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&R�GHVLJQ�WRROV�UHSUHVHQW�DQ�HIIHFWLYH�VROXWLRQ�IRU�UH�
GXFLQJ� FRVWV� DQG� VKRUWHQLQJ� WLPH�WR�PDUNHW��ZKHQ�6\V�
WHP�RQ�&KLS�GHVLJQ�LV�FRQVLGHUHG��,Q�D�WRS�GRZQ�GHVLJQ�
IORZ��GHVLJQHUV�ZRXOG�JUHDWO\�EHQHILW�IURP�WKH�DYDLODELO�
LW\�RI�WRROV�DEOH�WR�DXWRPDWLFDOO\�JHQHUDWH�WHVW�EHQFKHV��
ZKLFK� FDQ�EH�XVHG�GXULQJ� HYHU\�GHVLJQ�VWHSV�� IURP� WKH�
V\VWHP�OHYHO� VSHFLILFDWLRQ� WR� WKH� JDWH�OHYHO� GHVFULSWLRQ��
7KLV�ZRXOG�VLJQLILFDQWO\�LQFUHDVH�WKH�FKDQFH�RI�LGHQWLI\�
LQJ�GHVLJQ�EXJV�HDUO\� LQ� WKH�GHVLJQ� IORZ�� WKXV�UHGXFLQJ�
WKH� FRVWV� DQG� LQFUHDVLQJ� WKH� ILQDO� SURGXFW� TXDOLW\�� 7KH�
SDSHU�SURSRVHV�DQ�DSSURDFK� IRU� LQWHJUDWLQJ� WKH�DELOLW\�
WR�JHQHUDWH�WHVW�EHQFKHV�LQWR�DQ�H[LVWLQJ�FR�GHVLJQ�WRRO��
6XLWDEOH�PHWULFV�DUH� SURSRVHG� WR�JXLGH� WKH�JHQHUDWLRQ��
DQG� SUHOLPLQDU\� H[SHULPHQWDO� UHVXOWV� DUH� UHSRUWHG�� DV�
VHVVLQJ�WKH�HIIHFWLYHQHVV�RI�WKH�SURSRVHG�WHFKQLTXH���

��� ,QWURGXFWLRQ�

In the last years, new technologies allowed to inte-
grate entire systems on a single chip, called System-on-
Chip (SOC). SOC products represent a real challenge 
not just from the manufacturing point of view, but even 
when design issues are concerned. 

To cope with SOC designers requirements, research-
ers developed co-design environments, whose main 
characteristic is to allow the designer to quickly evaluate 
the costs and benefits of different architectures, includ-
ing both hardware and software components. In these 
environments it is also possible to automatically synthe-
size both the hardware and software modules imple-
menting the desired system behavior. 

Validation of the behavioral specification provided by 
designers, as well as of the hardware and software mod-
ules generated by co-design environments is a key point. 
In fact, it is known that the sooner a bug is found in the 
design, the lower it is the cost for fixing it. Although 
many techniques have been proposed in the past (e.g., 
static checks, formal verification [1] [2], mutation test-
ing [3]), none has proved to be so effective to compete 
with the current practice of validation by simulation. 
Designers typically resort to extensive simulation of 

each design unit, and of the complete system, in order to 
gain confidence over its correctness. 

In order to evaluate the goodness of the adopted input 
stimuli, several metrics have been proposed, which often 
come from the software testing domain [4], ranging 
from statement or branch coverage, state coverage (for 
finite state machine controllers), condition coverage (for 
complex conditionals), transition pair coverage (for 
protocols), to path coverage. Variants have also been 
developed, mainly to cater for observability [5] and for 
the inherent parallelism of hardware descriptions [6], 
that are not taken into account by standard metrics.  

Several products (e.g. 0-in [7], SpecmanElite [8]), of-
ten integrated into existing simulation environments, 
now provide the user with the possibility of evaluating 
the coverage of given input stimuli with respect to a 
selected metric. Designers can therefore pinpoint the 
parts of their design that are poorly exercised by the 
current stimuli, and develop new patterns specifically 
addressing them. Currently, this is a very time consum-
ing and difficult task, since all the details of the design 
must be understood for generating suitable input se-
quences. The right trade-off between designer’s time and 
validation accuracy is often difficult to find, and this 
often results in under-verified systems. Moreover, in the 
generation of test vectors the designer may be “biased” 
by his knowledge of the desired system or module be-
havior, so that he often fails in identifying input se-
quences really able to activate possible critical points in 
the description. 

When faced with this problem, the CAD research 
community traditionally invested in formal verification 
[1] [2], in the hope that circuits can be proven correct by 
mathematical means. Although formal verification tools 
give good results on some domains, they still have too 
many limitations or they require too much expertise to 
be used as a mainstream validation tool.  

The problem of generating a “smart” test bench for 
simulation-based design validation has been addressed, 
for example, in [9], where a Genetic Algorithm com-
putes input sequences that cover the statements of  regis-
ter transfer level (RTL) VHDL models. Approaches 
targeting hardware systems, such as [5] [6] [7] [8] [9], 



need significant changes in order to be adapted to sys-
tem-level design approaches that mix hardware and 
software components. Moreover, a top-down system 
level design methodology implies two requirements on a 
test-bench generation methodology: 

• it is mandatory to validate the system as early as 
possible, if possible starting from the functional 
level, thus guaranteeing the correctness of designs 
before proceeding to the following synthesis steps; �

• validation vectors should be reusable, i.e., the 
same test bench should be used during design vali-
dation at every level of abstraction. This allows to 
use the developed test sequences, for example, to 
verify the correctness of implementation steps like 
software synthesis or communication refinement, 
by comparing the input/output sequences of the 
two abstraction levels [10].�

To satisfy these constraints, we propose to directly in-
tegrate test bench generation into a co-design environ-
ment. We can thus abstract system behaviors from their 
architectures; therefore, hardware and software compo-
nents are treated in an uniform way; moreover, architec-
ture-related annotations (such as delay models) can be 
taken into account. 

The main goal of this paper is to propose an auto-
mated approach to assist designers in the generation of a 
test bench for system-level design. The approach that we 
propose is suitable for simulation-based validation envi-
ronments, and aims at integrating, rather than replacing, 
current manual simulation practices. 

A prototype of the proposed automatic input pattern 
generation technique has been implemented using the 
POLIS [11] co-design tool. It is based on a evolutionary 
algorithm, that automatically derives an input sequence 
able to exercise as much as possible of the specification, 
by interacting with a simulator executing a specification 
of the system under analysis. It can be easily adapted to 
different metrics, but for our first experiments we 
adopted edge coverage and statement coverage as a 
reference: i.e., the target of our algorithm is to traverse 
all the edges/statements of each module in the system 
specification. Edge coverage is intended to address con-
trol-oriented modules where control operations (e.g., if-
then-else statements) predominates over computation. 
Conversely, statement coverage is more suitable for 
data-oriented modules.�

The remainder of the paper is organized as follows. 
Section 2 presents our test bench generation approach, 
while Section 3 reports some preliminary results. Fi-
nally, Section 4 draws some conclusions and outlines 
future works. 

��� 7HVW�EHQFK�JHQHUDWLRQ��

The goal of test bench generation is to develop a set 
of input sequences that attain the maximum value of a 
predefined validation metric. 

Most available tools grade input patterns according to 
metrics derived from software testing: statement cover-
age and branch coverage are the most widely known, but 
state/transition coverage (reaching all the 
states/transitions of a controller) and condition coverage 
(controlling all clauses of complex conditionals) are also 
used in hardware validation. Path coverage, although 
often advocated as the most precise metric, is seldom 
used due to its complexity, and because it is harder to 
apply meaningfully when multiple execution threads run 
concurrently in parallel processes. Some recent works 
extend those metrics to take also into account ob-
servability [5] and the structure of arithmetic units [6].  

The metrics that we adopt in this paper are edge cov-
erage and statement coverage in the individual graphs 
generated by POLIS for each system component (see 
Section 2.2), although the tool can be easily adapted to 
more sophisticated measures. �

����� 6\VWHP�UHSUHVHQWDWLRQ��QHWZRUN�RI�&)60V�

In POLIS the system is represented as a network of 
interacting Codesign Finite State Machines. CFSMs 
extend Finite State Machines with arithmetic computa-
tions without side effects on each transition edge. The 
communication edges between CFSMs are events, 
which may or may not carry values. A CFSM can exe-
cute a transition only when an input event has RFFXUUHG. 

A CFSM network operates in a *OREDOO\� $V\QFKUR�
QRXV� /RFDOO\� 6\QFKURQRXV fashion, where each CFSM 
has its own FORFN, modeling the fact that different re-
sources (e.g., HW or SW) can operate at widely different 
speeds. CFSMs communicate via non-blocking depth-
one buffers. Initially there is no relation between local 
clocks and physical time, that gets defined later by a 
process called DUFKLWHFWXUDO�PDSSLQJ. 

This involves allocating individual CFSMs to compu-
tation resources and assigning a scheduling policy to 
shared resources. CFSMs implemented in hardware have 
local clocks that coincide with the hardware clocking. 
CFSMs implemented in software have local clocks with 
a variable period, that depends both on the execution 
delay of the code implementing each transition and on 
the chosen scheduling policy (e.g., allowing task pre-
emption). 

As will be described in the following Sections, our 
approach requires to perform several simulations as fast 
as possible. Due to this requirements, we synthesize all 
the CFSMs in the system as software tasks, and execute 
them as native object code on the machine where simu-



lations are performed. Note however that our approach 
is general because it is able to capture the reactive be-
havior of a network of CFSMs in which functionality 
and timing are interdependent and it can generate differ-
ent test vectors for different hardware/software partition-
ing schemes [10].  

����� 6LPXODWLRQ�PRGHO�

Figure 1 shows an example of the Control Flow 
Graph representation that we use for software synthesis, 
called S-Graph. �
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Figure 1: An 6�*UDSK�H[DPSOH�

An S-Graph has a straightforward and efficient im-
plementation as sequential code on a processor. In the C 
code that POLIS is able to generate from the S-Graph 
representation, each statement is almost in a 1-to-1 cor-
respondence with a node in the S-Graph.  

In order to check for the coverage of each 
edge/statement in a CFSM and to gather information 
during simulation of an input sequence, we instrument 
the C simulation model by inserting: 

1. REVHUYDWLRQ�SRLQWV associated to the edges in the S-
Graph. An observation point is a fragment of C 
code that, whenever the edge is traversed, sets the 
bit associated with the observation point in a path 
identifier variable;  

2. WUDFH�SRLQWV associated to each statement in the S-
Graph. A trace point is a fragment of C code that 
records the number of times the statement has been 
executed;� 

3. FKHFN�SRLQWV�associated to each test in the S-Graph. 
A check point is a fragment of C code that records 
the number of times the test has been executed. 

During simulations, we use the first two points to 
evaluate edge and statement coverage, and we use the 
last one to direct the search towards repeated traversal of 
test nodes that have still uncovered outgoing branches. 

Note that we are evaluating our coverage on a VRIW�
ZDUH�RULHQWHG representation of the transition function of 
the CFSM. This means that our coverage measure has 
SK\VLFDO�PHDQLQJ mostly for a software implementation 
(e.g., in order to use the generated test-bench to test for 
faults in the program memory and in the processor that 
executes the code). However, it can also be used to help 
identify specification and implementation errors at the 
XQFRPPLWWHG�� IXQFWLRQDO� OHYHO as well as for hardware 
blocks [10]. 

����� $GRSWHG�HYROXWLRQDU\�DOJRULWKP�

The Selfish Gene algorithm (SG) is an evolutionary 
optimization algorithm based on a recent interpretation 
of the Darwinian theory. It evolves a population of indi-
viduals seeking for the fittest one. In the selfish gene 
biological theory, population itself can be simply seen as 
a pool of genes where the number of individuals, and 
their specific identity, are not of interest. Therefore, 
differently from other evolutionary algorithms, the SG 
resorts to a statistical characterization of a population 
composed by an LQILQLWH�QXPEHU�RI�LQGLYLGXDOV, by repre-
senting and evolving some statistical parameters only. 
Evolution proceeds in discrete steps: individuals are 
extracted from the population, collated in tournaments 
and winner offspring is allowed to spread back into the 
population. 

An individual is identified by the list of its genes. The 
whole list of genes is called genome and a position in 
the genome is termed locus. Each locus can be occupied 
by different genes. All these candidates are called the 
gene alleles. In the context of an optimization problem, 
looking for the fittest individual corresponds to deter-
mining the best set of genes according to the function to 
be optimized. Implementation details about the SG algo-
rithm are available in [12].�

����� 2YHUDOO�DSSURDFK�

In our approach, the SG algorithm evolves a popula-
tions of input sequences. In other words, it evolves a set 
of test benches looking for the fittest one.  

Let / be the user-specified minimum test length and 
13,� the numbers of system input events, an individual 

{ }110 ,...,, −=
/
YYY6  in the population is a stream of / 

input vectors. Each 6Y
W
∈ is a vector of 13,� integers, 

one for each input event. In our simulation model, all the 
events 

W
YH∈ will be concurrently placed at the system 

inputs, while the events belonging to 1+WY will be placed 

at the system inputs only when all the events belonging 

$



to 
W
Y have been processed (“fundamental mode” opera-

tion). 
Given an input event 

W
YH∈ , the integer 0≥Q  that 

we associate to H has a different meaning depending on 
the type of the event H: 

1. if 0=Q , the event H is not placed on the system 
inputs during application of vector 

W
Y ; 

2. if 0>Q and H is an event without value, Q repre-
sents the number of event H that will be serially 
placed on the system inputs starting from

W
Y ;  

3. if 0>Q and H is an event with value, it will be 
placed on the system input with value Q. � 

SG computes new individuals by modifying the inte-
ger Q associated to each input event. Thanks to this cod-
ing, both the input values and test length become dimen-
sions of the search space explored by the SG1.�

The proposed approach requires to simulate each in-
put sequences and analyze its effects on the system. We 
associate to each sequence the value returned by a fit-
ness function, that measures how much the sequence is 
able to enhance the value of the adopted validation met-
ric. The task of the SG algorithm is thus to evolve and 
modify the population of test benches in order to maxi-
mize the fitness function. 

The fitness function that we use in this paper is de-
fined as follows: 
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Where: 
1. 6 is the input sequence to be evaluated; 
2. 1 is the number of observation points; 
3. 0�is the number of check points;  
4. 1M is the number of observation/trace points asso-

ciated to checkpoint M; 
5. 23L is equal to 1 if the edge has been traversed, 0 

otherwise; 
6. 17M is the number of times the check point associ-

ated to the test M has been executed during the 
simulation of the input sequence 6; 

7. &� and &� are two constants. 
The first part of the above fitness function measures 

how many edges/statements the sequence 6 traverses. 
The second part tends to favor sequences that execute 
those tests whose outgoing branches have not yet been 
covered. In order to preserve the already covered edges 
while trying to cover new ones the first part must domi-
nate over the second one (in the experiments we used 
&�=1,000 and &�=10).  

                                                           
1 The different encodings are used to speed up the test pattern gen-

eration, by biasing it towards relatively long sequences of value-less 
events, that are generally used to drive counters. 

��� ([SHULPHQWDO�UHVXOWV�

We implemented a prototype of the proposed algo-
rithm, called $XWRPDWLF�7HVW�%HQFK�*HQHUDWRU (ATBG), 
using the SG library developed at Politecnico di Torino.�

The purpose of these experiments was to assess the 
feasibility of the proposed approach, therefore we ran 
some experiments on a set of  benchmarks taken from a 
reasonably complex case study in the automotive do-
main: a car dashboard controller. All the results reported 
in table 1 have been gathered on a Sun UltraSparc 5 
running at 333 MHz equipped with 384Mb of RAM. 

Table 1 reports, for the chosen benchmarks, the 
CFSMs that constitute the benchmark, the number of 
edges/statements and the number of edges/statements 
that ATBG was able to cover when the maximum test 
length is set to 1,000. For the sake of comparison, we 
also report the number of edges/statements that 10,000 
random vectors cover; the CPU time, not shown here, is 
less then 10 s for each experiment, including both the 
time spent by SG to evolve 100 generations and the 
relative simulation time.  

Figure 2 shows an example of the effectiveness of 
ATBG vectors versus random ones on the 
BELT_CONTROLLER. 
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Figure 2: $7%*�DQG�5DQGRP�FRYHUDJH�RYHU�WLPH 

In Table 2 we compare the edge/statement coverage 
of 10,000 ATBG-generated vectors with that of 10,000 
random vectors and with that of 10,000 hand-written 
functional vectors. The functional test bench has been 
provided by a designer with an in-depth knowledge of 
the dashboard benchmark. Table 2 suggests that, even in 
its preliminary version, ATBG is able to automatically 
provide vectors that are comparable (5% better when 
edge covered is concerned, 2.5% better in the case of 
statement coverage) to those an experienced designer 
provides.  

We are currently analyzing the behavior of ATBG in 
order to improve its coverage results. We have currently 
identified two sources of problems that a smarter fitness 
function should address: 



• embedded CFSMs: in large models several CFSMs 
are deeply embedded in the design hierarchy; they 
receive events other CFSMs produce and they are 
poorly controllable from the system inputs. 

• counter-like CFSMs: the fitness function has to be 
improved to deal with embedded CFSMs imple-
menting counter-like behaviors that count for very 
long period of time (such as TIMER in table 2). In 
this case, the algorithm must generate the correct 
sequence of events enabling the counter and let it 
enabled for a suitable period of time. 

��� &RQFOXVLRQV�DQG�IXWXUH�ZRUN�

This paper presented an approach to automatic test 
bench generation intended for simulation-based valida-
tion of systems. The approach works in the very first 
phases of the design of a system, before the partitioning 
between hardware and software components is per-
formed. The approach uses an evolutionary algorithm 
that interacts with a simulator to generate sequences able 
to reach a high coverage with respect to a predefined 
validation coverage metric. 

A prototype has been developed, based on an existing 
co-design environment. Using this prototype, we as-
sessed the feasibility of the proposed methodology on 
some simple benchmarks. Experimental results prove 
that the method is able to increase the quality of the 
validation process not only with respect to pseudo-
random sequence generation but even when compared 
with sequence generated by experienced designers. As 
future work, we plan to exploit information that can be 
gathered on the S-Graph in order to identify and effec-
tively address deeply embedded counter-like structures. 
Moreover, in order to overcome the existing limitations 
when addressing deeply embedded CFSMs, we are look-
ing at ways of incorporating information about the struc-
ture of the network of CFSMs into the fitness function. 
Finally, some preliminary results show that the gener-

ated sequences can be of great help even in the phase of 
generating vectors for testing the hardware modules, 
since they embed a deep knowledge of the system be-
havior, and can be generated with very low CPU re-
quirements. 
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ATBG Random 

Benchmark CFSM 
Edges 

[#] 
Statements 

[#] Edges 
[#] 

Statements 
[#] 

Edges 

[#]  

Statements 
[#] 

BELT_CONTROLLER 20 31 17 28 10 20 
Belt Controller 

TIMER 13 25 11 22 10 17 
CONTROLLER 28 66 26 63 10 28 Traffic Light 

Controller TIMER 8 13 7 12 7 12 

Table 1: $7%*�YV��UDQGRP�YHFWRUV�RQ�VPDOO�H[DPSOHV�

�

Covered Edges 
[#] 

Covered Statements 
[#] Benchmark CFSM 

Edges 
[#] 

Statements 
[#] 

ATBG Random Manual ATBG Random Manual 

BELT 17 25 11 11 7 16 16 12 
DISPLAY 12 73 7 3 7 53 39 53 

FRC 10 26 10 10 10 26 16 26 
FUEL 15 35 15 13 14 34 27 34 

ODOMETER 8 18 7 6 7 17 14 17 
TIMER 35 75 27 14 27 64 16 62 

SPEEDOMETER3 8 17 7 6 7 16 13 16 

Dashboard 

SPEEDOMETER4 8 17 7 6 7 16 13 16 
727$/� � ���� ���� ��� ��� ��� ���� ���� ����

Table 2: $7%*�YV�5DQGRP�DQG�)XQFWLRQDO�YHFWRUV�RQ�D�ODUJH�H[DPSOH 

 


