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Abstract

The always increasing complexity of digital systems is
overcome in design flows based on Transaction Level Mod-
eling (TLM) by designing and verifying the system at differ-
ent abstraction levels above RTL. The bottom-up approach
is often adopted in the design flow when already existing
RTL IPs are abstracted to be reused into the TLM system.
In this context, proving the equivalence between a model
and its abstracted version is still an open problem. In fact,
traditional equivalence definitions and formal equivalence
checking methodologies presented in the literature cannot
be applied due to the very different internal characteristics
of the models. In this paper, we propose a methodology
based on simulation which gives two important contributes.
Firstly, it relies on a suite of tools to automate as much as
possible the equivalence verification process. Then, a more
accurate definition of the equivalence concept is proposed
by giving two quality measures of stimuli automatically gen-
erated for checking the equivalence between the generated
TLM and the RTL golden model.

1. Introduction

TLM is nowadays the reference modeling style for
HW/SW design and verification of digital systems. TLM
greatly speeds up the verification process by providing de-
signers with different abstraction levels whereby digital sys-
tems are modeled and verified. Thus, the complexity of the
modern systems can be handled by designing and verifying
them through successive refinement steps [1].

In a TLM-based design flow, a system is first modeled
at high-level in order to check the pure functionality, dis-
regarding details related to the target architecture. Thus,
motivated by the lack of implementation details, the simula-
tion speed is a few orders of magnitude faster than at RTL.
Then, step by step, designers refine and verify the system
∗This work has been partially supported by the European project VER-

TIGO FP6-2005-IST-5-033709.

description more accurately, towards the final RTL imple-
mentation.

Reuse of previously-developed Intellectual Property (IP)
modules is another key strategy that guarantees consider-
able savings of time in transaction level modeling. In fact,
modeling a complex system completely at transaction level
could be inconvenient when IP cores are already avail-
able on the market, usually modeled at RTL. In this con-
text, modeling and verification methodologies are based on
transactors for converting TLM function calls to sequences
of RTL signals and vice-versa [2], thus allowing the inte-
gration between TLM and RTL components.
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Figure 1. Abstraction of RTL IP core in TLM
design flows

Nevertheless, since the integration of RTL IPs into a
TLM design involves slowing down the whole system sim-
ulation, designers translate the RTL implementation of IPs
into corresponding TLM models (see Figure 1). In this con-
text, a first methodology has been recently proposed to au-
tomatically abstract RTL IPs towards TLM descriptions [3],
and research effort is spent in this direction. Nevertheless,
nowadays, designers mainly perform this translation task by
hand. In any case, either by hand or by relying on automatic
tools, abstracting RTL IPs into TLM models needs a manda-



tory step in which the equivalence between the two models
is verified.

Equivalence checking between TLM and RTL imple-
mentations is still an open problem, and, to the best of our
knowledge, research work in this topic is still in its early
stages [4, 5]. The main problem in formally checking the
equivalence between RTL and TLM models is due to the
fact that, generally, there are neither temporal nor structural
similarities between TLM and RTL descriptions. Thus,
equivalence checking by using formal techniques cannot be
considered applicable yet.

On the contrary, some techniques based on simulation
have been proposed in the past to check the correctness of
the TLM-RTL refinement flow [6, 7]. In [7], an incremen-
tal verification based on assertions is proposed to validate
the TLM-to-RTL design refinement. However, the concept
of equivalence is based on properties, i.e., two implemen-
tations are equivalent if they satisfy the same set of proper-
ties. Thus, the effectiveness of such a kind of equivalence
checking depends on the quality of the defined properties
and on the set of applied test vectors, since the equivalence
is guaranteed only for behaviors for which a property has
been defined and verified.

In this work we rely on the concept of equivalence pro-
posed in [7], and, since the equivalence cannot be guaran-
teed in a exhaustive way, we extend that concept by giving
a quality measure of equivalence. In particular, abstracting
RTL IPs into TLM models involves two main aspects:

• Communication.Different TLM communication pro-
tocols and corresponding interfaces can be adopted de-
pending on the target abstraction level.

• Functionality. The functionality side of the IP is im-
plemented at a higher level of abstraction, thus leaving
out all the details specific to the target architecture that
slow down the simulation speed (i.e., clock temporiza-
tion, bit accuracy, etc.).

Thus, in this paper, we propose a methodology that aims
at two main goals:

• To automate as much as possible the equivalence veri-
fication process.

• To give two quality measures of equivalence between
RTL and TLM models, for the communication and
functionality sides.

The paper is organized as follows. Section 2 describes
the proposed methodology and each step of the verifica-
tion process. Experimental results obtained by applying the
proposed methodology on real cases of study is presented
in Section 3. Finally, Section 4 reports the concluding re-
marks.
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Figure 2. Generation of TLM test packets
(stimuli) and PSL properties.

2. Methodology flow

We propose a methodology based on simulation to verify
the equivalence between an RTL IP and the corresponding
TLM model. Thus, we have the following two main targets:

1. The same set of input stimuli should be used for both
implementations and the generated results should be
comparable.

2. A quality measure of the input stimuli applied during
the equivalence verification should be given.

For the first point, since the two models generally have
different APIs and communication protocols, we propose to
firstly generate a transactor for the RTL model. A trans-
actor is a translator from a TLM function call to an RTL
sequence of statements. It provides a mapping between
transaction-level requests, made by TLM components, and
detailed signal-level protocols on the interface of RTL IP
cores. Thus, a transactor acts as interface to allow cosimu-
lation of TLM-RTL mixed designs.

As a consequence, the same set of input stimuli can be
generated at transaction-level and then applied directly to
the TLM models, while through the transactor to the RTL
model. Figure 2 shows an example in which a TLM auto-
matic test packet generator (ATPktG) generates TLM stim-
uli. The transactor translates the TLM stimuli to the RTL
DUV and, then, translates back the results to the checker.
This verification technology (i.e.,transactor-based verifi-
cation - TBV) is increasingly used as it allows an easy reuse
of TLM testbenches [2, 8] and TLM properties [6] at RTL.
Effectiveness of TBV has been evaluated in [9].

Since the transactor generation is a tedious and error-
prone task, we propose the TGEN tool [10], which imple-
ments the methodology presented in [11] to automatically
generate correct-by-construction transactors. In particular,



TGEN allows designers to choose among a library of dif-
ferent TLM APIs compliant with the standard OSCI APIs
[12].

Therefore, the same set of input stimuli can be used for
both RTL and TLM implementations and the generated re-
sults can be matched. However, before matching the two
implementations, we propose to generate a set of stimuli
which can guarantee a quality level for the equivalence ver-
ification, as explained in the next Section.

2.1 The quality measure of equivalence

The equivalence between the RTL golden model and the
corresponding abstracted TLM model relies on the follow-
ing two main aspects:

1. Correctness of the TLM interface. The TLM model
must be generated by correctly implementing the TLM
API and the corresponding communication protocol.
In particular, for modularity and IP-reuse reasons, the
TLM interface should be compliant with a standard
TLM library (e.g., OSCI TLM 2.0 library [13]).

2. Correctness of the abstracted functionality.The IP
functionality is implemented at a higher level of ab-
straction, in which all the details specific to the target
architecture (that are implemented at RTL) are left out.
Thus, the IP high-level behavior implemented at TLM
must beequivalentto the corresponding low-level RTL
implementation.

We propose a two steps methodology for measuring the
correctness of both interface and functionality of the ab-
stracted IP with regard to the golden RTL model. In the
first step, showed in Figure 2, we apply the AT(Pkt)G in or-
der to generate a good-enough set of stimuli for checking
the RTL-TLM equivalence. Since the set of stimuli must
cover both the interface and functionality sides, the stimuli
generation consists of the following tasks:

1. TLM Mutation analysis. The TLM interface of the
transactor (that is correct-by-construction) is mutated
by injecting TLM faults. We propose the TLM fault in-
jection technology presented in [14]. In particular, the
TLM primitives are analyzed and represented by using
the extended finite state machine (EFSM) model [15].
Then, such EFSMs are mutated by identifying the rela-
tions between the proposed mutations and typical de-
sign errors. Thus, the mutated versions of the TLM
primitives can be used for measuring, via mutation
analysis, the quality of the test suites automatically
generated by the AT(Pkt)G. In particular, the coverage
of TLM faults corresponds to the quality measure of
the generated stimuli for checking the correctness of
the TLM interface.
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Figure 3. Golden Model RTL vs. Abstracted
Model TLM equivalence checking through
TLM stimuli and PSL properties.

2. Assertion-based Verification.A set of properties is
expressed for verifying the high-level behavior of the
DUV. Since we rely on the concept of equivalence pre-
sented in [6, 7], we claim that the TLM implementa-
tion of the IP functionality is equivalent to the golden
model implementation if both implementations satisfy
the same set of properties. The effectiveness of such
a kind of equivalence checking depends on the quality
of the defined properties and on the set of the applied
stimuli. In particular, the AT(Pkt)G should generate a
new set of stimuli which ”activate” (that is, drive the
DUV simulation in order to switch on the properties)
and satisfy all the expressed properties. The number of
activated properties and the number of satisfied proper-
ties correspond to the quality measure of the generated
stimuli for checking the correctness of the abstracted
functionality.

Figure 2 shows the main scheme of this step. Firstly, the
AT(Pkt)G is applied to two instances of the golden model
IP (RTL): through fault-free transactor and through a faulty
transactor. The set of generated stimuli which allows to
reach a good enough TLM fault coverage (i.e., TLM muta-
tion analysis) is integrated with the set of stimuli generated
during the assertion-based verification. The obtained set of
stimuli with together to the expressed properties can be used
for checking the equivalence between the golden model IP
(RTL) and the abstracted TLM model, as showed in Figure
3.

As a result, the simulation process checks the equiva-
lence between the two models giving a measure of goodness
of the checked equivalence.

3. Experimental results

The effectiveness of the methodology has been evaluated
by checking the equivalence between the RTL golden model



Design TLM prim. TLM Mutations TLM stimuli Mutation PSL properties TLM stimuli Property
(#) #app #det set 1 (#) coverage (%) #expr #verif set 2 (#) coverage (%)

ECC 7 70 55 48 78.6 6 6 53 100
ADPCM 2 35 27 22 77.1 6 5 16 83.3

FFT 12 225 111 86 49.3 12 10 48 83.3
FIR 5 168 152 91 90.5 12 11 56 91.7

Table 1. Experimental results

and the manually generated TLM model of the following
designs:

• Error Correction Code (ECC).

• Adaptive Differential Pulse Code Modulation (AD-
PCM).

• Fast Fourier Transform (FFT).

• FIR Filter.

The first two designs have been provided by STMicro-
electronics while FFT and FIR are RTL designs provided
with the example set of SystemC 2.2 [13]. As proposed
in Section 2, the transactor codes have been automatically
generated by using TGEN, the tool built on the top of HIF-
Suite [10], which relies on the OSCI TLM library [16] as
reference library. We used the TLM feature of an automatic
test pattern generator [17] for generating the TLM stimuli,
checking the PSL properties, and checking the equivalence
between the RTL and TLM models.

Table 1 shows the obtained results. ColumnTLM prim.
(#) shows the number of instances of communication prim-
itives used in the TLM designs for implementing the TLM
interface. Each primitive has been mutated according to the
mutation model proposed in Section 2.1. The number of
applied (app) and detected (det) mutations is reported in
ColumnTLM Mutations, while the corresponding number
of stimuli generated by Laerte++ for detecting those mu-
tations is reported in ColumnTLM stimuli set 1. Column
Mutation coveragereports the percentage of covered mu-
tations and corresponds to the first quality measure of the
TLM stimuli applied to verify the communication side of
the abstracted model.

The number of expressed (expr) and verified (verif) PSL
properties is reported in ColumnPSL properties, while the
corresponding number of stimuli generated by Laerte++ for
verifying those properties is reported in ColumnTLM stim-
uli set 2. ColumnProperty coveragereports the percentage
of verified properties and corresponds to the second quality
measure of the TLM stimuli applied to check the equiva-
lence between the behavior implemented at TLM and RTL
models.

The obtained results underline that verifying the correct-
ness of the communication side is the main difficulty in

checking the TLM vs. RTL equivalence. Most of the ver-
ification time has been spent for checking the correctness
of the TLM interfaces, although the quality of the gener-
ated stimuli, measured by the mutation coverage, has not
reached a completely satisfying value.

4. Concluding remarks

The paper addressed the problem of equivalence check-
ing between an IP RTL (the golden model) and the corre-
sponding abstracted TLM implementation. We proposed
a methodology based on simulation which gives two im-
portant contributes. Firstly, it relies on a suite of tools to
automate as much as possible the equivalence verification
process. Then, since any verification methodology based
on simulation cannot guarantee two models equivalence in
a exhaustive way, a more accurate definition of the equiv-
alence concept is given. Two quality measures are given
for measuring the goodness of stimuli automatically gen-
erated for checking the equivalence of the communication
and functionality sides of the TLM model with regard to the
RTL golden model. The proposed methodology has been
applied to real cases of study and the experimental results
have been reported.
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