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Abstract
The evolution of circuits with on-line built-in self-test is
attempted in simulation for a full adder, a two bit multiplier
and an edge triggered D-Latch. Results show that evolved
designs perform full diagnosis using less or equal number
of components than hand-designed equivalents.

1 Introduction
Traditional approaches to BIST use the Test Pattern Generation (TPG) - Design Under Test (DUT) - Test Response
Evaluation (TRE) model, with the first and last being implemented using Linear Feedback Shift Registers (LFSR) [4].
Variations exist such as hierarchic, test-per-scan, BILBO
(built-in logic block observer), PRPG-MISR (pseudo random pattern generator - multi input signature register), circular BIST, and Reconfigurable Matrix Based Built-In Test
Processor (RMBITP) [20, 29, 6]. Even though techniques
such as RMBITP are successful at providing BIST for designs as large as 5 million gates with only around 11% overhead, they all suffer from two main disadvantages. The first
is that they require the circuit’s operation to go off-line periodically to feed in the test patterns. The second is a bootstrapping problem: if the testing logic fails we will never
know if the rest of the circuit is functioning properly.
Voting systems solve both these problems because on
one hand faults are detected immediately during on-line operation and on the other hand the testing logic is usually
small – all at the expense of complete redundant copies of
the main circuit. Redundancy with on-line checking can be
at the level of cells in a VLSI array [14, 11] or at the level of
circuit modules, which could even be diverse designs of the
same module, failing in different ways [2]. These, and other
techniques for on-line diagnosis [18, 3], share the problem
that the benefits of self-checking must outweigh the higher
fault rate due to increased silicon area.

There are examples in the evolutionary electronics literature of designs that operate in surprising or intricate ways
[7, 17, 19, 10, 16, 21, 13]. A first attempt at harnessing this
creativity for BIST design evolved a hybrid on-line/off-line
BIST for both a full adder and a two bit multiplier and a
full on-line BIST for the adder, all evolved BIST solutions
requiring roughly half the component overhead of their conventional equivalents [5]. Some questions posed in that paper are still relevant to new evolved BIST solutions:
1. Do they reuse logic for the main task and BIST?
2. Are these solutions competitive with conventionally
designed ones?
3. Are there any principles of operation we could extract
from them, perhaps to add to our own conventional design toolset?
4. Does this method scale up for larger problems?
Section 2 will describe the Genetic Algorithm (GA), the
simulator, the fault model, the tasks to be evolved and the
fitness evaluation mechanism for BIST. Section 3 presents
the results achieved while section 4 discusses what was
learned and future avenues.

2 Method
2.1 The Genetic Algorithm
A generational GA is used with a population size of 32
with 2 elites where 60% of the next generation is created
through mutation and the rest by single-point crossover.
Following from earlier work [23] we adopted the model of
a small genetically semi-converged population evolving for
many generations. Fitness ranges from 0 (worst) to 1 (best).
An adaptive mutation rate is used, analogous to a Simulated
Annealing strategy moving from “exploring” to “exploitmutations are made,
ing”. For each individual exactly
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is the current average fitness,
is minimum possible fitness above 0,
is the number of mutations applied
is the number of mutations
as reaches 1, and
that would be applied if
. This assumes that
which is safe under the settings used in this paper. Informal preliminary experiments indicated that solutions were
found in less generations than with a constant mutation rate.
Linear rank selection is used, such that the elite has twice
the selective advantage of the median of the population.
The genotype-phenotype mapping used is similar to [16]
excepting that: the locations of circuit outputs are fixed,
there are no limitations on connectivity allowing sequential
circuits, and the genotype is encoded in binary. The genotype length depends on the task being evolved. To allow
implementation across a network of processors, an island
based model was used [22] with a low migration rate. This
population structure may have aided the search, but the details are not thought to be crucial to the results.

2.2 The Simulator
The simulator used is a simple version of an event driven
digital logic simulator in which each logic unit is in charge
of its own behaviour when given discrete time-slices and the
state of its inputs. Logic units are Look-Up Tables (LUT) of
two inputs capable of representing any two input logic gate.
Any unit can be connected to any other allowing sequential
circuits, so care must be taken to update all units “simultaneously”. This is achieved by sending the time-slices to the
logic units in two waves: the first to read their inputs and
the second to update their outputs. During each evaluation,
circuit inputs were kept stable for 25 time-slices and the
outputs were read in the second half of this cycle allowing
them time to settle.
Gate delays are simulated in time-slice units and are randomized with a Gaussian distribution (
). This amounts to a noisy fitness evaluation with the
intention to facilitate transfer of sequential circuits to real
hardware as in a “Minimal Simulation” [8]. At the start of
each generation, different sets of logic delays are generated, simulating different variations to the circuit delays
from manufacturing or environmental variation. Each individual’s performance is then evaluated in each of the
conditions, and its fitness is the mean value. The number
is occasionally adjusted by hand during the run, such that
more evaluations are used as the population leaves the “exploring” stage and enters the “exploiting” stage. It was set
such that twice the standard error of the series of fitness trials is significantly smaller than the difference in fitness between adjacent individuals in the rank table with non-equal
fitnesses.
The Single-Stuck-At (SSA) Fault model was chosen be-
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Figure 1. Directed graph of ETDL Moore FSM
used to generate randomized test patterns.

cause it simulates the most common type of on-line failure
– that produced by radiation hazards in the absence of mishandling or manufacturing defects [20, 1]. Moreover, it is
an industry standard and it has been shown that tests generated for SSA faults are also good at detecting other types
of faults. SSA faults can be introduced at any of the logic
units of the simulator simply by setting its output always to
0 or 1.

2.3 The Tasks
Three simple problems were chosen: a full adder, a two
bit multiplier and an edge triggered D-latch (ETDL). The
adder was chosen as a small combinational circuit complex
enough to be a good starting point for attempting to evolve
BIST. It has three inputs
and two outputs
such that
and
. The multiplier, chosen as a step up from the adder, has
four inputs
and four outputs
where
. The D-latch, chosen as a starting point for
sequential circuits, has two inputs
and one output
such that holds the value had during ’s most recent
rising edge.
Since the networks evolving for the combinational tasks
may be recurrent, these could show an unwanted dependence on the order in which inputs are presented, and on
the networks’ internal state. To demand insensitivity to input ordering, the same approach was taken as for the randomization of logic delays (above): at the start of each generation, (the same number defining the number of evaluations with random gate delays above) different orderings
of the full set of possible inputs for that task were generated, and the individuals of that generation evaluated on all
of them. On each of the evaluations the circuit state was
reset, then the ordering of the full set of inputs was presented twice in sequence, to prevent dependence on initial
conditions.
The same procedure was carried out for the sequential
task excepting the random test pattern generation: a directed
graph is built from the Moore finite state machine (FSM) of
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the ETDL as in Fig. 1 with six nodes representing the untriggered (0U,1U), triggered-0 (0T0,1T0) and triggered1 (0T1,1T1) states for both current outputs 0 and 1, and
with edges representing state transitions such that their labels contain the input vector
driving the transition.
We choose 0U or 1U at random as a start node and add
vectors (0,0),(1,0) or (0,1),(1,1) respectively to the new test
pattern. A random walk is now begun such that walking
along an edge appends its label to the test pattern being
generated and removes it from the graph. Thicker edges
in Fig. 1 are not removed. The walk ends when all edges
have been walked along ensuring the random test pattern
generated will test all state transitions of the desired FSM.
Test patterns generated using this method are under 4% the
size of those used in previous attempts at evolving sequential circuits of similar size [15, 12] and are also exhaustive
enforcing the correctness of solutions. These test patterns
may not detect extra unwanted behaviour encoded by FSMs
with greater number of states. However these FSMs are
very unlikely to evolve under the enforced circuit size limit
and parsimony pressure.
The task evaluation score was measured as follows. Let
be the concatenation of the series of values at the
output bit for the final 12 time-slices of the presentation of
each input vector during an evaluation, and
the desired
response. We take the modulus of the correlation of
and
, averaged over all outputs:
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2.4 Evolving BIST
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An extra output was recorded from circuits with the
aim that it would go high whenever a fault affected any other
output. The performance of a circuit at its main task
and at BIST behaviour
were evaluated separately. BIST
behaviour itself was evaluated with two fitness measures:
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1. BIST per fault
: Let
be the number of faults
affecting task performance for which
does not go
high during evaluation. Then
encourages faults to
be “detectable”:
where was
chosen to be 25, to give
good sensitivity when
is small.
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2. BIST per instance
: Let
be the number of instances of all combinations of SSA faults and input
vectors used during evaluation, for which the task output is incorrect but
is low. Then
encourages
immediate detection of faults:
where was chosen to be 200.
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Notice that having a high
but low
is similar to offline BIST solutions while having a high
is like an on-

line BIST detecting faults at the first instance they affect
circuit behaviour.
is measured by evaluating task fitness
separately
under all SSA faults to every unit able to affect the task
outputs. The same set of evaluation conditions chosen for
the current generation is used. If falls by at least 0.01 due
to a fault, then it is considered to affect task performance.
is measured by comparing the output of the circuit under
each fault and input vector to its output for the same input
vector under no faults. The output is deemed unaffected if
it is the same at steps 12, 18 and 25 of the 25 time steps
for which inputs are stable. Hence most faults that induce
oscillations will be detected. If during the simulated time
goes high for more than
consecutive time slices then
it is considered to have gone high.
is set at 7: greater
than average race conditions yet not excluding a wide range
of behaviours. A circuit exhibiting a high when no faults
were in place was deemed to have
.
It seems foolish to try to detect faults at every instance
when some faults are not detected at any instance. The objectives were given the priority
, and when
sorting the individuals for rank selection the comparison operator only considered an objective if higher priority objectives were equal. An extra objective encouraging parsimony
was also used, having the lowest priority of all.
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3 Results
3.1 Bloated Full Adder with Small Glitch BIST
For this run the maximum number of logic units was constrained to 13 and the genotype length was 156 bits. A full
adder can be implemented with a minimum of 5 units and its
BIST using the TPG-DUT-TRE architecture would require
13 while a voter with two copies requires 8 extra units.
This run was started from a population of random individuals, did not include parsimony pressure and used
faults correctly diagnosed
and
older fitness functions
faults tested
instances correctly diagnosed
that encourage anti-parsimony since
instances tested
until
. During
this run
was set to 3, so all high pulses at
of 3
or more time-slices were interpreted as flagged faults. This
meant false flags during fault-free evaluation, resulting in
, were hard to avoid due to race conditions.
The final elite of this run shown in Fig. 2 displays a
modular decomposition which is striking given it evolved
under no external aid or incentive towards modularity (such
as [10]). As expected all 13 available units are used, yet the
task module uses the minimum of 5 and the BIST module requires only 4 (unit 3 can safely be skipped feeding
to unit 5) to achieve
and cover 96% of all
fault-input vector instances. The 3 units forming module

¦ßé¦ßé 3#ÍÞ3 ê F ¦ ÍÞ¦ ê
X2§¨àÚáïX
 ä åG° ä çð°D
£¥¤¦ ò

ñ

ß ä,åæ
ß äèç[
ëEìDÛíîßä,å@½ßäèçæ Ô

Näèå¾ó

ô

Ô

a


 

ù

 
 

úû




ö ý þÿ
ø

÷



bg



bg


 
 


ü
õ





have remarkably evolved to become a low pass filter dealing with race conditions in by cutting glitches by 2 gate
delays. Self-diagnosis is achieved through a voting system
that exploits design diversity (unit 10=
) and by cascading outputs using non-canalizing Xor gates. Modules were
incorporated into the design incrementally (Fig. 3), speculation attributes this to the natural dependencies of the problem coupled with the fact that completion of previous modules provides re-encodings of inputs useful for the evolution
of further modules.
This  circuit
can be trimmed to be smaller than the hand

designed voter while achieving nearly full on-line fault coverage. By never emitting large undesired pulses it can be
clocked twice as fast as the hand designed voter which emits
them of up to 6 time-slices. This circuit is also more robust
to large delay discrepancies.
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3.2 Two Bit Multiplier with Full On-Line BIST

Figure 2. Evolved full adder with on-line BIST
robust to race conditions is modular.

The maximum circuit size allowed in this run was 28
LUTs and the genotype length was 392 bits. The smallest implementations of a two bit multiplier use 7 two input
logic gates [16], while adding BIST costs 22 extra gates using TPG-DUT-TRE and 14 extra gates using a voter.
The circuit of Fig. 4 is a two bit multiplier with full
on-line BIST using only 9 extra gates which evolved after around 4 million generations from a population of random individuals. Its outputs form a chain that uses noncanalizing Xor gates to cascade errors down to . Every output computes its value using its predecessor in the
compares
to what it should be (unit
chain while
23=
), rather like a checksum. Logic is seamlessly
used for multiplication and BIST in a non-modular structure which evolved under parsimony pressure from a modular structure 3 million generations earlier which was the first
full on-line BIST solution using 14 extra gates. Some unit
pairs are duplicates (13-24,5-23,8-11) and when merged the
resulting circuit has only 6 extra gates and 90% on-line fault
coverage.
Using just over half the overhead of the hand designed
voter it has a totally unconventional structure and a worst
case performance penalty of 4 gate delays.
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3.3 Full On-Line Edge Triggered D-Latch
Figure 3. Best elite genotypes as bitmaps
through the second half of the adder run
with darkness proportional to fitness. Units
0,1,7,9,12(C) (module ) settled in the first half
of the run. Units 3,5,6,8,10,2 (used in mod. )
settle at generation labelled 560 increasing
fitness. Units 11(B) and 4 (mod. ) settle last
near the end.
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The maximum number of logic units was constrained to
14 and the genotype was 168 bits. The number of evaluawas set to 15 to accommotions was set to 20 and
date the increased sensitivity of sequential circuits to gate
delays. Half of the individuals previously created through
mutation were in this run created through a gene copy operator. Dividing the genotype into 14 genes each defined
by 12 adjacent bits, the gene copy operator randomly picks
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Figure 4. Evolved two bit multiplier with full
on-line BIST using 9 extra gates.










 

 












source and destination genes and overwrites the contents of
the latter with the former’s. An ETDL can be implemented
with a minimum of 5 two input logic gates while adding a
voter BIST requires 6 extra gates. p q
{
Around x 3 million generations after the runb was started
r s of random individuals, the elite was the
from a population
circuit shown in Fig. 5. Its full on-line self-diagnosing capacity is provided by a voting system with two identical
t
copies
of an unconventional D-latch u version. The exactness
of the copies may be attributed to the gene copy operator.
j k
The correspondence in structure
between
this circuit and the
c d
z
conventional voter could be due to the fact that the voter
is
|
g
an optimal y full on-line BIST solution for an ETDL. This
m m for more
l
may not be the case
complex sequential circuits.
n o
This is the first BIST solution evolved for a sequential circuit, it has full on-line fault coverage and the same
h i
amount of overhead as the conventional solution.

 









Figure 5. Evolved full on-line BIST solution for
ETDL using 6 extra gates.
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The method set out in [5] has been successfully applied
to the evolution of more complex on-line BIST behaviours:
a full adder with BIST robust to race conditions, a two bit
multiplier with full BIST and a sequential edge triggered
D-latch
with full BIST. Answering the questions set out in

1: evolved circuits with BIST can reuse components for
the main task and BIST functionality and they are competitive in overhead to conventional solutions. These solutions would function correctly in real hardware because
the slightly unconventional simulator does capture the processes and variations influencing combinational circuits.
Furthermore, the simulated variation in gate delays that
evolved sequential circuits are robust to is at least an order
of magnitude greater than the variation likely to be found in
real hardware. As well as SSA faults, all circuits diagnosed
transient faults and delay faults which could uncover parametric faults such as those occurring in [23]. Evolution has
explored design space containing established methods for
BIST design and beyond. Some solutions use a “checksum”
formula on the current circuit state to evaluate correctness,
others increase testability by cascading outputs so that errors are propagated to a single output and others exploit design diversity to minimize redundancy in a voting system.
These methods could prove useful to be adopted by designers. For circuits larger than those considered here, it is still
unclear whether the enhanced BIST strategies produced by
evolution would be worth the computational effort needed
to produce them since the evolution of large BIST circuits
faces the same problems – and perhaps, solutions – as with
other circuits [9, 25, 26, 28]. However, Vassilev et al. [27]
have suggested that when large circuits can be evolved (perhaps from a hand-designed seed), their size leads to greater
scope for evolutionary optimization.

Most evolved solutions arrived at modular designs (as
in [24, 16, 5]). Further understanding of this effect may
aid future experiments. The modularity of the circuits can
be useful in identifying design patterns or principles. Any
single circuit will have its own characteristics for which a
particular BIST strategy is most suited. Evolution through
blind variation and selection is capable of searching for this
strategy without constraints.
The evolution of self-diagnosing analog hardware is an
interesting possibility where the line could give an estimate of how wrong the outputs are. Future work could also
include the adoption of a more comprehensive fault model
simulating multiple faults, LUT memory or routing failure –
as in FPGAs exposed to radiation – or other common failure
modes. Larger circuits could be tackled perhaps using techniques set out in [9, 25, 26, 28], a silicon area calculation
for a given technology could replace the current component
counting parsimony measure, and an extra fitness measure
of the performance penalty incurred due to the BIST logic
could be added.
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