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Am Waldschlösschen 2, 01099 Dresden, Germany

jens.schoenherr@signalion.com

Abstract

A basic problem in functional verification of a digital circuit design is the necessary
decision between a simulative and a formal method. This article presents an approach
that enables the user to start the verification process without having to decide for a
simulative or formal method. It can be chosen later, based on the actual constraints such
as the required quality of the design, the available working time, or the complexity of
the verification problem. The approach relies on abstracting a circuit design described
at register-transfer level (RTL) to an algorithmic description. The actual verification
compares this algorithmic description with the specified one.

1 Introduction

1.1 State of the Art

In the area of the verification of digital circuits, there is a strong separation in the development
and application of simulative and formal methods.

When applying simulative methods, the design is stimulated with patterns that are, e.g.,
generated by a random pattern generator. The quantity of functionality covered is measured
during the simulation process. [1][12] In order to cover remaining parts (lines, branches, paths,
or states), the random pattern generators must be constrained manually and the simulation
must be restarted. This requires significant effort. However, the measurement of the coverage
does not guaranty the absence of errors. A big advantage of this approach is the possibility to
easily include executable specifications (e.g. in C) in the simulation as reference model.

When this method is applied to designs that implement computation algorithms (e.g. for
digital signal processing) it is not checked if the single computations are executed independently.
It is only checked if a certain sequence of computations or even just a single computation is
executed after reset without showing errors. (Figure 1) It also remains unchecked if the design
ensures the required degrees of freedom, e.g., that the value of a certain input signal has no
meaning in some clock cycles.

Formal verification shows different characteristics, at least if Bounded Model Checking
(BMC) is concerned. [2][3][5][15] With this method, the specified algorithm and the input-
output scheme are described together in a property language and checked for all parameter
values. Hence, the property language contains a clear specification of the beginning and ending
of the computation. If the pre- and postcondition of a computation are considered it can also
be checked that an arbitrary sequence of computations is executed correctly after reset. A
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Figure 1: Computation during simulative verification

BMC-based verification of modules whose computation time depends on the parameter values
at the inputs (e.g., CORDIC or sequential divider) requires additional effort. In this case,
it is necessary to specify and verify formally the duration of the computation as well, i.e. an
implementation detail. Kroening et al. [11] presents an non-BMC approach that allows the
formal verification even in the case that the duration of the computation depends on the actual
parameter values of the algorithm.

Due to the high complexity of the verification algorithms, it is not possible to apply formal
verification to designs with complex arithmetic or large memories. Moreover, existing tools
do not offer possibilities to use executable specifications (in C or Matlab) as reference model.
Instead, the specifying algorithm must be expressed in a tool-specific language because these
property languages must provide expressive means for both timing and functional aspects. The
method proposed in [11] is one of the few existing exceptions were the reference model can be
given in C.

Already existing approaches for the unification of formal and simulative verification have
hardly met the expectations so far. In the last years, the approach of assertion-based verification
(ABV) has been favored. Basically, the assertion languages PSL and SVA [6][7] are suitable
for simulation as well as for formal verification. However, the overlap of the subsets of the
languages that are suited to formal verification or simulation, respectively, is rather small.
Hence, for practical application, assertions must be written either for simulation or for formal
tools. This contradicts the original target of an unification. Regardless of this fact, these
assertion languages are not really suitable for the verification of computation algorithms because
they mainly provide syntax elements for control functionalities.

1.2 A new approach

This article proposes an approach to verification that is independent from the used verification
method – simulation or formal verification. It is presented how both verification methods fit
into this approach. The main idea is the abstraction from the information about the clocked
behavior from the circuit design given at register transfer level (RTL). Hence, just the order
of the single computation steps, i.e. the implemented algorithm, needs to be checked by the
verification algorithm. (Figure 2)

The proposed approach is not suitable for arbitrary classes of designs. Instead, it can
mainly be applied to designs that implement computation algorithms. Control circuits or
communication modules may require other approaches. Because of the high effort that is
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Figure 2: Overview over the verification approach

currently needed for verification, the development of new approaches makes sense even if not
all relevant circuit designs take advantage of these new approaches.

In the first half of this article it is assumed that the implementation of the design at RTL fits
to a certain scheme. For the purpose of this article, a rather strict scheme was chosen. However,
the approach does not rely on such a scheme. The abstraction can also be carried out in a pure
functional way. (cf. Section 3.2) It still needs further investigation if the computation effort
needed for the functional abstraction is justifiable small or if some syntactic restrictions can
reduce the verification time significantly. Such investigation can also give hints to ingenious rules
for verification-friendly circuit designs which have still not been investigated very intensively.
Such rules will find its way in industrial design flows as soon as a significant reduction of the
verification effort can be proven.

In [4] it is shown how an algorithm implemented at RTL can be transformed to transaction
level (TL) [9]. The method that is proposed in [4] has some similarities to the abstraction
described herein. This concerns particularly the restriction of the input-output scheme. A
main difference, however, is that in [4] the design is not abstracted to an algorithm but to TL,
i.e. TL-specific communication interfaces are created in addition to the core algorithm. The
abstraction of [4], as well as the abstraction proposed in this article (cf. Section 3.2) is based
on a pure functional view. It is missing in [4] how a comparison can be carried out between a
reference at TL and an implementation at RTL that has been abstracted to TL.

This article is structured as follow: Section 2 presents the abstraction levels of circuit
designs as they are used in this article. The abstraction from a design described at RTL to the
algorithmic level is described in Section 3. In Section 4 it is shown how the known verification
approaches can be applied to the comparison of two algorithms. Finally, in Section 5, the
approach is evaluated and possible extensions are discussed.

2 Abstraction levels

2.1 Algorithmic level

If a computation algorithm is to be implemented in a digital circuit, the algorithm is usually
described first in a programming language like C/C++ or Matlab. At this abstraction level, it
is possible to investigate the bit widths (fixed-point scaling), various optimizations, conformity
to standards, or the behavior in the system. For the purpose of this article, the algorithm for
the computation of the greatest common divider (gcd) serves as an example. (Figure 3)

2.2 Register-transfer level (RTL)

In order to implement an algorithm in a digital circuit, the algorithm is usually described at
RTL in the synthesizable subset of a hardware description language like VHDL or Verilog. It
is not a mere a re-writing process to another language. It is also a change of the abstraction
level. In addition to the algorithm, a scheduling and an allocation are necessary in order to



unsigned int gcd(unsigned int a, b) {
while ((a != 0) && (b != 0)) {
if (a > b)

a = a - b;
else

b = b - a;
}
if (a == 0)
return b;

else
return a;

}

Figure 3: Algorithm in C for computation of the greatest common divider (gcd)

describe which computation step is carried out in which clock cycle on which hardware unit.
The timing for the input of the parameters and output of the results must also be described.

In the gcd example, the input and output timing is realized as described in the diagram
shown in Figure 4. An active output rfd_o (ready for data) indicates that the module is ready
for the next computation (1). The activation of en_i (enable input) for one clock cycle starts
the computation assuming that the parameter values are available at the input params_i at
the same time (2). The module gcd indicates by activating en_o (enable output) for one clock
cycle that the computation is finished (4). In the same clock cycle the results are valid at the
output results_o. It is assumed that en_i stays inactive as long as rfd_o is inactive (3).

In the exemplary implementation of the gcd (Figure 5), the scheduling und allocation are
very simple because a dedicated subtraction unit is used for each of the both subtractions. The
conditions for choosing one of the two subtractions and for the ending of the algorithm are
checked in the same clock cycle in which the subtraction is carried out.
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Figure 4: Timing diagram of the input-output behavior

3 Abstraction

3.1 Structural abstraction

The verification of a module must show that the module computes for each allowed combi-
nation of parameter values the same result values as the specifying algorithm. The approach
presented here consists of abstracting timing aspects from the design at RTL. I.e., an algorith-
mic description is derived from the design and this description represents the algorithm that is
implemented by the design.



entity gcd is
port (clk_i, rst_i : in std_logic;

params_i : in params_t;
en_i : in std_logic;
rfd_o, en_o : out std_logic;
results_o : out results_t);

end gcd;

architecture rtl of gcd is
signal sig : int_sig_t;

begin
process (clk_i, rst_i) is
begin
if (rst_i = ’0’) then
sig <= (a => (others => ’0’), b => (others => ’0’), rfd => ’1’);
en_o <= ’0’;
results_o <= (z => (others => ’0’));

elsif (clk_i = ’1’ and clk_i’event) then
en_o <= ’0’;
if (en_i = ’1’) then
assert (sig.rfd = ’1’) report "Aborting computation of gcd." severity error;
sig <= (a => params_i.a, b => params_i.b, rfd => ’0’);

else
if ((sig.a = 0) or (sig.b = 0)) then
en_o <= ’1’;
sig.rfd <= ’1’;
if (sig.a = 0) then results_o <= (z => sig.b);

else results_o <= (z => sig.a); end if;
else
if (sig.a > sig.b) then sig.a <= sig.a - sig.b;

else sig.b <= sig.b - sig.a; end if;
end if;

end if;
end process;
rfd_o <= sig.rfd;

end;

Figure 5: RTL code in VHDL of the gcd implementation

The abstraction is based on an input-output timing behavior of the implemented module
as it is described in Section 2.2 and Figure 4 in which a certain scheme is implemented in RTL.
If the implementation at RTL deviates from this assumed scheme the verification cannot be
carried out successfully even if the module is correct. It is assumed that the module in VHDL
is described according to the following scheme (Figure 6).

In general, several signals are written in a process. To simplify the notation it is assumed
here (without loss of generality) that all these signals are aggregated to one record type signal.
Moreover, it is assumed that the implementation contains exactly one process. Every imple-
mentation that consists of more than one process can be transformed into an implementation
consisting of one sequential process under the condition that none of the outputs depends com-
binatorially on an input. The algorithm that is implemented in the RTL scheme of Figure 6 is
shown in Figure 7.

Based on this abstraction scheme the function shown in Figure 8 can be derived from the
RTL implementation of the gcd of Figure 5.



process (rst_i, clk_i) is
begin
if (rst_i = rst_active_const) then
sig <= sig_reset_value;

elsif (clk_i = clk_active_const and clk_i’event) then
en_o <= ’0’;
if en_i = ’1’ then
sig <= f_ini(params_i);

else
if f_done(sig) then
en_o <= ’1’;
results_o <= f_result(sig);

else
sig <= f(sig);

end if;
end if;

end if;
end process;

Figure 6: RTL scheme which allows an abstraction to an algorithm

procedure alg(signal params_i: params_t;
signal results_o: out results_t) is

begin
sig := f_ini(params_i);
while (not f_done(sig)) loop
sig := f(sig);

end loop;
results_o <= f_result(sig);

end alg;

Figure 7: Algorithm in VHDL, abstracted from the design shown in Figure 6

3.2 Functional abstraction

The mapping of RTL to the algorithmic level as shown in the previous section is based on
a required syntactic structure of the code. However, it is possible to carry out this mapping
on a pure functional way which would make the syntactic restrictions superfluous. For this
abstraction the behavior of the design is assumed to be represented by an FSM with the
next-state function δ : in, sig 7→ sig and the output function λ : in, sig 7→ out with in =

procedure gcd_proc (signal params_i: in params_t;
signal results_o: out results_t) is

variable sig : int_sig_t;
begin
sig := (a => params_i.a, b => params_i.b, rfd => ’0’); -- sig := f_ini(params_i)
while not (sig.a = 0 or sig.b = 0) loop -- while not f_done(sig)
if (sig.a > sig.b) then sig.a := sig.a - sig.b; -- sig := f(sig)

else sig.b := sig.b - sig.a; end if;
end loop;
if (sig.a = 0) then results_o <= (z => sig.b); -- results_o <= f_result(sig)

else results_o <= (z => sig.a); end if;
end procedure;

Figure 8: Algorithm in VHDL, derived from the gcd implementation shown in Figure 5



(en_i, params_i) and out = (result_o, en_o, rfd_o). The functions for the definition of the
algorithmic description are defined as follows:

• f_done(sig) = λen o(in1, δ(in0, sig)) for en_i0 = 0 and λrfd o(in0, sig) = 0

• f_ini(params_i) = δ(in, sig) for en_i = 1 and λrfd o(in, sig) = 1

• f(sig) = δ(in, sig) for en_i = 0 and λrfd o(in, sig) = 0

• f_result(sig) = λresult o(in1, δ(in0, sig)) for en_i0 = 0 and λrfd o(in0, sig) = 0

In a pure functional abstraction it is necessary to check additional constrains:

• for f_done(sig): λen o(in1, δ(in0, sig)) does neither depend on in0 nor on in1 under the
given condition

• for f_ini(params_i): δ(in, sig) does not depend on sig under the given condition

• for f(sig): δ(in, sig) does not depend on in under the given condition

• for f_result(sig): λresult o(in1, δ(in0, sig)) does neither depend on in0 nor on in1 under
the given condition

These constraints are fulfilled by the syntactic restrictions as given in the previous part of this
article.

To ensure the functional correctness of the design it must be checked during the abstraction
that the output rfd_o fulfills the following conditions:

• the reset-value must be 1

• λrfd o(in1, δ(in0, sig)) = 0 for en_i0 = 1 and λrfd o(in0, sig) = 1

• λrfd o(in1, δ(in0, sig)) = 1 for en_i0 = 0, λrfd o(in0, sig) = 0, and f_done(sig) = true

• λrfd o(in1, δ(in0, sig)) = λrfd o(in0, sig) in all other cases.

4 Verification

After the abstraction described in the previous Section 3 there exists an algorithmic level
description of the circuit design. The actual verification consists, hence, in the comparison of
this algorithmic description with the specified algorithm in C/C++ or Matlab.

4.1 Simulation

It is possible to compare both algorithms by simulation of random patterns for the parameters.
The coverage can then be measured using different metrics. In contrast to a simulation at RTL,
it is possible to apply stimuli generation methods like [13] because the computation paths of
the implementation are uniquely described. This enables the generation of stimuli for those
paths or states that have not been reached by the already simulated stimuli. Compared to a
manually controlled creation of the stimuli, a much higher degree of automation is achieved
because a tool generates all necessary stimuli to achieve the required coverage goal.



4.2 Formal verification

The two algorithms can also be compared by formal verification methods provided that the
verification tool is able to read the reference algorithm. If BMC is applied, the comparison
can only be carried out up to a certain number of loop iterations of the implemented and
specified algorithm. In this range, however, the comparison is complete. [10] Such a restriction
is acceptable for some application areas. If the upper bound of the number of loop iterations
is known, the verification can be carried out completely. A big advantage, compared to BMC-
based approaches, is the fact that the specification needs not to be described by properties. If
the algorithmic descriptions of specification and implementation are available, the equivalence
condition can be created and checked by a tool without manual interaction. If each loop
iteration of the implementation corresponds to a loop iteration of the specification, an induction
proof could show the equivalence of both algorithms for an arbitrary number of loop iterations.
It may be possible to extend the method described in [11] in a way that allows the comparison
of two algorithms. The extension of methods that formally compare algorithms with designs
at RTL (e.g. [8][14]) to the comparison of two algorithms is not clear. These methods have in
common that the timing of the input-output-behavior of RTL and algorithm is related, i.e. the
RTL description is not abstracted to algorithmic level. Therefore, methods for the functional
test generation are no longer applicable.

5 Evaluation and perspectives

The flexible application of different verification methods to a design is founded on a previous
abstraction from the timing behavior of the RTL design. Nevertheless, such an automated
abstraction, as described in this article, is based on several restrictions.

One of the strongest restriction, which is introduced in Section 3, concerns the initialization
of all signals at the beginning of each computation by f_ini. This restriction ensures the inde-
pendence of two consecutive computations. However, it might be to restrictive for practical use.
Some algorithms (e.g. moving average) require certain values from the previous computation.
The signals that store these values must not be initialized at the beginning of the computation.
This restriction can be weakened if a one-to-one mapping of these signals of the specification
and implementation exists or if a unique mapping function is given. The approach presented
in this article requires the complete initialization of all necessary signals at the beginning of a
computation. If this requirement is completely abandoned, a condition for sig must be found
that is pre- and postcondition of the computation at the same time. This requires either a
significant manual or computational effort (reachability analysis). Further research has to be
done in order to be able to weaken the requirement to initialize the signals in a way that finding
the pre- and postcondition does not take such an effort.

Besides the initialization, the input-output scheme is also defined restrictive. This does not
primarily concern the indication of the start and the end of the computation by appropriate
enable signals but the restriction to a sequential computation i.e. a new computation cannot
start until the previous one has finished. This excludes an overlapping execution in pipeline
structures. Moreover, it is excluded that the parameters for a computation are read in by the
design sequentially. Such input-output schemes require another mapping to the algorithmic
level than presented in this article. It must be investigated which input-output schemes and
RTL design structures are suited to such a mapping.

When looking at the input-output schemes, the difference to the approach of Transaction-
Level Modeling (TLM) [9] becomes obvious. The parts of testbenches used in TLM are de-



scribed at different levels of abstraction. Bus-Functional Models (BFM) are used to bridge
the differences of the abstractions between RTL and TL/algorithm. (Figure 9) The BFMs are
executable and therefore not suitable for formal verification. In the approach presented in this
article the abstraction is realized by derivating an algorithm from a RTL description i.e. the
RTL description is not verified directly. The parallel to TLM consists in the abstraction from
the input-output scheme of the module to transactions. The approach described here assumes
a transaction to start (with en_i and params_i) and a transaction to end the computation
(with en_o and results_o).

design (RTL)BFM BFM

algorithmic level/TL

Figure 9: Abstraction in transaction-level modeling (TLM)

Designs that can be verified completely by formal verification do not benefit from the ap-
proach in this article. If – for complexity reasons – the formal verification can be carried out
only up to a certain number of loop iterations, additional simulation can be started without
large manual effort until the required coverage goals are fulfilled. However, the results of simula-
tion (i.e. coverage) and formal verification (i.e. number of verified loop iterations) are unrelated.
An idea for the efficient conversion of the results of formal verification to coverage measures is
still not available. However, this is not a relevant restriction for the user. If two highly different
methods did not discover any design errors it is presumably unlikely that the design contains
errors.
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