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Abstract— Test scheduling is a key aspect in the automation of
embedded microprocessors self-testing. This paper presents a
self-testing framework targeting the LEON3 embedded
microprocessor with built-in test-scheduling features. The
proposed design exploits existing postproduction test sets,
designed
for
software-based
testing
of
embedded
microprocessors. The framework also includes a constraintbased approach of test-routine scheduling. The initial results
show that the test execution time could be dynamically scaled by
the test selection algorithm. The scheduler itself adds
insignificant overheads in terms of execution cost and code size.

I.

INTRODUCTION

Software-based self-test (SBST) [1] and constraint-aware
scheduling of testing patterns has attracted the attention of
various researchers over the recent years. Efficient test
scheduling minimizes the overall system test application time,
prevents test resource conflicts and limits power dissipation
during test mode.
The author in [2] tries to minimize test application time
within a System-on-Chip (SoC) while considering structural
resource allocation. Zhao et al present an algorithm for solving
the general test scheduling problem where multiple test sets
are selected [3]. Another inspiring concept in power-aware test
scheduling is presenting in [4]. Zhow et al. propose a
structural SBST methodology optimized for energy, average
power consumption, test length and fault coverage [5].
Nourani et al. focuses on the use of power profile of nonembedded cores within a SoC platform to find the best mix of
their test pattern subsets that satisfy the power and/or time
constraints [6]. A cost-effective approach to the construction
of diagnostic software-based test sets for microprocessors is
presented in [7]. The most closely related work to our
implementation is presented in [8]; a set of test routines from
different test approaches are composing a test program for an
embedded processor optimized for memory usage and real
time requirements of the application.
This paper presents a test selection algorithm which not
only ensures the periodical execution of the test, but also
optimizes the test process considering the real-time
requirements of the application and the execution cost. The

testing framework uses functional testing and pass/fail
techniques. Moreover, the proposed task scheduling is generic
and could be reused across different hardware platforms or
testing strategies. That is due to its extendible structure, which
may include additional scheduling parameters (i.e. power
consumption) on top of the test execution time that is currently
considered.
II.

THE TESTING FRAMEWORK

The target embedded microprocessor, LEON3 [9], is a
synthesizable VHDL model of a 32-bit processor. LEON3 is
part of the GRLIB IP library which is a set of reusable IPs
centered on a common on-chip bus. A part of the GRLIB IP
library could be simulated with the TSIM simulator [9]. TSIM
is able to emulate LEON-based computer systems and a
number of GRLIB IP cores through loadable modules. The
self-testing framework and the test scheduling algorithm were
implemented and debugged using the GNU-based crosscompilation tool-chain for the LEON3 processor.
The online testing of LEON3 was accomplished by testing
its arithmetic operations and memory transactions. Two
different test sets were used, to achieve efficient functional
testing of embedded microprocessors. The final formation of
the testing framework included 30 different tests.
A. Testing of arithmetic operations
The selected testing suite, namely “paranoia”, applies
arithmetic operations that test the FPU of embedded
microprocessors for functional errors [10]. “Paranoia”
comprises of a series of tests on arithmetic calculations (e.g.
radix precision and range, consistency of comparison,
presence of guard digits, underflow/overflow, square root and
powers etc). An indicative representation of a test sequence is
shown in fig. 1. Initially, the radix and the precision of the
system are estimated. Next, the closest relative separation
between two floating point numbers is calculated. Basic
operations with some special numbers follow; floating point
numbers have a limit in the precision of decimal numbers,
thus, a small ulp is noticed between the exact value of the real
number and the one that is calculated. Finally, the difference
between the calculated value and the “correct” one is
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point an additional variable is introduced (i.e. testoffset) which
helps to define the memory address. The testing sequence
continues with the following processing steps:

measured. If the difference is equal to Radix to the power of
the closest relative separation (21.1102230e-16), then the
conclusion is that no errors appear in these kinds of
operations. This test sequence is repeated four times in order
to evaluate the impact of the rounding errors in the precision
of the system.

•
•

The values of offset and testoffset are set to 1.
The value at the testoffset address is changed. The
anti-pattern is written.
• All the “power of two” offset values are read.
• The testoffset value shifts left; before that the pattern
value is written again to the changed address. Thus, all
the “power of two” addresses store the pattern value.
The process is re-initiated.
C. Overview of system design
The implemented online self-testing framework comprises
of three major structural components: the test pattern sets, the
test selection algorithm and the testing evaluation. The
execution of a test program may be initiated during system
startup/shutdown. Alternatively, an OS scheduler may identify
idle cycles and issue test program execution or this could be
achieved in regular time intervals with the aid of
programmable timers. Finally, the test programs could also be
triggered manually by a user input.
The testing framework can be dynamically modified
according to priorities related to system parameters. The test
scheduling algorithm presented in this paper has the inherent
ability to prioritize the test routines according to the available
execution time. However, it may easily be extended to account
for other system metrics.

Figure 1. Estimating the radix, the precision and the rounding errors.

The implemented online self-testing framework follows a
structural strategy with pass/fail indications. The errors were
classified in four categories according to their impact to the
system (e.g. failures, serious defects, defects, flaws). The
number of the detected errors together with the functional
severity assessment, indicate the quality and health-status of
the system.

B. Memory testing
The memory testing suite uses three separate sub-tests (i.e.
data bus test, address bus test and memory space test). The
“shifting digit” technique is applied in all three test scenarios.

III.

TEST SCHEDULING

The test selection algorithm (TSA) is a complex
scheduling engine, that tries to obtain the best execution order
of test routines, given timing constraints (in terms of allowed
time for test), while guaranteeing that conflicting tests cannot
be executed concurrently. More constraints could be
considered since the TSA has a generic programmable
structure. The time overhead of each test routine is defined by
simulating them offline.
A brief description of the algorithm with details of the
processing steps is summarized next (fig. 3). The full extent of
the cross comparisons is omitted for simplicity reasons (i.e.
condition-checking to prevent TSA from being trapped in an
infinite loop). Three lists are initially created, comprising of
double linked nodes with three parameters (i.e. the name of
the test, the execution time of the test, the times that were
already executed). List 1 stores the tests, sorted by their
execution time. List 2 stores the tests, sorted by the times they
were already executed. List 3 is empty during initialization. It
is used later to store the tests that were executed during the
current execution cycle, preventing them from being executed
again during the same execution cycle. Next, “Mergesort” is

Figure 2. The test sequence of the memory address bus.

Fig. 2 shows the workflow diagram for the address bus
test. Initially, the pattern value is written to each of the “power
of two” offset. In the next step these values are read. At this
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applied to List 2. The test that is placed in the first position of
List 2 is executed. If the execution time of the selected test is
less than the total available time, then a) the total available
time is reduced by the selected test's execution time, b) the
times that the selected test was executed are increased by 1, c)
the test is stored in List 3 in order not to be executed again in
this execution cycle.

•
•
•
•

The TSA finds test 5 within List 1. The test that is
then selected is the one with the highest execution
time below the position of test 5. This is test 6.
However, test 6, has already run during this execution
cycle; thus, test 7 is selected.
The total available time will be 40-30=10ms and the
times that test 7 was executed will be 4 leading test 7
to the bottom of List2.
Finally, the total available time that is left is less than
the execution time of the test with the shortest
execution time; thus the execution cycle stops.

TABLE I.
LIST 1
Test 1
Test 2
Test 3
Test 4
Test 5
Test 6
Test 7
Test 8

AN EXAMPLE OF THE LISTS CREATED BY THE TSA.

Execution
time (ms)
100
90
60
60
50
40
30
20

IV.

A more detailed example of the functionality of the TSA is
described next using the data shown in table 1. We assume for
simplicity reasons that the test set consists of 8 tests and the
available time is 200 ms.

•

•

•

•

List 2 sorts the test according to the number of times
these were already executed.
Test 6 is initially selected to be executed. Its execution
time is less than the available time, thus, it is
executed. The total available time will be 20040=160ms and the times that test 6 was executed will
be 3 leading test 6 to the bottom of List2.
Test 3 is selected next. Since its execution time is less
than the available time, test 3 will be executed. The
total available time will be 160-60=100ms and the
times that test 3 was executed will be 3 leading test 3
to the bottom of List2.
Then, test 4 is selected. Since its execution time is less
than the available time, test 4 will be executed. The
total available time will be 100-60=40ms and the
times that test 4 was executed will be 3 leading test 4
to the bottom of List2.
Then, test 5 is selected. But, since its execution time is
longer than the available time, test 5 will not be
executed. The available time will remain 40ms.
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Times
executed
2
2
2
2
3
3
3
3

LIST 2
update
Test 5
Test 1
Test 8
Test 2
Test 6
Test 3
Test 4
Test 7

Times
executed
2
3
3
3
3
3
3
4

RESULTS AND CONCLUSION

The effectiveness of the self-testing framework was
validated by manually initiating errors. Error triggering in the
memory was achieved by changing (offline) certain program
variable values, while the microprocessor register values were
altered at run-time (i.e. using the GDB debugger). Fig. 4 is a
TSIM screenshot depicting part of the simulation process. As
it may be seen no failures, serious defects or defects were
detected (i.e. the detected flaw is due to compiler limitations).

Figure 3. The test selection algorithm.

•

LIST
2
Test 6
Test 3
Test 4
Test 5
Test 1
Test 8
Test 2
Test 7

Figure 4. The TSIM simulation environment.

The TSA was also validated with the TSIM simulator. The
test-sets verified the arithmetic operations of the LEON
microprocessor and its memory response while the testing
framework including the TSA, was executed 39 times. The
contents of List 2 are initially displayed in each execution
cycle (fig. 5). The left column shows the name of the test, the
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time, avoid test resource conflicts and decrease the execution
cost, while ensuring that real-time system tasks will meet their
deadlines. Moreover, the TSA can be tuned either for lower
execution cost or higher error coverage; apparently, there is
always a tradeoff between these two testing strategies. High
error coverage could be achieved in a long term testing
scenario by dynamically modifying the execution time of the
framework and its execution frequency. The TSA is fully
programmable and thanks to its extensible structure it could
also be parameterized to consider different sorting conditions
(i.e. sorting the test execution according to test importance).

middle one shows the execution time of the test and the right
column shows how many times each test was executed before
the current execution cycle. The TSA is then printing the test
sequence numbers for the current execution cycle and finally it
reports the total available time that was not used. As it is
shown in fig. 5 the different test routines were used exactly the
same number of times after 39 execution cycles of the testing
framework ensuring by this way high fault coverage.

V.

EXTENDING THE TSA FUNCTIONALITY

Additional scheduling parameters could be integrated to
the TSA to target other operational scenarios or testing
strategies. The tradeoff for using extra cross-correlation
parameters would be additional memory, performance and
execution-time overheads for the TSA. The implemented
testing framework can run in conjunction with the main
processing activity of the LEON3. This could be further
optimized by applying minor modifications to the existing
implementation. The TSA could also be extended to include
scheduling of VHDL-based build-in self test routines.
Additional validation of the TSA at run time in a hardware
platform will boost its performance and optimize its code size.

Figure 5. Each test is executed 11 times.

An example that verifies that the TSA never runs the same
test more than once during a given execution cycle, is
illustrated in figure 6. The total available time left during the
36th testing execution cycle is 40ms. Tests 8 with execution
time of 20ms and test 9 with execution time of 30ms could
have been executed. However, these two tests were already
executed in that particular execution cycle; therefore the
execution sequence ends at that point.
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Figure 6. A test is not allowed to run two times at the same execution cycle.

The total execution time of all the tests is approximately
34sec. The execution time overhead that is added from the
TSA could be considered minor since it is 350ms (i.e. 1% of
the total execution time of the testing framework). The
executions times of the test-sets and the TSA could be reduced
significantly when implemented in a hardware platform.
The experimental results presented in this paper show that
the TSA could optimize the overall system test application
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