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Abstract Static slicing has shown itself to be a valuabléhe increasing space requirements of model checkers. These
tool, facilitating the verification of hardware designsthis techniques have mostly been applied at the boolean netlist
paper, we present a sharpened notamtecedent conditioned(gate) level. It is also possible to apply these techniqtes a
slicing that provides a more effective abstraction for reduthe register transfer level (RT-Level), which is typicadlg-
ing the size of the state space. In antecedent conditiorsedibed using hardware description langauages (HDLS). It
slicing, extra information from the antecedent is used te péas been shown that this leads to significant benefits over
mit greater pruning of the state space. In a previous versigate level manipulation of hardware. This is due to the mod-
of this paper, we applied antecedent conditioned slicing titarity and the intuitiveness that accompany RT-Level oper
safety properties written in propositional logic, of therfo ations. Additionally, these source-to-source transfdiona
G(antecedent = consequent). In this paper, we use an-can borrow techniques from software because of their struc-
tecedent conditioned slicing to handle safety and boundedal similarity to software programs.
liveness property specifications written in temporal logic  Program Slicing, introduced by Weiser[34,32] is a widely
We present a theoretical justification of our technique. W&ed abstraction technique used to statically analyze pro-
provide experimental results on a Verilog RTL implementgirams and retain parts of the source code relevant to the
tion of the USB 2.0 functional core, which is a large desigapplication [33,15]. Program slicing (or static slicinggsh
with about 1100 state elements){! states). The resultsbeen used for a variety of tasks, including debugging [33],
demonstrate that the technique provides significant perfeaintainence [15] testing [12]. within a behavioral domain
mance benefits over static program SliCing using state-of- Program S”cing has been apphed to various software en-
the-art model checkers. gineering disciplines where manipulation of large proggam
and hence their decomposition is desirable. In the past, pro
gram slicing has been extended to HDLs [7,17,29]. Program
slicing has also been successfully applied to hardware ver-
ification by Clarke et al [7,30]. A variation of static pro-
gram slicing, that improves over it @nditioned slicindg2,
- 4]. Conditioned slicing augments static program slicing by
1 Introduction specifying some initial states of interest in the slicingecr

] ) ] rion. Conditioned slicing has been shown to produce smaller
Abstraction techniques have been widely used to reduce g}y more meaningful abstractions than static slicing. Con-
state space explosion problem in model checking [6]. Alitioned slicing has been used for program comprehension
though mode] _chepkmg has be(_er_1 SL!ccessfuIIy employeqm]' reuse [4], migration [3] and re-engineering [5].
harc!ware venﬁcqtlon, formal ve(n‘lcathn at the full Ch‘?’é'. In this paper, we introduce an abstraction technique for
IS St'”.a challengmg_problem. Simulation baset_:l verifioati roperty based hardware verification using conditionesd sli
techniques are applied for large parts of the chip. Mangstqlg " caliedantecedent conditioned slicinghe principle of
space reduction techniques have been applied to allevigig erification technique is to use the information prodide
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Conditioned slicing has been defined for programs of the program that must be preserved is application spe-
software. We extend conditioned slicing to HDLs. We akific, and is captured by the slicing criterion. We present
gue that our technique is effective for hardware verifigatidhere, some necessary background for program slicing.
and provide a theoretical basis for it. We also provide exper o o
imental results to show the substantial performance gdinsRgefinition 1 Static slicing criterion
using this technique, as compared to state-of-the-art mode . o . .
checking techniques. Experiments are shown on an RTL i@— A sllcmg grlterlon ofa prpgranP with an Input glphabet
plementation of the USB 2.0 protocol. , is a pair{i, V') such thati is a program point in? and

In a previous version of this work [26], we showed thd €& . .
application of our technique to safety properties of thenfor A SEt of statements, is said toaffectthe values of” at
G(antecedent — consequent). Safety properties writ- - in a given shqmg criterion(i, V), if I, defines a subset of
ten in propositional logic form a simpler class of proper! thatis used in.
ties and have limited applications. In order to be useful
any reasonable scale, temporal properties have to be d
with. In this_paper, we extend this idea of anditioned Bg:l A slice S of a programp on a S|icing (';ri'[e|fi0|f'\<i7 V> is a
based verification to safety and bounded liveness progertigibset of the statements Bfthat might affect the values of
written in temporal logic. We show the modifications ang at;.
the clauses in our algorithm to incorporate these temporal A static slice preserves the projection of the semantics of
properties. We handle properties written in LTL, of the fornte original program for every possible execution of the pro
G(antecedent —> Xconsequent), andG(antecedent —> gram. This can resultin very large slices. [21,18]. Mang-sli
EFconsequent), where themntecedent andconsequent can jng algorithms have been proposed to as variations of static

gtaeﬁmmon 2 Static slice for programs

also be temporal logic formulae. slicing, to create smaller slices [18,27,31]. A detailed/sy
The principal contributions of this paper are: of program slicing techniques can be found in [28].
— We extend conditioned slicing to HDLs and apply it to
verification.

— We introduce a novel abstraction technique for verifica.1 Conditioned Slicing
tion, antecedent conditioned slicing. To the best of our
knowledge, this is the first time that information fronCanfora et al [2] introduced the notion obnditioned slic-
the antecedent of an LTL property has been exploited fioig, that forms a theoretical bridge between static and dy-
creating abstractions. namic slicing. Conditioned Slicing augments static skicin

— We do not operate on a model of the hardware, but thg introducing a condition that specifies the initial set of
actual RT-Level implementation of the design. This, astates in the criterion. It does not give specific inputs, un-
cording to [1] is a relevant issue in contemporary hardike dynamic slicing. This slicing technique, therefore al
ware verification environments. lows slicing with respect to the initial constraints in thep

— Our abstractions are relatively simple to apply, since thgyam. We present some basic definitions of conditioned slic-
only involve statement deletion. They do not require arigig that appear in the literature.
manual expertise or intervention.

The rest of this paper is organized as follows. Section

gives a background of slicing techniques and conditiongd; s pe the input alphabet of the prograf Let C be a

slicing that are necessary for understanding our techniaygs; order predicate logical formula on the variable<inA
Section 3 show the dependence graph based techniquegyiyitioned slicing criterion is a triplé”, 7, V), wherei is a
obtain a conditioned slice. Section 4 extends conditiongghiament in the program, amdC .

slicing to HDLs. In Section 5, we introduce and describe an-
tecedent conditioned slicing using examples. Subsectbn Pefinition 4 Conditioned Slicing for programs
gives an algorithm for computing antecedent conditioned
slices, while Subsection 5.2 gives the theoretical basis # conditioned slice of a progra? on a conditioned slicing
our abstractions. In Section 6, we provide the experimentilterion (C, i, V') consists of all the statements and predi-
results using our technique. We discuss the applicatiods @ates ofP that might affect the values of the variablesiin
limitations of our technique in Section 7. We conclude witht:, when the conditiol’ holds true.
Section 8. Tip [27] introduced a more restricted form of conditioned
slicing called constraint based slicing. In all these catbes
conditionthat specifies the set of initial states, and is used
2 Slicing Techniques for slicing is a first order predicate logic formula.

In situations where the initial set of constraints for the
Slicing, in the most general sense, is a program transfornpgegram analysis are known, this technique can be employed
tion involving statement deletion, that preserves some pito get much smaller slices than those produced by static slic
jection of the semantics of the original program. The aspeny.

l%efinition 3 Conditioned Slicing criterion
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Conditioned slicing has been automated with significant begi n _
g) read(N);

success on C and WSL code [10,9]. More recently, analg- A= 1
gous to backward and forward slicing [25], backward and

forward conditioning were introduced. [14]. In forward eon3: if (N
ditioning, a statement is deleted if, when the condition |4°,
satisfied, it cannot be executed. In backward conditiorangs:
statement is deleted if, when executed, it cannot lead to the
condition being satisfied. In this paper, wherever it appear el se
conditioning refers to forward conditioning. 6:
7.
8:
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3 Dependence graph based slicing |
el se

Ottenstein and Ottenstein define slicing as a reachability-p.
lem in a dependence graph representation of the program
[24]. They use Program Dependence Graphs (PDGSs) [13] _
for static slicing of single procedure programs. The statgl: print(B);
ments and predicates of a program correspond to the vertit&s print(Q);
of the PDG and the edges correspond to data and control de-
pendences between statements. In dependence graph based
slicing approaches, the slicing criterion is identifiediwét Fig. 1 Example Progam written in psuedocode
vertexv in the PDG. The in the slicing criterion(i, V') cor-
responds ta in the PDG, whileV stands for the set of all
variables defined or usedat

For slicing of multi-procedure programs, System Depen-
dence Graphs (SDGS) were introduced [16]. An SDG com-
bines theprocedure dependence grapbfsall the called pro-
cedures of a program, alongwith tippogram dependence
graphof the main program by allowing edges that can model
procedure calls.

Let the program dependence graph for a prograrde-
noted byG p be a directed graph.

COomT Y omT
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@—h
z
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Definition 5 Control Dependence Edge

A control dependence edge from to vo, wherev; is a _. .
. : . Fig. 2 Program Dependence Graph of the program. The solid edges
predicate vertex, denoted by —. v, implies that the denote data dependency and the dashed edges denote cepeat d

truth of the predicate expression representedvbyleter- gencies. The vertices in bold denote the Static slice of togram
mines whether or nat; is executed. with respect to the variable B at statement 11.

Definition 6 Flow Dependence Edge

A flow dependence edge from to v,, denoted by, — gives us the desired static slice. The nodes are shown in bold

v, implies that there is some variabtethat is defined at;  in the figure. set of ALL reachable may be wrong write ver-
and used at» and there is an execution path framto v,  tices instead of nodes
along which, there is no assignmentito Now, consider the conditioned slicing of the program
with respect to the slicing criteriofC, 11, B), whereC' cor-
responds to the predicatév < 0). To obtain the condi-
3.1 Conditioned Slicing using PDGs tioned slice for a given predicat€, we project the PDG
with respect to the predicate, and then use the static glicin
We present here, conditioned slicing, using a dependeratgorithm on the projected PDG. Figure 3 shows the applica-
graph approach. To the best of our knowledge, such a tret@n of this technique to obtain the conditioned slice fa th
ment of conditioned slicing has not been shown before. mentioned criterion. Initially, all the vertices in the gra
Figure 1 shows an example program written in psuese drawn dotted. All the statements that would get executed
docode. The PDG for the program is shown in Figure 2. imhen the predicat€’ is satisfied, are marked, and the cor-
order to find a static slice for the program with respect t@sponding vertices in the graph are made solid. The graph
slicing criterion(11, B), we find all the reaching definitionsis then traversed only for solid (marked) vertices. The §et o
of B atnode 11. Then, we find the set of all reachable noda vertices reached during the traversal are made bold Thi
from these nodes in the PDG. This dgt 2,3,4,6,7,9}, set{1,2,3,4} gives the desired conditioned slice. The con-
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are the control flow graphs representing the processes in the
program, and®,, is the set of edges representing the signal
dependencies between the processes.

Definition 9 Inter process SDG

An inter-process def/use graph for a Verilog program is a
structure(G, X, D, U), whereX' is the set of signals in the
program,D is a function mapping the nodes Gfto A(X)
andU is a function mapping the nodes Gfto v(X'), where
A(X) is the set of signals defined andY) is the set of
signals used in the statements corresponding to the nodes.
This graph is also called a system dependence graph.
Fig. 3dC0nC|1iiéi?P§?SS;i\?:rVggggjtz%egtntgrtr?aedg%%il‘éaitfeit’\‘ L& mpr\g\éz”eProgram Slicing of HDLs has been modeled as a depen-
IS made SO HH H
while computing the slice. The dotted vertices are not gmtwhen dence graph node reachability prOblem in [7]. Each concur-
the predicate is true rent process has a corresponding PDG. The PDG for each
process is modified for HDLs by making provision for inter-
process communication through signals. Implicit procedur
ditioned slice, therefore, contains only those statentbats calls are generated in the inter-process control flow graph,
get executed whefi' evaluates tdrue. It is evident from this whenever a signal is potentially assigned. The PDGs of the
example that the conditioned slice is typically much snmallprocesses are connected appropriately to form a System De-
than the static slice. pendence Graph (SDG). The slices are computed by follow-
ing the chains of dependences represented in the edges of
the SDG. We extend the node reachability problem to in-

4 Conditioned Slicing for HDLs clude conditioning of HDLs.
finition 10 Static Slicing for HDLs

We present here, an extension of conditioned slicing to HDPE
The HDL computational paradigm differs fundamentally from 5, inter-process slice,, within a M, on a given crite-
P ’

traditional languages, since HDLs model non-halting, 1€ag,, 1; v is an executable subset bf obtained recursively

tive systems with concurrently running processes. The prgsaining all the statements that may affect the valuds of
cesses are not explicitly called, as they are in a programis; ithin the process P in whichis defined, and all the

procedures. Instead, they communicate through signal dezoq on the slice criteriofi,, V,) wherei, is the set of

pendency(7]. In order to extend conditioned slicing for HDLgso 1o ments defining the set of sigiialon which proces®
we use a few definitions from earlier work in program sllcmgs dependent.

[34] and its extension to HDLs [7,29] with minor modifica-
tions. We also use extend the definitions from earlier wothefinition 11 Conditioned process
in conditioned slicing [4,2].

Let M be a Verilog progranf with k£ concurrent pro- A conditioned procesB(C), for a proces$> and a condition
cessed’, such that|%_; P;, where|| is the parallel compo- C, is an entity containing the set of statement$dhat can
sition operator [29]. The processes communicate with edet executed whe@' holds true.
other through shared signals. The sensitivity list of a pssc . .
pis the list of shared signals that can cause the “calling” Géfinition 12 Conditioned Program

re-gvaluathn op. When a signal in thg sensitivity list 9€tSA conditioned program with respect to the conditiohis

assignedp is re-evaluated or called with the new value Ofepresented a8l (C) = ||, P(C); whereP(C); is a con-
f = |li=1 [ [

the signal. ditioned process.

Definition 7 Signal dependence Definition 13 Inter-process Conditioned Slicing

A process regiorP is said to be signal dependent on a state-
ments, if ¢ assigns a value to a signal which is present in t
sensitivity list of P.

inter-process conditioned sli¢e for a Verilog program
M, on a given criterionC, 4, V) is a subset of\/ obtained
recursively containing
Definition 8 Inter process CFG a) all statements in the scope of conditidnthat affect the

) . values ofV ati within the procesg$’ wherei is defined
An inter-process control flow grapfi for a Verilog program ) 5| the conditioned slices with respect to the slice ciote
is the structurelG1, G . .. G, E'sd) where Gy, G ... Gi (C,is, Vi), wherei, is the set of statements that define the

2 The term “program” is used with the same meaning as in [7] forsret of signald/; on which P is signal dependent.

VHDL designs. A Verilog program is a set of concurrent preesshat The conditioned slice of a Verilog prograf can be
executes as a series of simulation cycles. computed using its SDG representation. The condifidn
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the slicing criterion is applied to all the PDGs of all the proslicing retains all possible executions of the relevant-var
cessed’; in M. The resulting conditioned proces%C); is ables.
marked in its PDG. The conditioned program(C), is thus However, in property based verificatiome do not need
obtained from all the conditioned process&s(C) is now to check the states where the antecedent is féls¢hese
marked on the SDG. The conditioned slices are computealses, static slices might be too large and include statsmen
by finding the transitive closure of the control, flow and sighat are not of interest. We introduce a precise abstraction
nal dependencies of the conditioned progrdif(,C) in the on the basis of conditioned slicingntecedent conditioned
SDG. slices

Figure 4 illustrates an example program of a hardware The key idea in these abstractions is that they utilize in-
system, in Verilog HDL. The three procesdes, P2 and formation from the antecedent. Antecedent conditioned sli
P3 correspond to the concurrently executadgnvays@ . . ing, therefore, forms more meaningful abstractions thaticst
blocks in Verilog. The parentheses of the always blocks lislicing.
the signals on which each process is dependent. Now, con-These are also significantly smaller slices, that can re-
sider the slicing criteriodC, endp1, result), whereC cor- duce verification state space significantly. We describmthe
responds to the predicatelid = true andendp; corre- in detail in the next section.
sponds to thend statement of procesB1. We apply this
predicate on each of the three processes, to obtain the corre
sponding conditioned processé¥(');, P(C), andP(C)s. 5.1 Computing antecedent conditioned slices
The resulting conditioned programy/ (C), is shown in Fig-
ure 5. The portions of the code which can be executed, wherour property language, we permit LTL propertiesf the
the predicatealid is true, are shown. The conditioned proform
gram is now analyzed for determining the slice with respect
to the given criterion. The transitive closure of the datay-c

trol and signal dependencies of the relevant variableslyiel Gla = le
the program of Figure 6. It can be seen tRatis included Gla = X7"¢)
in the slice due to the signal dependencébfon P2 with Gla = aUsc)

respect _to the variaphaeset: The stgtgment i|ﬁ_’3 is elimi- \wherea andc are propositional formulas
nated, since the_ varlab.les in the slicing criterion do ngehaX:nq means at distance > 0, ¢ holds,i.e XXX ...n
any dependencies on it. However, the process stub is Majpyes.
talne_d, in order th(_;\t the behawor of the slice W|th_ r_espegtS represents the strong until.
to fairness constraints remains the same as the original pro \\e aiso permit bounded LTL properties, that we repre-
gram. sent by[h]* for a given boundk. We detail the theoretical
basis for bounded LTL properties, since we want to justify
our experiments that were performed using a bounded model
5 Antecedent conditioned slicing checker. We permit bounded properties of the form
k

We use conditioned slicing for verification of hardware de- [G[(le(a:}éXC:)ch]k
signs described in Verilog HDL. Our technique aims at re- [Gla = Fc*
ducing state space of the design, by slicing away the parts
of the design irrelevant to the property being verified. Weefinition 14 Antecedent conditioned slice
assume that the properties are specified as temporal logic
formulae specified in LTL. Let h be a bounded LTL formula with a bourid Let h =

For these properties, we can use the antecedent to speééa = C)]*, whereC represents any of the permitted
ify the set of initial states that we are interestedTihe an- LTL formulas in our property language anads a proposi-
tecedent therefore, forms the condition in the slicingeerittion. LetV;, be the set of all variables ih. The antecedent
rion. All the statements that would get executed when tig@nditioned slices, with respect to the slicing criteriofa, i, V3,)
antecedent is true (or the condition is satisfied) are irezdudis a subset o’ such that,
in the slice. The statements on the paths that cannot get éx' = X=",0 <n < k, S, consists of
ecuted when the antecedent is false, are removed. The(
duced program still preserves its behaviath respect to the

5?'Conditioned slice of” with respect to the slicing crite-

roperty being checkedVe therefore create property prey rion {a, i, Vi)
property gc . " ale property p (b) All the statements that can be executedtime steps in
serving abstractions using conditioned slicing. the future

A“ prior art iT‘ _verificatic_m using program slicing use?c) All static slices with respect t@, V) whereV is the set
static program S“(.:'ng techn|que§. While slicing Propemec-"~ ¢\ ariables ins andi, constitutes the set of statements
ifications written in temporal logic, these techniquesireta | .o every variablesii[:r is defined

the set of all statements of the program where the antecedent
is true,as well as those where it is ndkhis is because staticlf C' = F, S, consists of
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P1 P2 P3
always @clk or reset) always @cl k) always @cl k or flag)
begi n begi n begi n
if (valid) reset = init; start = flag;
if (valid) end
result = atb; {
} flag = 1,
el se }
{ el se
result = a-b; {
} flag = 0;
}
end end

Fig. 4 Example Verilog program. The three “always” blocks repres®ncurrent processes.

P1 P2 P3
always @clk or reset) always @cl k) always @clk or flag)
begi n begi n begi n
if (valid) reset = init; start = flag;
if (valid) end
result = a+tb; {
} flag = 1,
}
end end

Fig. 5 The conditioned program, for the predicate (valid = trugctEprocess is a conditioned process.

P1 P2 P3
always @clk or reset) always @cl k) always@cl k or flag)
begi n begi n begi n
if (valid) reset = init;
end end

result = a+tb;

}

end

Fig. 6 The slice obtained by statically slicing the conditionedgvam.

(a) Conditioned slice of? with respect to the slicing crite- is recursively defined as the entity obtained by slicing the

rion (a, i, V4) antecedent conditioned slice of the previous time sf&p,
(b) All the statements that can be executddtime steps in with respect to the antecedent in the current time stgp,
the future (Other conditions in the slicing criteria are as given in the

(c) Allstatic slices with respectt@, V) whereV is the set algorithm.)
of variables ins and:, constitutes the set of statements
where every variable ifir; is defined. This simply means that all the statements that would get
] ] ] executed when the antecedent is true in the current time step

We outline the algorithm for computing the antecedegte retained, along with all the statements in future time
conditioned slice for different classes of LTL formulae inieps that would be executed when the antecedent is true.
Figure 7.5, is the required antecedent conditioned slice.

The procedurentecedent_conditioned_slice() COMpUtes  The procedurget_conditioned_slice() computes the con-
the antecedent conditioned slice over all time stepsThe  ditioned slice for a given conditioned slicing criteri¢d, e, V).
antecedent conditioned slice at every time stepl, P11 A statement is retained in the slice if it is executed when the
- . — . - condition C' holds true, and deleted if it is executed when

In Verilog programs describing sequential hardware ciscud (7 is false. If it does not depend on the truth valuethfit

clock is explicitly modeled in the design. Successive tirteps are, . . . . ",
therefore, according to the progression of this clock. mweof the is retained in the slice. The resultimgnditioned program

Kripke structure of progran®, computingr time steps corresponds toiS then statically sliced with respect to the slicing ciar
n transitions. (e, V). This ensures that all the statements that affect the
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Algorithm antecedent.conditioned_slice (P : Verilog program,
h : LTL property)
begin
h=[Gla = )]
Py = P;
if C =c,
Sa = get_conditioned_slice(P, (C,e, Vi));
elseif C = X"c
for every time step ¢t > 0, while t < n
begin
P11 = get_conditioned_slice( Py, (Ciy1,€, Vi));
So. = Pn;
end
elseif C = Fe
for every time step ¢t > 0, while t < k
begin
Pyy1 = get_conditioned_slice( Py, (Ciy1, e, Vi));
S, = Pk;
end
end

getconditioned.slice (P, (C : condition, e, V))

begin
S=P;
for every process pin P/ *process where e is

defined */
for every statement x in p

if z is executed when C'is true
retain(z);/*retain x in St/

else if z is executed when C'is false
S=S—ux;/* slice x */

else if x does not depend on a truth value of C'
retain(z);

for every variable vsens IN process p's sensitivity list
/* conditioned slice of signal

dependenci es */
S = get_conditioned_slice(S, (C, €sens, Vsens))
S = get_static_slice(S, (e,V));
return(.S);
end

getstatic_slice (P : Verilog program, (e : program point,
V . set of variables ))

begin

Q=P

for every variable v € V

if v is not an input
for every statement z is the statement at point p in P
if  defines v as d(v)

retain(zy)

Q = get_static_slice(Q, (p, d(v)))
else

Q=P—-=x

return @
end

Fig. 7 Algorithm for antecedent conditioned slicing.

variablesV in the conditioned program are retained and the

others are deleted.

erty h. In case the property is not verified, a counterexample
is returned.

Figure 8, shows a typical Verilog state machine that we
use to illustrate antecedent conditioned slicing.

always @ (cl k)
begi n
state = next;
case(state)

S1:
begi n
count =1
next = S2;
S2:
begi n
count = 2;
next = S3;
S3:
begi n
count = 3;
next = $4;
S4:
begi n
if (flag)
next = S1;
el se
next = $4;
endcase

end

Fig. 8 Example Verilog code showing a state machine

Let 41 be an LTL formula wherehl = [G((state =
S4) A (flag) = (next = S1))]k. This is of the form
[Gla == ¢)]*. Now, the static slice will retain all the
statements which define the variablate alongwithnext,
flag, S4 and S1. However, in the antecedent conditioned
slice, we can get rid of the statements that define state, but
do not appear in the antecedent, as explained in the algo-
rithm. So, the antecedent conditioned slice is an intei@ect
of the antecedent conditioned slices with respect to the cri
teria ((state = S4), end, {state, S4, flag, next, S1}) and
((flag, end, {state, S4, flag, next, S1}). This is shown in
Figure 9(a). It may be noted that according to Definition 13,
althoughnext is defined in the other states, it is in the scope
of the condition (antecedent) only in the portion of code in-
cluded in the slice.

Let 42 be an LTL formula such that2 = [G((state =
S1) = X(state = S2))]*. This is of the formG(a =

The procedurget_static_slice() describes the procedurey )%, |n the antecedent conditioned slice, we will include
to obtain a static program slice. We have given a high levgil the statements that correspond to the conditioned slice
overview of this algorithm, as applied to programs, to eagth respect to((state = S1),end, {state, 51, 52}). To
understanding. The details of applying this to HDLs can algRis, we include all the statements that will be executed in

be found in [29, 7].

the next clock cycle, since there is &nhoperator in the for-

In the verification step, the antecedent conditioned slicaula. The resulting antecedent conditioned slice is sh@vn a
S, is passed through a model checker along with the praje code on the right in Figure 9(b).
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always @ (clKk) always @ (clk)
begin begi n
state = next; state = next;
cassi( state) case(state)
: Si:
begi n begi n
if (fl ag% o next = S2;
next = ; S2:
end begi n
endcase next = S3;
end endcase
end
(a) Antecedent conditioned slice fhi (b) Antecedent conditioned slice fo2

Fig. 9 Antecedent conditioned slices of Figure 8 for propertiésandh2

5.2 Verification using antecedent conditioned slicing We state the correctness theorem for all the LTL formu-
las discussed above and outline an illustrative proof.

Let M = (S,R,I) be the Kripke structure representing a

Verilog programP, whereS and R represent the states and "€orem 1 M |= Q < N = hwhere

the transitions and represents the set of initial states of thd = [Gla = o)]".

program. Proof:

Each LTL propertyh is interpreted over full paths of the  \ye say a state ¢ M is “close” if there a path: ¢
underlying structure. Each bounded LTL propeft isin- s from some initial state, € I to t of length at most.
terpreted over finite paths of lengthn the underlying struc- | ot 3/ = h. Then,N = h due to the following reasoning.
ture. Then, forM, we defineM = h to meanV full paths  aj «close” states inM satisfya —> ¢ SinceN is a
v € M starting atany, € [, M,z [= h. substructure of\/, this is also true of all the close states in

[For bounded formulag]*, we defineM = [1]* tomean N Now,let N |= h. Then,M |= h due to the following
V finite pathsz = so,s1...s, € M starting atsy € I, reasoning. All close states iN satisfya = c. These
M,z = hinthe standard temporal semantics for finite timestates include all the close statesigf,. Thus all close states
lines. of M that satisfya must also satisfy = c. All states of

Let 7 be a bounded LTL formula of the forfd/(a = A/ that satisfy—a, including the close states, satisfy —>
c)]¥.. The antecedent conditioned slicefwith respect to . vacuously.
the criterion(a, 4, V') is shown byP,,. From the algorithm  Therefore, we infer that all close statesidfsatisfya —
in Definition 14, P, comprises only those set of states of. QED.

P, where the antecedentis true. LetN = (S’,R’,I’)

be the Kripke structure representing the Antecedent condiheorem2 M = h <= N = h whereh is one of the

tioned sliceP,,, such thats” and R’ represent the states andollowing

the transitions and’ = I. In general, the slice structuré G(a = X~*¢)

for M and boundk is the substructure af/ comprisingh,, Gla = Fske

or the set of states it/ that satisfys, and those states 8ff  [G(a = Fc)|*

at a distance at mostfrom M|,,. [GEa = X="¢)]*
G

Forh = G(a = ¢), a bound of0 suffices, and the [G(a = aUsc)]

slice V for M is justM . We outline the proof for the correctness of the antecedent

Forh = Gla = X7 %), h = [Gla = 0o)F, conditioned slice for an illustrative formula, whéere= [G(a =
h=Gla = Fho)h = [Gla = Fo' h = peyk.

0<n<k
k

[Gla == aUsc)]*, a bound ofk suffices and sliceV Proof:
corresponds td/|, and all the states af/ at a distance of We need to prove that/ = h <= N & h. Let
at mostk from Mj,. k — shell be the states reachable from forward or backwards

For the special case whén= [G(a = X~")]* and paths of length: from every state i ,. N = M, +k —
n <k, we can define slicév to consist ofM, and all the shell.

states ofM at a distance of at most from M,. We will Let M = h. Then,N = h due to the following reason-
use this streamlining in our experimental results wheig ing. All “close” states inM satisfya = c. SinceN is a
typically of the order of or 3 andk = 50. substructure of\/, this is also true of all the close states in

In order to prove the correctness of antecedent condi-
tioned slicing, we need to prove that the propértyolds on Let N E h. Then,M = h due to the following reason-
the original program if and only if holds on the antecedeinig. Pick an arbitrary path of length% in M.
conditioned slice. Caselxr € M|,
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All close states inV satisfya —> Fc. These states
include all the close states df/|,. Thus all close states of
M that satisfya must also satisfy —> Fc. Therefore all
states ofr satisfya — Fec.

Case 2 ¢ M, This means starts in a state that satis-
fies—a. Letx remain in—a within thek — shell. In this case,
the distance is too much to coverirsteps, and: will never
reachM,,. Therefore, all states af satisfy—a, and thereby
satisfya = F'c¢ vacuously.

Case 3z ¢ M|, This means: starts in a state that sat-
isfies—a. Letz not remain in—a within thek — shell. Letx
exitthek — shell and entenM),. In this case, by the reason-
ing in Case 1 all states inc satisfya =— F'c. QED.

The proofs for the other formulas are similar.

6 Experimental Results

We provide experimental results on the Verilog RTL imple-

or if there is an endpoint field mismatch in the IDLE
state, then the token is ignored. (Main Protocol State Ma-
chine)

P& G((state == CRC1) A (tz_ready) =

X (tx_ready = X (state == IDLE)))

If the machine is ready to transmit in the CRC state, the
IDLE state should be reached after two states. (Trans-
mit/Encode State machine.)

P7. G((state == OUT2B) A —(abort)

A (pid_sequence_err) A =(no_bufs)

A=(to_small) A =(to_large)

= (token_pid_sel.d == ACK))

If the machine is in the OUT state, and it is not aborted,
and there is no error in the process id, and buffers are
available and the data is not too small or too large, then
an acknowledgement token is sent out. (Main Protocol
State Machine)

P8 G((state == SPEED_NEG_J)A

(chirp_ent_inc) A (chirp_ent == 3'h1)

= F(state == SPEED_NEG_HS))

If the machine is in the “J” speed negotiation mode and

mentation of the USB 2.0 Function Core. The USB is a stan- a counter is initialized, then eventually, high speed mode
dard interconnect between computers and peripherals. Thisis reached. (Main State Machine)

core operates at full and high speed rates (12 and 480 Mb/s). P9 G((state == RESUME_W AIT)A

The source code can be found at [8]. The properties cho- —(idle_cnt_clr) = F(state == NORMAL))

sen for verification were from the USB 2.0 core specifica- If the machine is waiting to resume operation, and a counter
tion document [11]. These properties were involved with the is set, eventually (after 200 mS) it will return to normal
many state machines in the implementation, and were essen-operation. (Main State Machine)

tially control based properties. The safety and boundesd liv — P1Q G((state == OUT) A (abort) = X (state ==

ness properties expressed in temporal logic have beed liste IDLE))

below as LTL formulae , wherkis the bound (in this cade In any OUT state, if th@bort signal is asserted, the ma-
=50) and also explained in English, for the sake of readabil- chine gets into IDLE mode. (Main Protocol State ma-
ity. The variables used in the LTL formulae are the signal chine)

names in the Verilog code. The Verilog state machines that P11 G(((state == SPEED_NEG_K)

correspond to the given property are given in parentheses. V(state == SPEED_NEG_J)) A (se0_long)

G - = (XX ((T1_gt_3-mS) A (mode_h

— P1 G((state == SPEED_NEG_FS) = X ((mode_hs)A Estate((: g 5?_15‘(}5 (7)7;3) e_hs))
: 1_gtm_3_0ms) > (neat-state = S-SUSP))) . If the machine is in the speed negotiation state, ad
If the machine is in the speed negotiation state, then in

e is asserted for a long time, then if after two cycles, the
the next clo_ck c_ycle, if itis in high speed mode for MOr€  achine is in high speed mode and 3 mS have elapsed,
than 3ms, it will go to the reset/suspend state. (Main

. the machine will either go into RESET or SUSPEND
State Machine)

. states. (Main State Machine)
— P2 G((state = IDLE) A (ep-stall) A (pid-PING) A _ p1p G(~(wb_req) = (state == IDLE))
(mode_hs) =

L If a writeback request is not received, the machine re-
~(token = ACK)). If the machine is in the IDLE state  5ing in the IDLE state. (Interface State Machine.)
and high speed mode, if a stall is forced, then a PING pq4 G((state == IDLE)A(match_r)A—(ep_disabled)
token is ignored (or an acknowledgement is not sent out.) A(pid_SOF) = (state == IDLE))

(Main Protocol State Machine) , If there is an endpoint mismatch and an SOF token is not
— P3 G((tokenout)\(buf0na)A(buflna) = (signal = received, then the machine remains in the IDLE state.
NACK)). Ifthe OUT token is received and both buffers (Main Protocol State Machine)

are not available, the NACK handshake is issued. (Main
Protocol State Machine) We used the SMV [23] model checker for our experi-
— P4 G<(suspend_clr) = —(state = RESUME)A ments. All experiments were performed using a 3GHz In-
—(state = RESUME_REQUEST)). If the suspend tel Pentium 4 processor with 1 GB ram. Since the USB is a
bit is not cleared, then the machine is not resuming frolarge design with approximately?3! state elements, model
the SUSPEND state. (Main State Machine) checking this design using SMV alone resulted in memory
— P5 G((creserr) V —~(match) = (state = IDLE) A overflow. Hence, in order to provide a baseline for our tech-
—(send_token)). If an packet with bad CRC5 is receivednique, we use Bounded Model Checking with a uniform
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Property [ BMC BMC BMC Conditioned | Proof | hound, the safety properties are partially verified. The-liv
Checked| Original | Static Sliced Slicing Result| hass properties do not find a sequence that satisfies the prop-
P1 11.47 11.02 0.96 Unsat . !
P2 43.59 4131 3037 Unsat | €ty for.the given bo_u.nds. We increased the bounds on these
P3 136.3 87.95 44.14 Unsat | properties with significant performance gains.
P4 27.36 27.02 0.75 Unsat Figure 10 shows the performance of some sample prop-
PS5 227.27 | 201.07 39.27 Unsat | arties after applying our algorithm for increasing bountis o
P6 304.51 100.14 0.76 Unsat | 51~ \we find that there i tacular i . f
p7 68.95 42 69 986 Unsat - We find that there is a spectacular increase in perfor-
P8 15.57 8.26 1.17 sat | mance due to antecedent conditioned slicing of the RT-Level
P9 19.56 4.8 1.32 Sat | design. We placed a reasonable bound of 50 on the number
Eﬂ 4271-23 3‘2510-57 1039867 ana: clock cycles we verified. Communication protocol designs,
: ' ' nsal | however, need to be verified for much higher bounds. As the
P12 85.24 81.12 0.7 Unsat - ;
P13 85.49 44.55 4.69 Unsat | bound increases, the performance gain scales too.

Our algorithm performs well even on safety properties
Table 1 Comparison of execution times (in seconds) taken for veribat do not hold and produce a counterexample as well as
fication of properties by the original program, the staticesnd the  liveness properties that hold within the given bound.. We do
antecedent conditioned slice. A bound of 50 was given to BBMIGl ot reproduce them here, since they require different beund
experiments. each time.

bound of 50 for all properties. The results were generated-. :

using the SAT-based BMC utility of the Cadence-SMV tooﬁdDISCLISSIons

e o A mporiantssue wed et adress i he mprovemer
P dt' conditioned slicing over static slicing. Static slicihgs

BMC when running on th? original program, and when ru yeen applied to HDL verification before, with performance
ning on the static slice with respect to a given property.

. . eedups. However, theoretically, static program slibigsg)
the third column, we show the performance increase dueﬂjt been shown to be different from tbene of influence re-

the application Of. conditiorjed slicing. We can Ob.S?”’e. tha ction(COl) used by existing model checkers [19]. Clarke
the performance increase in BMC due to static slicing is ngtl al [7], while comparing their static slicing technique to

very high as compared to the original program. In contragm reductions, mention that COI reduction is similar to

there is a tremendous gain in bounded model checking pgr=; ;: .
formance due to antecedent conditioned slicing of the uilding a dependence graph for the program, and then deci

sign, when compared to the original as well as the statica ering relevant variables using graph reachability. Tée d

: . o - ¥ndence graph may be constructed on the HDL source code
sliced de3|gn_. We will discuss the import of these results Qlicing) o? or?the s{mthesized netlist. This shows that th
the next section. y )

only difference between static slicing and COI reductions,
is their application domain (pre or post encoding). Seranti
cally, the two are not different. Any performance gains due
45 ‘ , , ‘ ‘ ‘ ‘ to static slicing, therefore, are due to the easmotiel gen-
eration as opposed to that ofiodel verification

In contrast, conditioned slicing creates a different pro-
gram (or design) from static slicing or COI reductions. The
antecedent conditioned slice forms a new entity that does no
bear similarity in structure or meaning to the original pro-
gram, but retains the behavior with respect to the property
in question. The performance gains due to antecedent con-
ditioned slicing, therefore, are due to the powerful alustra
tions created by this technique. Although when combined
with static slicing, the overall performance gain may imgu
the model generation component, the tremendous gains in
performance are primarily due to the reduction in the com-
plexity of model verification.

0ooo® o s‘éound z’n BMC"’ o Our algorithm for antecedent conditioned slicing is en-
tirely structural and based on syntactic transformatiGas-

Fig. 10 Graph showing the performance gain of antecedent con&iequently, it suffers from some inherent weaknesses. For in
tioned slicing for increasing bounds on BMC stance, the efficiency of the algorithm depends on the type of

PropertiesP1 to P7 and P10 to P13 are safety proper- property being verified and the structure of the program be-
ties. P8 and P9 are liveness properties. Since no countereig verified. In the case of semantic transformations, like a
amples to these properties are generated within the gistract interpretation etc., the effectiveness of the abstn

401

351

30

251

201

Performance Gain
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is not property or program dependent. Also, when a props. E. M. Clarke, E. A. Emerson, and A. P. Sistla. Automatidfica-
erty requires reasoning over many time steps, the size of the tion of finite state concurrent system using temporal lopiectfi-
antecedent conditioned slice increases. In the case of prop Salions: a practical approachCM Trans. Program. Lang. Syst.

. . 8(2):244-263, 1986.
erties where the antecedent changes, all future behavior pf E( ?\A Clarke, M. Fujita, S. P. Rajan, T. W. Reps, S. Shankar

the program would need to be retained for each time step. In and T. Teitelbaum. Program slicing of hardware descripkion
these cases, the antecedent conditioned slice would not beguages. IrConference on Correct Hardware Design and Verifica-
too much smaller than the original program. tion Methodspages 298-312, 1999.

- cre . s . USB Source Code. http://www.opencores.org/pdownlagdist/usb.
However, when applied to specific practical appllcatlong S. Danicic, C. Fox, M.‘I)-larman, gnd R. Hierogng. ConsailgAdion

gnd properties, the abstraction can be very usgful in re.duc— tioned program slicer. pages 216-226, 2000.
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Software Symposiumpages 131-145, 1992.

o _ ) 13. J. Ferrante, K. J. Ottenstein, and J. D. Warren. The anogte-
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straction. The experimental results show that the tecteniqu Lett, 29(3):155-163, 1988. o o
scales very well, and produces exponential performan R. P. KurshanComputer-aided verification of coordinating pro-

when compared to state-of-the-art techniques. The teabniq g?;ggsiégi_a”tomata'theoret'c approacRrinceton University

therefore seems very promising and can be applied to dif. 0. Lichtenstein and A. Pnueli. Checking that finite statecur-
ferent domains of hardware and software verification, like rent programs satisfy their linear specification. Rroceedings
verification of microprocessors and device drivers. Future of the 12th ACM SIGACT-SIGPLAN symposium on Principles of
work would focus on these varied verification applicatiop, programming languagepages 97-107, 1985.

. A. De Lucia, A. R. Fasolino, and M. Munro. Understandingd-
domains, where state-of-the-art model checkers are npt Vet {5 henaviors through program slicing. page 9, 1996.

Document.

8 Conclusions

efficient. 22. Z. Manna and A. PnueliThe Temporal Logic of Reactive and
Concurrent Systems: Specificatid®pringer-Verlag, 1992.
23. K. L. McMillan. A methodology for hardware verificatiors-u
ing compositional model checkingci. Comput. Program37(1-
References 3):279-309, 2000.

24. K. J. Ottenstein and L.M. Ottenstein. The program depecel

1. Mark Aagaard, Vlad Ciubotariu, Jason Higgins, and Fakzal- graph in software development environmer8$GPLAN Notices
vati. Combining equivalence verification and completiondu 19(5):177-184, 1984.

tions. InFormal Methods in Computer-Aided Design (FMCAD25. T. Reps and T. Bricker. lllustrating interference ireifi¢ring ver-

2004) 2004.
. G. Canfora, A. Cimitile, and A. De Lucia. Conditioned pragn

sions of programs. IRroceedings of the 2nd International Work-
shop on Software configuration managemeages 46-55, 1989.

slicing. Information and Software Technology Special Issue 026. S.Vasudevan, E.A.Emerson, and J.A.Abraham. Efficiesdeah

Program Slicing 40:595-607, 1998.

. G. Canfora, A. Cimitile, A. De Lucia, and G. A. Di Lucca. [eu-
posing legacy programs: a first step towards migrating &ntli
server platformsJournal of Systems and Softwase(2):99-110,
2000.

. G. Canfora, A. Cimitile, A. De Lucia, and G. Di Lucca. Soéte
salvaging based on conditions. pages 424-433, 1994.

ronment for reuse reengineering ¢ codeurnal of Systems and
Software 42:153-164, 1998.

. G. Canfora, A. De Lucia, and M. C. Munro. An integrated envi

checking of hardware using conditioned slicing. Rreliminary
Proceedings of 4th Int. Workshop on Automated Verificatibn o
Critical Systems2004.

27. F. Tip. Generation of Program Analysis ToolBhD thesis, 1995.

28. F. Tip. A survey of program slicing technique3urnal of pro-
gramming languages3:121-189, 1995.

29. V. M. Vedula, J. A. Abraham, J. Bhadra, and R. Tupuri. Aduie
chical test generation approach using program slicingniecies
on hardware description languagdeurnal of Electronic Testing:
Theory and Applicationsl9(2):149-160, 2003.



12

Shobha Vasudevan et al.

30

31

32.

33.

34.

. V. M. Vedula, W. J. Townsend, and J. A. Abraham. Prograea sl
ing for atpg-based property checkindnternational Conference
on VLSI Designpages 591-596, 2004.

G. A. Venkatesh. The semantic approach to program gli¢&iéM
SIGPLAN Conf. on Programming Language Design and Imple-
mentation 26(6):107-119, 1991.

M. Weiser. Program slices: formal, psychological, and practical
investigations of an automatic program abstraction methedD
thesis, 1979.

M. Weiser. Programmers use slices when debugg@mmmun.
ACM, 25(7):446-452, 1982.

M. Weiser. Program slicindEEE Transactions on Software En-
gineering 10(4):352-357, 1984.



