ter font
in the grammar expressions that follow.

Anaomis

« A string consisting of alphanumeric characters and the charaters, and the characters ~"$" and ™",
beginning with an alphabetic character, or

« A string containing any character except the space character, delimited by an initial backslash ("

\ ") and afinal space character. The delimiters do not count as part of the atom.

Asanexample f oo_123"isan atom. It isexactly equivalent to \ f oo 123" (note the terminating

space character). Using backslash and space as delimiters allows any character (including backslash, but
excluding space) to be included in an atom.

A number isastring of digits. Whitespace is any string of space characters, tab characters and newline
characters.
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ldentifiers
The grammar rulesfor an identifier is asfollows:
id:: atom
| id . atom

| id. [ expr ]

2000-09-07
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Expressions

The grammar rules for an expression are, in order of precedence, from high to low (note £ standsfor the empty string):

expr:: id
| nunber
| { atom ...,atom}
| expr :: expr
I [-1+*[&[]"] expr
| expr ** expr
I expr [*|/]|<<|>>]
expr
| expr [+]-] expr
| expr nod expr
| expr in expr
| expr uni on expr
| expr
[=] =I<I<=|>|>=] expr
| ~ expr

| expr & expr

I expr [|["] expr

| expr <-> expr

| expr -> expr

| expr ? expr : expr
| expr .. expr

I ( expr )
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Expressions

| [ expr, ...,expr ]

| [ expr, ...,expr : atom=
expr .. expr ]

| bin ( expr , expr )

All operators of the same precedence except ~"?: " associate to the left. For example,a / b * cisparsed as
(a / b) * c.Theternary ~?: " associates to the right. Thus

a?b:c?d: e
isparsed as

a?b: (c?d: e

2000-09-07
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Types

The grammar rules for types are:

type:: bool ean
| expr .. expr
I { atom ...,atom}
| array expr .. expr of type
| atom ( expr, ..., expr )
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file://IC|/Program Files/SMV/doc/language/node82.html [1/13/2002 10:38:53 AM]



Statements
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Statements

The grammar rules for statements are:

expr ;

| hs::

| hstup: :

bl ock: :

chl k: :

st ::

atom = expr ) stnt

stnt

expr

stm

type ;
lhs [:=]|<-] expr ;
{ block }
if ( expr ) stnt
case { cblk }
switch ( tuple ) { cblk }

[for|chain] ( atom = expr

next ( id)

( I'hstup )

| hs

| hstup | hs

bl ock stnt

cbl k expr : stnt

file://IC|/Program Files/SMV/doc/language/node83.html (1 of 2) [1/13/2002 10:38:53 AM]



Statements

2000-09-07

file://IC|/Program Files/SMV/doc/language/node83.html (2 of 2) [1/13/2002 10:38:53 AM]



Module definitions

next || up || previous || contents

Next: Programs Up: Syntax Previous: Statements

Module definitions

The grammar rules for module definitions are:

nodul e: : nodul e atom ( parans ) {
bl ock }
par ans: : €
| at om
| parans , atom
2000-09-07
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The set inclusion operator
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The set inclusion operator

There is one operator for testings sets. the set inclusion operator “"in". The expression "X iny" returns
true if the value x is contained in the set y. The ""in" operator obeys the following law:

(xin{y,z}) = ((xiny) | (xinz))
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Extension of operators to sets

Most of the operators extend to sets, in away which is consistent with the interpretation of sets as
independent nondeterministic choices. Generally, a unary operator f obeys the law

fF{x,y} = {1 (x),1(y)}

Thus, for example,

-(2..3) = (-2..-3)
and

~{0,1} ={1,0}
For abinary operator *, we have

{(x.y} *z={x* 2z y*z

x * {y,z} ={x*y, x* z}
For example,

3 + {4,5} ={7,8}
and

0 &{0,1} =0

1 &{0,1} = {0,1}

(which are actually specia cases of the laws given above for "and").
This behavior of setsis somewhat counterintuitive when the equality operator is applied to sets. For
example, the result of

{a, b} = {a, b}
Isnot equal to 1 (true). The way to understand thisisto think of each set as representing an arbitrary

choice among its elements. Thus, the result of the above expression is the set { I : 1 } , Since we may

choose equal elements or we may choose unequal elements.

The exception to the above rule isthe in" operator, which compares avalue and a set of values. In this
case, only the left represents a nondeterministic choice. That is:
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Extension of operators to sets
{x,y} inz ={xinz, yin z}
However, as stated previoudly,

x in{y, z} = (x iny) | (xin z)

[N.B. Thismakes ""in" the only operator in the language which is not monotonic with respect to set
containment. The ~'in" operator is only monotonic in its left argument. A formal verification system that
relies on monotonicity (such as ternary symbolic ssmulation) should allow only constant sets on the right
hand side of "in".]
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Comprehension expressions

A set may be built iteratively using the construction{f (i) : i =x. .y}, wheref (i) issome expression
containing the parameter i , and X, y are integer constants. This expands to the set

{f(l),...,f(r)}.Forexample, the expression:
{i*i i =1..5}
Is equivalent to the set:

{1, 4,9, 16, 25}

Theform{f (i) : I = x..y, c(i)} representsthesetof all f (i),fori = X..y suchthat
conditionc( i) istrue. That is,

{f(i) : 1 =x..y, c(i)} = {c(x) ?2 f(x), ... ,c(y) ? f(y)}
For example,
{1 1 =1..5 i1 md 2 =1} = {1,3,5}

Or, for example, if y isof typearray 1..5 of bool ean, then

{1 : i =1..5, y[i] }
represents the set of all indicesi such that element i of array y istrue. Note that in this case, if none of
the elements of y istrue, theresult isundef i ned. This provides a straightforward way to describe a
nondeterministic arbiter. In addition, the contruct provides away to describe a nondeterministic choice
among all the number in a given range except a specified number:

x :={i i in1..5 i ~=j};
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N.B. Unsigned arithmetic on integers of arbitrary precision can be performed on bit vectors,
however. See section on vectors.
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Circular assignments

A circularity error occursif thereisacycle of zero-delay assignments amongst the union of all
assignmentsin al layers. Thus for example, the following program:

| ayer Q : {
X 1=y,
}
| ayer P : {
y = X;
next(x) :=y;
}
Prefines Q

Is erroneous, even though it is functionally equivalent to the non-circular program:

y = X;
next (x) :=y;
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