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Abstract tics. The similar problem was also investigated in [5] for

Dijkstra’s sequential language and Hoare’s CSP. In our pa-
This paper presents the derivation of an operational se- per we define a transitional condition and a phase semantics
mantics from a denotational semantics for a subset of thefor each type of transition. A program is said to execute a
widely used hardware description language Verilog. Our certain transition if the sequential composition of the phase
aim is to build equivalence between the operational and de- semantics and the denotational semantics of the process in
notational semantics. We propose a discrete denotationalthe transition’s rightonfiguration(see section 3.1) implies
semantic model for Verilog. A phase semantics is providedthe denotational semantics of the process in the transition’s
for each type of transition in order to derive the operational left configuration.
semantics. This paper is organized as follows. Section 2 introduces
the language and presents a discrete denotational semantic
model. We also design a refinement calculus for this dis-
1. Introduction crete model. Section 3 is devoted to deriving the operational
i , semantics from its denotational semantics. We introduce
Modern hardware design typically uses a hardware de-yansition types for Verilog and define a phase semantics of
scription language (HDL) to express designs at various |ev- g, oy yyne of transition. The denotational derivation of Ver-
els of abstraction. An HDL is a high level programming i, s gperational semantics is investigated in section 3.2
Ie}nguage, with u.s.ual programming I such 8S 8Spased on the phase semantics. We derive the operational
signments, conditionals and iterations and appropriate €X-gemantics for Verilog's statements based on our derivation

tensions for rea]-time, concurrency anq data structures S”it'strategy in section 4. Therefore, the operational semantics
able for modelling hardware. Verilog is an HDL that has s oqnsidered equivalent with its denotational semantics.
been standardized and widely used in industry [6]. Verilog

programs can exhibit a rich variety of behaviours, including 2 The Discrete Denotational Model
event-driven computation and shared-variable concurrency.
The semantics for Verilog is very important. At 2.1. The Syntax for Verilog
UNUI/IIST, the operational semantics has been explored in ) o )
[1, 3, 4, 7]. Verilog's denotational semantics [9] has also . 1h€ language discussed in this paper is a subset of Ver-
been explored based on the operational semantics using Dull°9- 1t contains the following categories of syntactic ele-
ration Calculus [8]. The two semantics can be consideredMenNts introduced in [2].
equivalent informally. The question is how the two seman- 1. Sequential Process (Thread):

tics can be proved equivalent formally. We have already Su=PC | S;S | if bthen SelseS
investigated the derivation of denotational semantics from | whilebdo S | ¢S
operational semantics for Verilog [10]. Therefore we have where PC ranges over primitive commands.
a method to guarantee the two semantics are equivalent. PC ::= (x :=e) | SKIP | Chaos | STOP
This paper considers the inverse approach of the equiv- andc S denotes timing controlled statement, and

alence of the two semantics. The aim is to derive the oper-is a time control used for scheduling. It can be either time
ational semantics for Verilog from its denotational seman- delay#(A) or event controfd(n).



cu=#(A) | Q(n),where nu=v|lv|lv an atomic action. But its result is also storedtin In order
2. Parallel Process (Module): to d.istinguish an assignment'guar'd fro'm an assignment, we
P:=S | P|P assign a cpntroflag with 0 tq identify this case._The result_
of the assignment guard will be added when its sequential

To accommodate the expansion laws of parallel construct, ; )
statement is encountered (not only time controls). O

the language is equipped with a hybrid control event

he == Q(xz :=e) | Q(g) | #(A) We are now ready to represent the observation by a tuple
gu==nlgorg|gandg|gand-g time, time, tr, I, ttr, ttr', fla !
. ) , try tr, ttr, it flag, flag
and the guarded choidéc; P1)] ... [(he, BPy) Where:( )
2.2 Denotational Semantic Model e time andtime are the start point and the end point of a

time interval over which the observation is recorded. We
Verilog processes are allowed to share program vari- used(time) to represent the length of the time interval.
ables. In order to deal with this shared-variable feature, we d(time) =q4r (time — time)
describe the behaviour of a process in terms of a trace ofe & stands for the initial trace of a program over the in-
snapshotswhich records the sequence of atomic actions in terval which is passed by its predecessorstands for the
which that process has engaged to some moment in timefinal trace of a program over the interval.
Our semantic model contains a variableto denote that  #* — ¥ stands for the sequence of snapshots contributed by

trace. the program itself and its environment during the interval.
Function ‘ast” yields the last snapshot of a trace. e t¢tr and¢tr’ stand for the initial and final value of the
tr"tro denotes the concatenation of traceandtr,. Sup- variablettr which are used to store the contribution of an

posetr; is a prefix oftry, tro — tr; denotes the result of  atomic action over the interval.
subtracting those snapshotstin from tr,. The notation e flag and flag’ stand for the initial and final value of the

tr1 in try indicates thatr; is contained irtrs. control flag. There are two cases to indicate the end of its
A snapshot is used to specify the behaviour of an atomic prior atomic action (ftr = null” or “ttr # null A flag =
action, and expressed by a trigle o, 1) where: 0").

(1) ¢ indicates the ti_me when the atomic actior_1 happens; \\e introduce a binary “chop” operator to describe the com-
(2) o denotes the final values of program variables at the posite behaviour of sequential composition.

termination of an atomic action; .
(3) 11 is the control flag indicating which process is in con- Dei'n't'on 2.2
trol: ;1 = 1 states the atomic action is engaged by the pro- P7Q =g

cess, whereas = 0 implies it is performed by the environ- 3¢, s, tt, f e P[S/f__f» t/time, tt/ttr', f/ flag']
ment. A Qls/tr, t/lime, tt/ttr, f/flag) O
We select the components of a snapshot using the pro-The “chop” operator is associative, and distributes over dis-
jections: w1 ((¢t, o, 1)) =ar t, junction. It hasl has its unit andalse as its zero, where
mo((t, 0, ) =ar o, w3((t, 0, 1)) =af p I =g O(time) = 0ATF = Tr A

Once a Verilog process is activated, it continues its execu- ttr' = ttr A flag’ = flag

tion until the completion of an atomic action; namely ei- Execution of a Verilog thread can never undo an atomic ac-
ther it encounters a timing controlled statement, or it termi- tion performed already. A formul®& which satisfies a pro-
nates successfully. An atomic action usually consists of agram must therefore imply this fact, i.e., it has to meet the
sequence of assignments as shown below. healthiness conditian

Example 2.1: Consider the parallel prograii||@Q where (H1) P = PARI, whereRl =4 tr < &
P=y (z:=Ly:=c+1z:=z+2)andQ =4 = := 2. ) o )
Three assignments &f form an atomic action, and their ex- A Verilog process may perform an infinite computation

ecution is uninterrupted. The procegssan only be started and enter aivergent state To distinguish its chaotic be-
at the beginning or at the end of the executiorPof O haviour from the stable ones we introduce the variables

To trace the accumulated change made by individual as-0: 0k : Bool into the semantic model, whevé = true
signment within an atomic action we introduce a pair of indicates the process has been startedpahe- true states
global variablesitr =4 (ttrl,ttr2), and identify an as- 1€ Process has becorsiable
signment as a binary relation over the variatite On the A timing controlled statement cannot start its execution be-
completion of an atomic action, its result will be added to fore its guard is triggered. To distinguish its waiting be-
the trace. haviour from terminating one, we introduce another pair of

Assignment guard(x := e) is introduced in Verilogto  variableswait, wait’ : Bool. wait = true indicates that
support parallel expansion laws. We reg@(l: := ¢) as the process starts in an intermediate stategemd = true



means the process is waiting. The introduction of interme- current data state during the execution of an atomic action
diate waiting state has implications for sequential composi- (¢’ = ) represents the previous atomic action ends and the

tion “P; Q" if @Q is asked to start in a waiting state Bf
it leaves the state unchanged, i.e., it satisfiehdadthiness
condition
(H2) Q = II <wait > Q,
wherell =g truetF (6(time) =0) A (ﬁ)
( se{wait,ttr, flag} s'
P<1Q>R =4 (PANQ)V(-QAR
PFR =4 (okNP)= (ok' AR) O
Definition 2.3: Let P and@ be formulae. Define
P Q=q
Jw, 0 e ( Plw/wait', o/ok’| " Qw/wait,0/ok] ) O
Definition 2.4: A formula is called ahealthy formulaif it
has the following form.
H(QFW <wait' >T)

) A
S

where H(X) = II Qwait> (X A R1) O
Theorem 2.5: H(P) satisfies healthiness conditiof/{)
and H2). O

Theorem 2.6: If Dy, Dy are healthy formulae, so are
D1V Dy, Dy <b> Do andD1 3 Da,

where
if _|Q1 = _‘Ql A R1 and—|Q2 = _‘QQ A R1, then
H(Ql Wi« wait’ > Tl) ; H(Q2 Wy <« wait’ > TQ)
= H(=(=Q1; R1)A—=(T1; =Q2)
(Wl vV (Tl ; Wg)) < wast’ > (T1 ; TQ)) 0
Tthe denotational semantics of a procéss described
as:

H(_‘Pd’iv F Pwait < wait’ > Pter)

where,Py;.,, Puair and Py, are the divergent, waiting and
terminating behaviour oP respectively.

3. Denotational Derivation for Operational Se-
mantics

3.1. Operational Structure, Transitional Condition
and Phase Semantics

new atomic action has not been scheduled);

(4) a control flagk (the fourth element) indicating whether
or not the programP is activated:k = 1 says thatP is
scheduled to execute, wherdas- 0 implies thatP is wait-
ing to be activated;

(5) a thread number(in some configurations) denoting the
i-th thread of proces® is being executed (i.e., this thread
obtains the control flag).

The relationship between a transition and the variables in
the denotational model can be described by the following
diagram of an example transition.

mo(last(T)) ttr2 flag

Pl

c < Pl7 OJ, @, 0>
Let O(aq, as, as, ) stands for the observation afi- and
flag.
O(an, g, a3, ) =qf ttr = ag AN ttr’ = as A

flag = az A flag' = ay
We use ttr = notnull” to indicate “ttr # null”.

mo(last(¥r)) ttr2 flag

P

<o,0'>
<P o o, 0> 22

—

The transition rules can be grouped into the following
types [7]. We define a transitional conditi@ond; ; and
its corresponding phase semantics for each type of transi-
tion. Our map from denotational semantics to operational
semantics is based on the phase semantics. iderad; ;
stands for the transitional condition of th¢h transition of

e Instantaneous transition

T:: Thei-th thread of proces® can perform an instanta-
neous action, ané’ enters the instantaneous section by its
i-th thread being activated.

< Po,0,0> — < Po,0,1,i> ie€{l,2}
COIldLl =df

or = tr A O(null, (mo(last(tr)), ma(last(¥r))),0,1)

< P,o,0',1> — < Po,0,1,i> ie€{l,2}

There are six types of transition for Verilog based on con- Cond; 5 =4 =5 A O(notnull, ttr,1,1)

figurations. In order to derive Verilog’s operational seman-
tics from its denotational semantics we define a transitiona

| Ta: Within the instantaneous section, thth thread of the

condition and a phase semantics for each type of transition PFOCeSSP performs a transition, and remains in the section

A configurationusually consists of four components (or five
in some cases):

(1) a program text” representing the rest of the program
that remains to be executed;

(2) a data state (the second element of a configuration)
denoting the initial data state of an atomic action;

(3) another data stat€ (the third element) representing the

or terminates. This transition assigns the successér afi
active status.
< Pyog,0,1,i > — < Plog,0',1,i>, i€ {l1,2}
< P,0g,0,1,i > — < Pog,0',1>, i€{1,2}

For a specific progran®, ¢’ should be of the forny (o).
The two transitional conditions are the same.

Condy | =4 T = Ir A O(notnull, (ttrl, f(ttr2)),1,1)



Ts3: Within the instantaneous section, théh thread of a Ty < P,0,0,0 > —— < P',5,0,0 >
process may ]eave the mstantanepus section. If the process Condg;, = 7= A O(null, null, 0,0)
is breakable, it can also leave the instantaneous section. ’ .
If processP cannot do any other transitions at the mo-

A p .

< P a0, o Li> — <Ph 70,7 0>, ie{l,2} ment, time will advance. We regard the unit of time advanc-

< Pog,0',1> = < Poo,0’,0 > ing is 1. During this period, there are no atomic actions con-
The two transitional conditions are the same. 915 . 9 penod, . :

BN tributed by the procesB itself and its environment. Hence,

Cond;; =g tr = tr A O(notnull, ttr, 1,0) time advancing keeps the trace unchanged. Its phase seman-
T,: A transition represents that the program executes antiCS IS:
assignment guard (i.e., assignment guard is regarded as aphase6 =g H(true - Condg 1 A (6(time) < 1

atomic action). <wait’ > 0(time) = 1))
<Po,0,0> — <Pl,od,0> ) . )

For a specific procesB, ¢’ should be of the fornf (). 3.2. From Denotational Semantics to Operational

Semantics

COl’ld471 =df

- «—

tr = tr A O(null, (my(last(tr)), f(ma(last(r)))),0,0) Itis the purpose of an operational semantics to define the

e Triggered transition relationship between a program and its allowed execution.

] . . , . For this we need a clear definition of transition for Verilog.
Ts: (1) A transition can be triggered by its sequential pre- ¢ permore it is the major aim of this paper to show it is

decessor. This kind of transition is called the self-triggered possible to derive the operational semantics for Verilog in

transition. / such a way as to guarantee its equivalence with the denota-
<207 < PLol 0,0 > tional semantics.

_ oS N In order to derive the operational semantics from the de-
Here, c in notation "—", represents the condition nqtational semantics, the notation otanfiguration con-

which triggers the transition. It has the fourfv, o’) based jtion is introduced. It links the configuration state with a
on a pair of statesc 0,0’ >. If there is no this kind of  yanotational condition.

condition, it can be understood tisue. If o ando’ are the
sameg’ will not be attached to the end of the trace.

< Po,d,0>

For notational simplicity, we will usec P, o > to rep-
resent a configuration in later discussion ang< P, « >)
Cond; 1 =g c(ttrl, ttr2) A O(notnull, null, 0,0) A to denote thé-th component ok P, o >.

(tr = tr < m(last(ir)) = ttr2 >

R AN bt Definition 3.1 (Configuration Condition
=1t < (time, ttr2,1) >) ( g )

Condition(< P,a >) =g4f

(2) A transition can be triggered by its parallel partner. (ttr = null < p3(< P,a >) = null > ttr # null)
, A flag = pa(< Pa >) |
<o,0 > )
<Po0,0> =" <P,0"0,0> Let C(ay, ag) =g ttr = ay A flag = ap. We again use

A process can also records the contribution of its envi- “ttr = notnull” to indicate “ttr # null”. C(a1,a2) can
ronment’s atomic action. But the control flagn the snap-  be used to stand for the configuration condition. For exam-
shot is0. If o ando”’ are the same, the environment will not ple, Condition(< P,o,0’, 0 >) = C(notnull,0)

/ )
attacho’ to the end of the trace. Therefore, the process’s Example 3.2: Assignmentz

. . S = e under state< z :=
trace remains unchanged (i.&7,= tr) in this case.

e, o, B, 0 > can be scheduled at once and then takes an in-

Cond; > =4 stantaneous transition. The environment can also be sched-
O(null, null,0,0) A c(ma(last(tr)), m(last(Tr))) uled to execute first. The order in whieh:= e and its
. m(ﬁg B ﬁ) — e environment is selected is arbitrary, i.e.,
AT =1rv - <z:i=e0 00> — <z:i=e 0,0 1,1> (1)
my(tr — ) =0

<o,0'>
The above five types of transitions have the instanta- <=6 0:0,0> "==" <az:=¢ 0, 0,0> (2
neous feature (the program itself or its environment). The This means< z := e,0,0,1,1 > and < z :=
corresponding phase semantics of each transition can be exe; o', #, 0 > are the two execution branches of the con-
pressed aén.st(Cond, ;) whereCond, ; can bethe above ~ figuration< z := e, o, §, 0 >. On the other hand, from
nine transitional conditions. the denotational view, we can prove:

Inst(X) =4 H(true - —wait’ A §(time) =0AX) Inst(Condy1); z:=e = Cnull,0) Az :=e (3)

“§(time) = 0” indicates those transitions consume zero Inst(Conds o) ; z:=e = C(null,0) Az :=¢ (4)

time. HereInst(Cond, ;) andInst(Conds ,) are the phase se-

e Timing advancing transition mantics of the above two transition§(null, 0) indicates



the denotational semantias:= e is under the configura- (1) When it is the first statement of an atomic action, its ac-
tion conditionttr = null A flag = 0. Therefore logical tivation can be held by the environment for a while (in fact
formulae (3) and (4) are consistent with transitions (1) and zero time units!), and afterwards it assigns the last snapshot
(2) respectively. This leads to the definition of our transition of the trace tatr.

strategy. O (2) Otherwise, it terminates immediately.
Definition 3.3 (From Denotational Semantics to Opera- [ts denotational semantics was defined in [9]
tional Semantics) SKIP = flash < (ttr # null A flag =0) > IT
<Pa> I Pla > ; (hold(0) ; init) < ttr = null > II
L where:
=4 sem; P’ = Condition(< P,a >)\P Flash
asn =g

where, sem is the phase semantics of transitian?, o > fttrl = null A flag' =0 A (T = fr

B B "

— < P/,(} >. — can be of the transition form 1, | G(¢tr = null v mo(last(fr)) = tr2)>

<o,0' > 1 ¢
T — or — = tr =1t < (lime, ttr2,1) > )

Here, ‘=" represents logical implicationP and P’ in the o o
first line of the definition stand for the syntax, wherdas "t =af Inst( tr =tr A

and P’ in the second line stand for the denotational seman- O(null, (my(last(tr)), mo(last(Tr))),0,1) )
tics. We regard the denotational semantics of the empty PrOhold(n) =g
cessc asll. .
. " . H(t Fidle A ttr' = tt lag' = fl
This definition allows the transition system of Verilog (true - idle A\ thr r A flag" = flag A

to be derived as theorems, rather than being presented as (0 <n<Qwait'>6=mn)),

postulates; they can be strictly proved from the denotationalidie =4 73(#r — r) € 0* A iner(m, (77 — r)),

semantics. Therefore the derived operational semantics i%ncr(s)

equivalent to or consistent with the denotational semantics. _ o o
Our main goal is to derive the operational semantics in Vat is the set containing all the non-negative integers.

[7]. In this sense the operational semantics of Verilog in [7] ¢ is the abbreviation of (time), which istimeé — time. O

is consistent with our denotatipnal sema_n_tics. On the othertheorem 4.1

hand .there may be more denveq transnpq rules than theT1: < SKIP,0.0.0> — < SKIP.0.0,1,1 >

rules in [7]. In order to let the derived transition rules work

properly, we add the following restrictions: <SKIP,0,0",1> — <SKIP,0,0",1,1>

Ty: < SKIP,0,0',1,1 > — <e¢e,0,0',1>

:de<t1,t2 > inSO(tQ—tl) € Nat

e Transition typ€el'; andT5 cannot be used f@TOP,

. <o,0'>
@(g), #n, @Q(x = ¢) and guarded choice. Ts;: <SKIP,0,0',0> == < SKIP,¢’,0,0 >
e The first rule of transition typ&'s (or T3) is only for < SKIP,0,0,0 > “2%° < SKIP,o’,0,0 >

those parallel processes (exc€pliaos), whereas the  proof.  Here T ; indicates thej-th transition of Transi-
second rule off'; is only for those processes that have yjon 1, we only give the proof of's 1. Others are similar.
no parallel structure outside.

e Transition typeTgand the second rule df, cannot
be used folChaos.

Inst(Conds ) ; SKIP
{Def of SKIP andConds ; }
= Inst(Conds 1) ; hold(0) ; init

{Def of flasht
4. Deriving Operational Semantics for Verilog = C(notnull,0) A (flash ; hold(0) ; init)
Statements by Proof {Def of SKIP}

= C(notnull,0) A SKIP

In this section we will derive the operational semantics We can also prove th&KTP cannot do transitions of type

for Verilog statements by strict proof. Therefore, our de-

. . . . . . T3, Ty andTg. O
rived operational semantics is equivalent to or consistent
with its denotational semantics [9]. The execution ofc := e assigns the value aefto z. Like
the treatment o8 KIP, we distinguish the case af := ¢
4.1. Primitive Statements is the first statement of atomic action from the other cases.
z:=e =g SKIP ; assign(z,e)

SKIP first adds the result of its previous atomic action Where
if the result has not been added and then behaves in two dif-
ferent ways according to its role in atomic action: assign(z, ) =qs



Inst(tr = tr Attrl’ = ttrl A ttr2’ = ttr2[e/z)
A flag' = flag)
ttr2[e/z] is the same agr2 except mapping: to e.
Theorem 4.2
T <z:=¢€,0,0,0> — <z:=¢,0,0,1,1>
<zr:=e0,0,1> — <z:=e0,0,1,1>
Ty <x:=e0,0,1,1> — <eg,0,0'e(c")/x],1>

<o,0'>

Ty <z:=e,0,0,0> 257 <z:=e,0,0,0>
<o,0'>

<z:=eo0,0,0> 257 <z:=e,0,0,0>

Proof
We first proveT'; andT5 based on the result §FKIP.

Inst(Cond, ;) ; = :=e
{Def of x:=€}
= Inst(Cond, ;) ; SKIP ; assign(z,e)
{Transition ofSKIP}
= (Condition(left) A SKIP) ; assign(x,e)
{PL}
= Condition(left) N (SKIP ; assign(x,e))
{Def of x:=¢}
= Condition(left) Nz :=e

The prooof ofT5 is similar to the proof ofl'; for SKIP
[11].

4.2. Timing Control

fire(g)(ttrl, ttr2)) A IT; flash
The definition ofawait(g) andtrig(g) can be found in [11].
Theorem 4.3
T3: < Q(g),0,0,1> — < @Q(g),0,0",0 >

Ts: < Q(g),0,0",0 > <£>>fi7.e(g) <e0,0,0>

<@(g),0,0,0 > “2%7 o) <&0°,0,0 >
<o,0'>
< Q(g),0,0',0 > SAEIN ~fire(q) < Q(g),0",0,0 >
<a,0’>

<Q(9),0,0,0> "= i) < Q(g),0",0,0 >
Tg: < Q(g),0,0,0> — <@Q(g),0,0,0 >

Proof: Here we give the proof of the first rule of transition
typeT's. Other proofs can be found in [11]. Let

attachl =g & = Ir < mo(last(tr)) = ttr2
o =t < (lime, ttr1,1) >
Inst(Conds 1) ; IT
{Def of Cond571, Th 26}

= Inst( fire(g)(ttl, ttr2)A
O(notnull, null,0,0) A attachl )

{PL}
= C(notnull,0) A (seltrig(g))
{Def of @ (9}
= C(notnull,0) A (Q(g))
a

In Verilog the timing control events are introduced t0 4 3 |teration
synchronize the execution of parallel process. There are two

kinds of events. One is the guard event; the other is the time  The denotational semantics of Verilog iteration construct

delay. The guard event is denoted ©yg). A primitive
guardg can be of the following forms:

e T v waits for an increase of the value of

e | v waits for a decrease of the valuewf

e v waits for a change of.
We introduce a predicat&re(g)(o, o’) to indicate the tran-
sition from stater to states’ can awake the guar@(g).

fire(T v)(o,0") =g o(v) < o' (v)
fire(l v)(o,0") =q4r o(v) > 0o’ (v)

fire(v)(o,0’) =4 o(v) # o’ (v)

The event guardl(g) can be immediately fired after it is
scheduled to executed. In this case, it is actually triggered
by the execution of its priori atomic action, and can be spec-

ified by seltrig(g).
Another case is the guard(g) waits to be fired by its
environment, its idle behaviour is described dyait(g).

When the guard is eventually triggered, its behaviour is

modelled bytrig(g).

Q(g) =g selftrig(g) V (await(g); trig(g) )
where
sel ftrig(g) =qr H(true - ttr # null A

is defined in the same way as its counterpart in the conven-
tional programming languages.
whilebdo P =4 puprX e ¢(X),
where:
parX o 6(X) =y N{X | X = ¢(X), X € HF},
&(X) =qr SKIP ; ((P; X) < b(ttr2) > II),
HF is the set of all healthy formulae.
Letb « P stand forwhile b do P.
Theorem 4.4
Tl <bxP,o0,0,0> — <b*xP,o,0,1,1>
<bxPo,0',1> — <bxPo,o,1,1>
T2 <bxP,o,0',1,1> — <P;bxPoo,1>
if b(o”)
<bxPo,0,1,1> — <eg,0,0/,1>
if =b(c’)
T5 <b*P,o,0,0> <bx P, ,0,0>
<bxPo,0,0> <b*xP,0,0>

Proof: Below is the proof of transitiol'; andTs. The
proof for T2 can be found in [11]. Letem stand for the

<o,0’>
—

<o’,<7'>
—



phase semantics for transitidy, or Ts.

The following two laws aboufyrX e ¢(X) will be
employed later.

H(parX @ 9(X)) = prrX o p(X) (1)

If F = ¢(F),thenF = upgrpX e ¢(X) (2)
For any healthy formul&, which satisfiesX, = ¢(Xp),
sem ; Xo {Xo = ¢(Xo0)}
sem ; SKIP ; (P; Xo) < b(ttr2) > IT

{Transition ofSKIP}

(Condition(left) N\NSKIP) ; (P; Xo)<tb(ttr2)>1II

=
=
= Condition(left)A\
(SKIP ; (P; ugrX e ¢(X)) < b(ttr2) > IT )
{Formula (1}

= Condition(left) A (parX o (X))

sem; pugrpX o ¢(X) {Defof ugrX e p(X)}
sem; M{X | X = ¢(X),X € HF}
{PL}
M{sem; X | X = ¢(X),X € HF}
{Above result, PL,
Condition(left) A (uprX o ¢(X))

=
O

4 4. Parallel

In order to derive the transition rules for parallel, we first
give an overview of the denotational semantics for parallel.

The trace of parallel construct is formed by interleaving
of atomic actions performed by its components. Eeand
G be formulae of variable&, &7, ttr, ttr', flag andflag’,
which do not contaimk, ok’, wait andwait’. The merge
of F'andG can be expressed by ® G [9, 11].

The following lemmas about will be employed in the
later proof.

Lemma4.5: If P, = (ttr = null) A (ttr’ = null)
and Py = (ttr = null) A (ttr' = null),

then ((PyAlen(tr —#r)=nAd=m);Q)®
((PyAlen(tr —tr)=nAd=m);Qs)
= ((PAlen(tr —tr)=nAd=m)®
(PyANlen(tr —tr) =nAd=m))
i (Q1©Q2) O
Lemma 4.6

If P = m3(Tr — tr) € 0 A (ttr = null) A (ttr' = null),

then(P; Q1) ® (P; Q2) = P; (Q1 ®Q2) O
Lemma4.7: If P, = P, and@Q; = Qo,
then(P, ® Q1) = (P ® Q») U

The parallel construcP || @ runsP and( in parallel.
P || Q@ =g attach ; par(P; flash, Q; flash)

whereattach behaves the same #&ish except it keeps the
value ofttr’ unchanged [9, 11].

par(P, Q) is defined in terms of in [9, 11], and its be-
haviour is determined by that of its components in the fol-
lowing ways:
o It stays at a waiting state if either component does so;
e Itterminates when both components complete their ex-
ecution;
¢ It behaves chaotically when either component is diver-
gent.

Next we discuss the transition rules for parallel.

Theorem 4.8(Program Refinement)
P = Q iff (Pdiv = Qdiv) A (Pwait = (Qdiv \ Qwait))

A (Pter = (Qdiv \ Qter)) (]
This theorem is useful in deriving the transition rules for
parallel.
Definition 4.9 (Consecutive instantaneous action)
Let P be a program, and =< o, ), 0 > or < ag, o, 1 >.

<P a> -5 < P a > ifthere exists a finite sequence
of configurations{ D; | 0 < ¢ < n} such that

(1) Dy=<P,a>, (2) D; — D;11for0<i<mn,
(3) pa(D;)=1for1<i<n, (4) D,=<Q,a/ > 0O
Next we introduce=>. to specify an atomic action.

Definition 4.10 (Atomic action)
LetD =< P,a >wherea =< 0,0, 0 >0r< o, o/, 1 >.
D =. <P.d,0,0>
=4 3IP',0,0'eD 5 < Plo,0,0>A
<PlLo o 0> 287 Qo 0.0>
We can also generalize the transitional condition for an
atomic action.
Theorem 4.11 If < P,0,0,0 > =, < P',0’,0,0 >,
whereo’ = f(o)
then Inst(atomic'(c)); P' = C(null,0) A P
where atomic’(c) =4
tr = tr AO(null, (mo(last(tr)), f(mz(last(¥r)))), 0,0)
; Conds ;
atomic(c) =g atomic (c) A d(time) =0
Cond; ; contains the condition in its definition.
Theorem 4.12
If <Po,0,0> =, <P,o,0,0>,
and < Q,0,0,0> 2%, <Q.o'.0,0>
then (1) atomic(cl A c2); (P' || @)aiw = (P || Q)i
(2) atomic(cl Ae2); (P @ )wait =
(P Qaiv V (Pl @uait )
(3) atomic(cl Ae2); (P Q)ter =
(P Qaiv V (P Q)ter )
The detailed proof can be found in [11].

Theorem 4.13

O

O



If <Po,0,0> =, <P,o,0,0> and
<Q,0,0,0 > <ﬂ>52 <Q,o,0,0>

then Inst(atomic’ (c1 A e2)); (P ]| Q) = (P Q)

Proof from theorem 4.12, 4.8 and 2.6. O

Theorem 4.14

If <P o,0,0> a1 <PLo',0,0> and
<Q,0,0,0 > <ﬂ:>62 <Q',0,0,0>

then Inst(Conds2); (P || Q) = (P| Q)

<o,0'>
—

[1]

HereConds » contains the conditionl A ¢2. O

Theorem 4.15

f <Po0,0>— <P, 000> and 2]
<Q,0,0,0> — <@, ,0,0>

then phase6; (P' || Q') = (P | Q) o

Theorem 4.16(Transition system for parallel)

@i <Po 00> =, <P, o,0,0>and
<a,a’>

3]

<Q707®a0> — 2 <Q/,UI7®50>1

then< P | Q,0,0,0 > =>cine0 < P’ || Q',0",0,0 > [4]

@1 <Po0,0> 2%, <P, 0,0>and
<Q,0,0,0> 257, < Q00,0 >

then< P || Q,0,0,0 > ST hes < P Qo' 0,0 > [5]
<Po,0,0> — <P.o,0,0>an

3)If <Pod0>— <P o 0,0 d

<Q,0,0,0> = <Q,0",0,0>
then< P || Q,0,0,0 > — < P'[|Q,0",0,0 >
Proof directly from theorem 4.13,4.14 and 4.15. O 7]

Transition rules of Theorem 4.16(2)(3) are consistent with
the parallel rulesl's, T in [7]. Our proved rule of Theo-
rem 4.16(1) is the universal rule @y, T2, T3, T4. We
can extend this general rule to the detailed rule¥ of T,
T3, T4 in [7] according to the simulation-based scheduler.
Then our whole transition system can work properly.

For other statements of Verilog, the derived transition
rules and their proofs are presented in [11].

[6]

[8]

[9]

5. Conclusion

The main contribution of our work is to derive the opera-
tional semantics for a subset of Verilog from its denotational
semantics. Thus, our operational semantics presented here
is equivalent to its denotational semantics. We provide a
discrete denotational model and design a refinement calcu-
lus for it. Our approach is new. We define a transitional
condition and phase semantics for each type transition. A
transition can be derived if the sequential composition of the
phase semantics and the denotational semantics of the pro-
cess in the transition’s right configuration implies the de-
notational semantics of the process in the transition’s left
configuration.

For the future, we are continuing to explore unifying the-
ories of Verilog. The completeness of the derived opera-
tional semantics for Verilog is another interesting topic for
study.
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